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Editorial on the Research Topic 


Immune interactions with pathogenic and commensal fungi



The fungal kingdom encompasses symbiotic environmental organisms critical to functioning of our ecosystem; fungi living in close relationships with humans can be commensal and, unfortunately, opportunistic pathogens and fungi that explicitly cause diseases (1). Human diseases caused by fungi are an increasing health problem resulting in 149 million cases and 1.7 million deaths globally every year. The WHO recently released a list of fungal “priority pathogens,” which classified 19 clinical important fungi into Critical (Cryptococcus neoformans, Candida auris, Aspergillus fumigatus, and Candida albicans), High Priority (Candida glabrata, Histoplasma spp., eumycetoma causative agents, Mucorales, Fusarium spp., Candida tropicalis, and Candida parapsilosis), and Medium Priority (Scedosporium spp., Lomentospora prolificans, Coccidioides spp., Candida krusei, Cryptococcus gattii, Talaromyces marneffei, Pneumocystis jirovecii, and Paracoccidioides spp.). These fungi cause diseases with varying degrees of severity in individuals with normal or impaired immunity. Fungal diseases are a key illustration that disease states result from a complex interaction between pathogens and the host immunity. In addition, the role of the fungal microbiome on immunity and disease is an emerging area of interest and many underlying mechanistic processes remain elusive. Herein, a better understanding of the molecular and cellular basis of antifungal and fungal microbiome immunity will undoubtedly provide opportunities for novel therapeutic strategies and applications.

In this Research Topic, we collect 16 articles involving 102 authors, focusing on the underlying interaction mechanisms of commensal and pathogenic fungal organisms with the host.

Neutrophils are essential components of the host innate immunity against fungal infections. In addition to phagocytosis, degranulation, and reactive oxygen species production, the formation of neutrophil extracellular traps (NETs) is an important mechanism of neutrophil action against all pathogens (2). Zhong et al. and He et al. describe the formation, induction, and function of NETs and also summarize the effects of NETs on deadly fungi such as Aspergillus fumigatus, Cryptococcus neoformans, and Candida albicans.

The adrenal gland is a key element of the Stress Response System that may be affected by pathogenic microorganisms. Using single-cell RNA sequencing technology, Zhang et al. explore the complex adrenal microenvironment and how this is affected during candidemia in a murine model. The single‐cell transcriptomic analysis reveals increased immune-adrenal interactions, proliferated endothelial cells, and immune cell infiltration in adrenal glands.

Vulvovaginal candidiasis (VVC) is a vaginal infection caused by either C. albicans or non-albicans Candida (NAC), affecting virtually all women at least once during their lifetimes. Recurrent vulvovaginal candidiasis (RVVC) is a particular condition in which VVC patients experience four or more episodes of infection per year. The immunological aspects of VVC remain largely unknown. Ge et al. follow 98 VVC patients and found lower interferon γ (IFN-γ), tumor necrosis factor (TNF), and interleukin 17F (IL-17F), as well as higher interleukin 4 (IL-4), interleukin 6 (IL-6), and interleukin 10 (IL-10) levels in serum of RVVC than VVC patients. This study indicates that the T helper type 1/2 (Th1/2) balance could be involved in recurrent VVC. The local innate immune state of the vaginal mucosa epithelium is of great importance in the recognition and elimination of invading fungal pathogens. Zhang et al. explore the role of the epidermal growth factor receptor (EGFR)-mitogen-activated protein kinase (MAPK) signaling pathway in VVC pathogenesis and highlight the remarkable immunogenic differences between C. albicans and NAC species in host–microbe interactions. Using an animal model, Guo et al. prove that boric acid gel effectively controls symptoms of VVC, likely by upregulating Th1 and Th17 cytokines and inhibiting Th2 cytokines.

Chronic mucocutaneous candidiasis (CMC) is characterized by recurrent or persistent infections by Candida spp. on the skin, nails, and mucous membranes, and signal transducer and activator of transcription 1 (STAT1) gain-of-function (GOF) mutations are responsible for more than half of congenital CMC cases (3). Lu et al. report on a CMC patient with STAT1 GOF (c.Y289C) mutation and the changes in immune cell populations. Single-cell RNA-seq analysis confirms the defects with alteration in genes related to antigen presentation and antimicrobial functions. This study establishes the feasibility of single-cell RNA-seq technology as a strategy for investigating detailed immune pathogenic responses, which will further allow a deeper understanding of CMC.

Cryptococcosis, caused by Cryptococcus neoformans/Cryptococcus gattii complex species, is a systemic mycosis, which can manifest via cryptococcal meningitis, pneumonia, and blood or skin infections. In a study by Yang et al. featuring both inhalational and intravenous mouse models, the csn1201Δ strain was shown to decrease tolerance to various stressors in vitro, as predicted, indicating that CSN1201 may promote the exposure of cell wall components and thus induce a protective immune response. These results forecast that the CSN1201 deletion significantly blocks the pulmonary infection and extrapulmonary dissemination of C. neoformans, supporting the importance of cryptococcal CSN1201 in pulmonary immune responses and disseminated infection. Jiang et al. study the correlation between cerebrospinal fluid (CSF) immune response and disease severity by following 128 cryptococcal meningitis (CM) and 30 pulmonary cryptococcosis among HIV-negative individuals. This research indicates that both CSF pro- and anti-inflammatory cytokines and chemokines are elevated in CM, and prognostic analysis shows its association with disease severity.

Aspergillus spp., as one of the most prevalent opportunistic fungal pathogens, causes a wide range of pulmonary infections or allergic responses in humans, including invasive pulmonary aspergillosis, chronic pulmonary aspergillosis, and allergic bronchopulmonary aspergillosis (4). Cai et al. discuss the effects of microbiomes on pulmonary aspergillosis (PA) and highlight that lung and gut microbiomes can prevent PA by affecting the growth of Aspergillus spp. or host immunity. This review provides a novel aspect for PA treatment from a microbiome perspective.

Mutations in the caspase recruitment domain family member 9 (CARD9) gene are known to cause immune disorders and are a major risk factor for mycoses (5). Huang et al. isolate Phialophora expanda from a patient with chromoblastomycosis due to a CARD9 mutation. Compared with a previous case infected by P. americana, the patient infected with P. expanda shows stronger local immune responses. Song et al. report a patient with CARD9 deficiency who is reinfected by P. verrucosa with a period of 10 years apart. By barcoding gene sequencing and Coomassie-stained whole-protein analysis, Song et al. predict that the two isolates belong to one strain, and they further find an upgrading trend of lysine lactylation in the two isolates through a 10-year period.

Human-disseminated protothecosis is a rare infection associated with debilitated hosts. With the increasing numbers of immunocompromised individuals throughout the world, protothecosis is suspected to be underestimated and misdiagnosed due to the lack of specificity of clinical features and low awareness among clinicians. Wang et al. summarize the etiology, epidemiology, clinical aspects, diagnostic characteristics, and treatment of disseminated protothecosis to better understand this emerging infection. This fungus is ubiquitous in natural environments, colonizes the skin, and shows resistance to multiple antimicrobial agents, and thus Prototheca spp. may potentially be dangerous to susceptible populations. Wang et al. confirm P. wickerhamii and P. zopfii to be the dominant species that cause disseminated infections. This study also confirms that disseminated protothecosis is most frequently found in the skin and could be an important diagnostic sign for this disseminated disease.

The antifungal immunity associated with invasive mucormycosis is still unclear. Lichtheimia corymbifera is the most often isolated pathogens of mucormycosis. Montaño et al. study the host immune response of human monocytes to L. corymbifera and to show that the Toll-like receptor 4/nuclear factor-kappa B (TLR-NF-kB) axis is likely involved.

Cutaneous disseminated sporotrichosis is a rare infectious condition, occurring mostly in immunocompromised patients. Zhuang et al. report a case of refractory cutaneous disseminated sporotrichosis in an immunocompetent individual. The patient resisted multiple antifungal treatments and was eventually treated by oral solution of potassium iodide. While few cases exist to support the wider use of this therapy, potassium iodide may be an option for multidrug-resistant Sporothrix infection.

In conclusion, the publications collected in this Research Topic of “Immune Interactions with Pathogenic and Commensal Fungi” reflect the variety of responses during antifungal immunity against a wide range of clinical important fungal pathogens. We hope this collection will deepen our understanding of diseases caused by human fungal pathogens. Moreover, we suggest a need to strengthen the scientific investment in immune pathogenesis research in mycosis because of the high mortality worldwide, especially in immunocompromised individuals such as HIV patients. The limited number of current antifungal therapies, the emergence of fungal isolates with genetically encoded resistance, and the relatively high toxicity call for a better understanding of immune interactions with fungi in order to contribute to novel strategies for combatting fatal human fungal diseases.
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Vulvovaginal candidiasis (VVC) is characterized by symptomatic inflammatory responses in the vagina caused by Candida albicans and non-albicans Candida (NAC) species. The epidermal growth factor receptor (EGFR) -mitogen-activated protein kinase (MAPK) signaling pathway has been linked to immune responses of oral mucosa after C. albicans exposure, but whether this pathway plays a similar response in vaginal epithelial cells is not known. Here, we observed that phosphorylation of EGFR and p38 was continuously activated in vaginal epithelial cells by C. albicans strain SC5314. This differs markedly from oral epithelial cells, which respond in a biphasic manner in order to properly discriminate the morphology of C. albicans. When compared with SC5314, a highly azole-resistant C. albicans isolate 1052 can induce a stronger phosphorylated signal of EGFR and p38, while clinically-isolated NAC strains including C. tropicalis, C. glabrata, C. parapsilosis and C. auris trigger higher levels of phosphorylated ERK1/2 and c-Fos than C. albicans. Inhibition of EGFR significantly reduces inflammatory response and epithelial damage induced by C. albicans both in vitro and in vivo, while inhibition of p38 leads to significant repair of epithelial damage triggered by both C. albicans and NAC species. These results confirm the importance of the EGFR-MAPK signaling in VVC pathogenesis and highlight the remarkable immunogenic differences between C. albicans and NAC species in host-microbe interactions.
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Introduction

Vulvovaginal candidiasis (VVC) is the most common mucosal infection, characterized by symptomatic inflammation of the vagina (1). VVC has been reported to affect 70–75% of healthy women during their reproductive years, and about 5–8% of them evolve into recurrent VVC (RVVC) (2, 3). For Candida infection in the oral mucosa, both early innate immune responses and T cell-mediated adaptive immunity are critical and protective against the invasion of Candida pathogen (4–8). On the contrary, human challenge studies indicate that adaptive immune response is not defective and provides no protection upon Candida stimulation in both VVC and RVVC patients (9–11). Moreover, while an aggressive innate immune response is the primary determinant of the pathological process of VVC, fungal factors such as the presence of pseudo hyphae/hyphae are required but not sufficient to induce the pathological process of VVC (12). It seems that the hyperactive inflammatory response due to strong neutrophil recruitments and mucosal damage is responsible for symptoms of VVC (1). However, elevated neutrophil infiltration was demonstrated to be ineffective at reducing fungal burden and invasion during VVC (13–15), which appears to contradict the protective role of neutrophil recruitment in oral cavity or gastrointestinal tract for Candida clearance at the site of infection (6). Therefore, host mediated-epithelial damage and inflammatory response appear to be more important during the pathogenesis of VVC.

The mucosal epithelium not only functions as a physical barrier restraining commensal microbes, but also plays a critical role in orchestrating immune responses to activate myeloid cells in the submucosal layers to clear the invading pathogens (16, 17). The mechanism of how oral epithelial cells respond to candidal pathogens is well characterized (8, 18, 19) and epidermal growth factor receptor (EGFR) has also been shown to facilitate epithelial cell invasion via endocytosis of C. albicans while simultaneously promoting protective innate immune responses against C. albicans (20, 21). EGFR is a membrane-bound tyrosine kinase receptor. After binding to the fungal ligands, EGFR signaling will activate inflammatory response via several pathways, including MAPK and nuclear factor kappa light chain enhancer of activated B cells (NF-ĸB) (20, 22, 23). MAP kinase phosphatase 1(MKP1) and c-Fos in the MAPK signaling pathway are both activated by the filamentous form of C. albicans in a biphasic manner in oral and vaginal epithelial infection in vitro (24, 25). However, the function of EGFR and its link to the main MAPK proteins (ERK1/2, JNK and p38) in VVC have never been explored.

The significance of pathogenic variation between different strains of C. albicans has been highlighted by a number of comparative studies. From the standpoint of fungus factors, genetic variation at the ECE1 locus, encoding a critical toxin of C. albicans (candidalysin), has recently been shown to influence the pathogenicity of C. albicans strains, SC5314 and 529L (26). Clinical C. albicans vaginal isolates and the standard strain SC5314 also differ during interaction with macrophages (27). By the same token, the immune responses of vaginal epithelial cells to clinical C. albicans strain and SC5314 could also be differently initiated in the context of VVC. Given the increasing population share of antifungal-resistant Candida spp. among clinical isolates over the past several decades (28), particular to azoles (29, 30), understanding how immune system responds to drug-resistant Candida also help us to develop more effective immunotherapeutic agents against drug-susceptible and-resistant fungi.

Despite the fact that C. albicans remains the principal etiologic agent of VVC, results from others also reveal an increasing prevalence of non-albicans Candida (NAC) species globally, affecting 10– 30% of VVC cases (31). Most of these cases are due to C. glabrata, followed by C. parapsilosis, C. tropicalis, C. krusei and C. dubliniensis (32, 33). Compared with C. albicans, NAC species are generally more resistant to antifungal drugs (34), making treatment for VVC more complicated. Although less commonly reported, the highly antifungal-resistant emerging pathogen C. auris was described in one case of VVC (35). In a study with VVC murine model, although single isolate of each NAC species was tested, the preliminary data indicated that most NAC species are incapable of forming hyphae and do not elicit robust immunopathology in vivo (36), but NAC do actively contribute to symptomatic VVC (37, 38). While significant attention has been given to C. albicans-induced host immune response, little is known regarding the interaction of vaginal epithelial cells and clinical NAC species.

To elucidate the function of EGFR and MAPK pathways in the pathogenesis of vulvovaginal candidiasis, we analyzed the immune activation of vaginal epithelial cells infected by both C. albicans and some NAC species with respect to the two signaling pathways. Our results reveal that EGFR is significantly activated by C. albicans in human vaginal epithelial cells both in vitro and in vivo, which governs the activation of MAPK proteins (p38 and ERK1/2). While the highly azole-resistant C. albicans induced stronger phosphorylation of EGFR and p38 than the drug-susceptible SC5314, the clinical NAC isolates and C. auris induced stronger phosphorylation of ERK1/2 and c-Fos in human vaginal epithelial cells than C. albicans strains. Furthermore, EGFR inhibitor greatly suppressed inflammatory cytokines production in vitro and also significantly decreased vaginal inflammation and fungal burden in vivo during C. albicans infection. Consistently, p38 and ERK1/2 inhibitor strongly suppressed inflammatory cytokines production but only the p38 inhibitor significantly improved cell survival of vaginal epithelium infected by both C. albicans and NAC species.



Methods and Materials


Culture of Candida Strains and Epithelial Cells

Clinical C. albicans isolates (1052 and C1-14) and NAC species (Candida glabrata, Candida parapsilosis, Candida tropicalis) were selected from our previous multicenter epidemiology study on VVC in China (38). Two C. auris isolates (10913 and 14918) were obtained from Wester Dijk Fungal Biodiversity Institute, and the standard strains (SC5314 and ATCC 90028) were reserved in the Institute of Dermatology, Chinese Academy of Medical Sciences. The susceptibility of two clinical C. albicans isolates (1052 and C1-14) to antifungal drugs was determined as described previously (39) and the minimum inhibitory concentration (MIC) values showed both isolates were highly azole-resistant (Fluconazole MIC >256). All cultures were streaked on yeast extract peptone dextrose (YPD) agar plates, and single colony was picked and grown in liquid YPD broth in an orbital shaker for 12h at 28°C (C. albicans, C. tropicalis, C. glabrata and C. parapsilosis) or 35°C (C. auris). Yeast cells were then pelleted by centrifugation and washed twice with PBS. The cells were suspended and counted via a hemacytometer. For Hyphae form of SC5314, the above yeast cells were grown in fresh 1640 medium and shaking at 37°C for 3-5 h.

The human vaginal epithelial cell line VK2/E6E7 cells (ATCC #CRL-2616, VA) were cultured in keratinocyte-serum free medium (KSFM) (Gibco, USA) supplemented with 50 μg/ml of bovine pituitary extract (BPE) and 0.1 ng/ml of epidermal growth factor (EGF) at 37°C with 5% CO2. Experiments were carried out in KSFM without supplements and performed independently at least 3 times.



RNA Sequencing

After 6h stimulation with C. albicans, VK2/E6E7 cells were rinsed with cold PBS and the total RNA was extracted using Tri reagent solution (Ambion). RNA-seq libraries were constructed according to the technical protocol and single-end 50-base reads were produced on a BGISEQ-500 platform at BGI-Shenzhen following the manufacturer’s procedures. Genes were considered significantly differentially expressed according to the criteria of a fold change ≥2 and Q value (adjusted P value) ≤0.05.



Immunoblot of Protein In Vitro and In Vivo

The VK2/E6E7 vaginal epithelial cells were seeded onto six-well tissue culture plates and incubated in supplement-free KSFM for 12 h and then infected with Candida cells with a multiplicity of infection (MOI) of 5. EGFR inhibitors were added to the host cells 2h before the fungal stimulation. At various time points, the epithelial cells were rinsed with cold PBS and lysed using a modified RIPA lysis buffer containing protease (Cell Signaling Technology) and phosphatase (Sigma-Aldrich) inhibitors, left on ice for 30 min. The cells were collected by centrifugation and supernatants were assayed for total protein. 20 ug of the protein was separated by SDS-PAGE and the proteins were detected by immunoblotting with specific antibodies, including anti-phospho-EGFR Tyr1068 (#3777), anti-phospho-c-Fos Ser32 (Cell signaling; #5348), anti-phospho-p65 Ser536 (Cell signaling; #3033), anti-phospho-JNK Thr183/Tyr185 (Cell signaling; #9255),anti-phospho-Erk1/2 Thr202/Thr204 (Cell signaling; #4370), anti-phospho-p38 Thr180/Tyr182 (Cell signaling; #4511). For the extraction of total protein from vaginal tissue, half of the dissected vagina was firstly grinded and then lysed using Minute™ Total Protein Extraction Kit for Animal Cultured Cells/Tissues (SD-001/SN-002, invent biotechnologies, America) at 4°C. After quantitation, the tissue protein was separated by SDS-PAGE and detected as above.



Overexpression of EGFR

VK2/E6E7 cells were plated into 6-well tissue culture plates at 6.0 × 105 cells per well and then transfected with the lentivirus (Hanbio Biotechnology, Shanghai, China) containing LV-EGFR-sh2 for 24h according to the manufacturer’s protocol. The overexpression efficiencies of EGFR were identified using Western blotting.



Epithelial Cell Damage in Real-Time Cell Analysis Experiments

The xCELLigence Real-Time Cell Analyzer (RTCA) system (Acea Biosciences, San Diego, CA, USA) was adopted to measure cell damage induced by Candida pathogens. VK2/E6E7 cells were counted and then seeded (5×104) into the E-plate 96 wells, incubating at 37°C for at least 20 h prior to treatment. When the cell growth curve reached a plateau, inhibitors or DMSO (0.8%) were added to the host cells 2h prior to the fungal stimulation and the vaginal epithelial cells were infected by different Candida strains at MOI of 10. EGFR inhibitor AG1478(Absin, abs810610) was used at 4.5μM, ERK1/2 inhibitor SD5978(Biyotime) was used at 5μM and p38 inhibitor SB203580 (selleckchem) was used at 5uM. The cell index was automatically recorded every 15 min during the incubation period. This experiment was performed in duplicates and run for 24h postinfection.



Cytokine Measurements In Vitro

The VK2/E6E7 cells were grown in 6-well tissue culture plates for 48h and then infected with Candida yeast cells at MOI of 0.01 for 24 h. The culture supernatants were collected and clarified by centrifugation. The levels of CCL20, GM-CSF, G-CSF, IL-1β, IL-6 and IL-17A in the supernatants were determined using the Luminex multipex assay (R&D Systems; number LXSAHM-08).



Murine Model of VVC

Our previously described murine model of vulvovaginal candidiasis was modified for investigating early vaginal infection events (40). The estrogen (β-estradiol 17-valerate; Sigma) was firstly dissolved in DMSO (20mg/mL) and then in sesame oil (2mg/mL). The female mice were injected subcutaneously with 0.2 mg of estrogen every other day to a total of three times. The mice were then anesthetized with 1 mg/kg urethane and were inoculated into the vaginal lumen with 10 µL of 2×108 cfu/ml C. albicans yeast in sterile saline. After 1 day, mice were sacrificed, the vagina was harvested and divided by two. One-half was weighed and homogenized for Immunoblotting. The other one-half was processed for histopathology and immunofluorescence. For EGFR inhibition studies, the mice were administrated with 30 mg/kg AG1478 at day -2 and day -1 with respect to C. albicans inoculation. Mice were infected with C. albicans spores and processed as above.



Histopathology and Immunofluorescence of Vaginal Tissues

The vaginal tissue was transferred to 4% paraformaldehyde solution, embedded in paraffin and sectioned at an optimal cutting temperature. 5-µm sections were selected and stained with Periodic Acid-Schiff (PAS), hematoxylin-eosin (H&E) or antibody. Stained sections were scanned and evaluated for severity of inflammation and fungal burden. For immunofluorescence, slides were probed with indicated antibodies at 4°C overnight and washed in PBS three times the next day, followed by fluorescence-conjugated secondary antibodies. They were subjected to DAPI counter-staining before being air-dried and mounted. Immunofluorescent images were collected by LSM 510 Laser Scanning Microscope and analyzed by ImageJ software.



Statistics

Continuous variables are expressed as the means ± standard deviation(SD), and categorical data are presented as frequencies or percentages. we performed the student’s t-test (comparing the two groups) and one-way ANOVA (comparing three or more groups), followed by Tukey’s (comparing all groups) or Dunnett’s (comparing treatments vs. control) post-tests to assess the significance of changes relative to controls. 2-sided tests were used in all statistical analyses and a P value<0.05 was considered significant. All tests were performed with the GraphPad Prism 9.0.




Results


Activated EGFR Governs the Activation of MAPK Pathway in Vaginal Epithelial Cells by C. albicans In Vitro and In Vivo

To determine whether EGFR and possible downstream signaling pathways in vaginal epithelial cells are involved in VVC inflammation, we first performed RNA–seq analysis on VK2/E6E7 cells at 6 h post incubation with C. albicans standard strain SC5314. We found that ErbB, MAPK, NF-κB and IL-17 signaling pathways were significantly more up-regulated in stimulated VK2/E6E7 cells than phosphate-buffered saline (PBS)-treated cells (Figure 1A). The heat map shows most up-regulated genes including CSF2, CSF3, FOS, IL-1, GADD45 (Figure 1A). Since numerous studies have shown that phosphorylation of EGFR and MAPK signaling are critical for the activation of oral epithelial cells in response to C. albicans (20, 25, 41, 42), we next investigated the phosphorylation of EGFR, MAPK (p38, ERK1/2, JNK), c-Fos and NF-κB(p65) in VK2/E6E7 vaginal epithelial cells at different time points post co-culture with SC5314 at 5 of multiplicity of infection (MOI). The phosphorylation level of EGFR on tyrosine residue 1068 immediately increased after1 h post infection and sharply increased at 4-6 h and then remained high levels until 10 h post infection (Figure 1B). The trend of phosphorylated p38 elevations was similar to phosphorylated EGFR. The phosphorylation of ERK1/2 or c-Fos was also induced by the pathogen at 1 h post-infection and sustained until 10 h. However, phosphorylated ERK1/2 gradually reached its highest point at 6 h, accompanied with a sharp increase of phosphorylated c-Fos at 4 h (2 h earlier than p38) (Figure 1B). In conjunction with the different trajectory of these MAPKs, the phosphorylation of NF-κB quickly elevated during the first 2 h and subsided afterwards and phosphorylated JNK remained unchanged at each time points (Figure 1B). In terms of an earlier NF-κB response, our data suggest that EGFR signaling and its downstream MAPKs (p38, ERK1/2) may be more critical for Candida- induced earlier inflammatory response in vaginal epithelial cells. Among these MAPK(s), the time course of ERK1/2 activation is better lined up with c-Fos phosphorylation. Unchanged phosphorylation of JNK, opposite the responses of oral epithelial cells to the same C. albicans strain (25), argues roles of JNK in vaginal immune responses to Candida spp.




Figure 1 | C. albicans activates EGFR, NF-κB, MAPK and c-Fos signaling in vaginal epithelial cells. Pathway enrichment analysis and heatmaps of VK2/E6E7 vaginal epithelial cells stimulating with SC5314 and PBS. Using the phyper function in the R software to perform enrichment analysis and calculate the P value. Then performing FDR correction on the P value to obtain the Q value. A Q value < 0.05 is regarded as a significant enrichment. Red underlines highlight the upregulated pathways related to EGFR and MAPK. Heat map displaying the upregulated(red) or downregulated(blue) genes. Each column represents an individual sample(n=3) (A). VK2/E6E7 cells were stimulated with SC5314 (MOI=5) for the indicated time. Cell lysates were analyzed by immunoblotting for the indicated proteins. The phosphorylated forms of proteins are preceded by “p” (B). SC5314 elicited significantly stronger phosphorylation of p38 in EGFR-Ad-VK2, VK2/E6E7 cells overexpressing EGFR, when compared to VK2/E6E7 cells. EGFR inhibitor (AG1478) suppressed SC5314-induced phosphorylation of ERK1/2 and p38 in EGFR-Ad-VK2 and VK2/E6E7 cells (C). Female ICR mice (n=3 or 2/each group) were infected with SC5314 or clinical isolate1052 after pre-treatment with DMSO or AG1478 for 2d and vaginal tissues were harvested 1 d after infection for detection of EGFR phosphorylation by immunoblotting analysis (D). Data are representative of three independent experiments and bands are shown relative to β-tubulin loading control.



In oral epithelial cells, EGFR inhibitor can significantly suppress C. albicans-induced pEGFR, c-Fos and pMKP1 (20). To verify the EGFR roles in activating downstream target MAPK proteins, phosphorylated levels of three MAPKs (p38, ERK1/2, JNK) in C. albicans infected vaginal epithelial cells were assessed using an EGFR antagonist AG1478 and EGFR overexpressed epithelial cells (EGFR-Ad-VK2). We first treated VK2/E6E7 epithelial cells with AG1478 2 h prior to C. albicans challenge. As expected, the phosphorylations of EGFR, p38 and ERK1/2 at 6 h post-infection were completely inhibited by AG1478, while phosphorylated JNK remained the same level (Figure 1C). By contrast, Candida-induced EGFR and p38 phosphorylation levels, but not ERK1/2 phosphorylation, were increased in EGFR-Ad-VK2 cells that again were effectively reversed in the presence of AG1478 (Figure 1C). EGFR, p38 and ERK1/2 inhibitors did not affect C. albicans hyphal growth (Figure S1).

To verify EGFR signaling responses in vivo, we used a mouse VVC model to analyze activation of EGFR during VVC. We found that infections with standard C. albicans SC5314 and drug resistant strain 1052 can induce high level of phosphorylated EGFR in collected vaginal tissues, especially in the case of 1052 infection (Figure 1D). Treatment of mice with EGFR antagonist AG1478 greatly reduced phosphorylation of EGFR in both C. albicans infected mice, especially in 1052 infected vaginal tissues (Figure 1D). Taken together, in vivo results agree with in vitro data to show that EGFR signaling is necessary for activating C. albicans-induced vaginal inflammation.



The Role of EGFR/p38 (ERK1/2) Pathway in Mediating C. albicans Induced Inflammatory Responses in Vaginal Epithelial Cells

The in vitro data above suggest that EGFR signaling via p38 and ERK1/2 pathway activates C. albicans-induced inflammatory response in vaginal epithelial cells. To understand the impact of EGFR signaling activation for the downstream inflammatory response during vaginal inflammatory response, antagonists AG1478 (EGFR), SD5978 (ERK1/2) and SB203580 (p38) were used to treat VK2/E6E7 vaginal epithelial cells 2 h prior to infection with SC5314. We found that inhibition of phosphorylation of EGFR, ERK1/2 or p38 respectively resulted in significant reduction in the levels of CCL20 (75.70%, 79.73%, 80.94%), G-CSF (93.61%, 93.75%, 95.53%), GM-CSF (93.33%, 94.15%, 95.38%), IL-1β (81.04%, 69.96%, 93.46%), IL-6 (75.32%, 51.58%, 93.26%) and IL-17A (57.94%, 57.94%, 59.63%) (Figure 2A). Among the three inhibitors, SB203580 showed the strongest inhibitory effect on all the cytokines induced by SC5314, particularly on G-CSF, IL-1β and IL-6.




Figure 2 | Functional role of EGFR and MAPK signaling in regulating vaginal epithelial inflammatory responses. Quantification of cytokines were assessed by multiplex microbead assay (luminex), secreted from VK2/E6E7 vaginal epithelial cells stimulating with SC5314(MOI=0.01) for 24 h. EGFR inhibitor AG1478, p38 inhibitor SB203580 or ERK1/2 inhibitor SD5978 was added to the cells 2 h prior to fungal stimulation. All these inhibitors suppressed SC5314-induced secretion of cytokines (CCL20, G-CSF, GM-CSF, IL-1β, IL-6, IL-17A) (A). EGFR-Ad-VK2 released higher levels of cytokines (G-CSF, GM-CSF, IL-1β, IL-6, IL-17A) induced by SC5314 when compared to VK2/E6E7 cells, which can be suppressed by AG1478 (B). VVC mice were treated as previously (Figure 1D). Vaginal sections from C. albicans–infected mice were assayed for immunofluorescence staining of Ly-6G (neutrophil marker, green) and nuclei were counterstained with DAPI (blue) (C). Numbers in graph (D) provide the mean neutrophils count per group (n=3/each group). Fungal load in vaginal tissues was assessed by periodic acid-Schiff (PAS). Insets show regions of vaginal fungal burden and higher-magnification images of the organisms indicated by the arrows (E). Numbers in graph (F) provide the mean C. albicans count per group (n=3/each group). Data are representative of three independent experiments. Error bars represent SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Compared with SC5314-infected VK2/E6E7 cells, EGFR-Ad-VK2 cells secreted much higher levels of cytokines such as G-CSF, GM-CSF, IL-1β, IL-6 and IL-17A – except CCL20 upon SC5314 stimulation (Figure 2B). Although the CCL20 level in SC5314-infected EGFR-Ad-VK2 was more highly produced than in the DMSO control, the quantity was less than for SC5314 infected VK2/E6E7 cells. Again, the upregulation of all the cytokines – including CCL20 in EGFR-Ad-VK2 cells – can be suppressed by EGFR, p38 and ERK1/2 inhibitors as effectively as those in infected VK2/E6E7 cells (Figure 2B). Moreover, in the murine model of VVC, treatment of AG1478 greatly ameliorated vaginal inflammation caused by SC5314. The effects of AG1478 were confirmed by histopathologic and immunofluorescent analysis, which revealed that the vaginas of AG1478-treated mice had low levels of neutrophil recruitment (Figures 2C, D) and fungal burden (Figures 2E, F). In all, these data imply that EGFR-p38/ERK1/2 pathways are required for vaginal epithelial cells to mount inflammatory responses to C. albicans and inhibition of EGFR signaling would reduce vaginal neutrophil recruitment and fungal burden during VVC.



High Activation of the EGFR Pathway in Vaginal Epithelial Cells by Clinical Drug-Resistant C. albicans Isolates

The above experiments were mostly performed with the standard C. albicans strain SC5314, an original clinical isolate that has been widely used to evaluate fungal and host interaction. Pathogenic variability has been noted in C. albicans isolates (6). To discriminate the possible difference in host responses to clinical drug-sensitive and drug-resistant C. albicans, the EGFR responses in VK2/E6E7 cells infected by SC5314 (drug-sensitive) and a clinical azole-resistant C. albicans 1052 (38) were compared. Total proteins of VK2/E6E7 cells were extracted at 1, 2, 4, 6, 8 and 10 h post fungal infection for measurement of the activation of EGFR-MAPK pathway. We found that EGFR and p38 phosphorylation were significantly higher in 1052 infected epithelial cells, especially in the 4 to 10 h period (Figure 3A). We find it intriguing that ERK1/2 phosphorylation induced by 1052 appeared at early stages (1- 4 h) and gradually subsided at later stages, which was different from an overall increased ERK1/2 response in SC5314 infection especially (Figure 3A). In accord with the early ERK1/2 response in both strain infections, p65(NF-κB) phosphorylation levels were higher in SC5314 and 1052 infected epithelial cells during 1- 4 h. The second difference between two types of infections was that the levels of c-Fos phosphorylation induced by 1052 were significantly lower than the levels induced by SC5314 at both early and later stage (Figure 3A).




Figure 3 | Differential activation of EGFR and MAPK and cytokine induction by clinical isolate 1052 and WT strain SC5314. VK2/E6E7 cells were stimulated with SC5314 and clinical isolate 1052 (MOI=5) for the indicated time respectively. Phosphorylation of EGFR, MAPK proteins, NF-κB (p65) and c-Fos was detected by immunoblotting of cell lysates (A). 1052 induced higher levels of cytokines secretion (CCL20, G-CSF, GM-CSF, IL-1β, IL-6, IL-17A) than SC5314. All inhibitors (EGFR, p38 and ERK1/2 inhibitor) suppressed 1052-induced secretion of CCL20, G-CSF, GM-CSF, IL-1β, IL-6 and IL-17A (B). Infection with 1052 in the vaginal mucosa of mice induced significantly increased neutrophil recruitment at the infection foci when compared with SC5314 and pre-treatment of AG1478 resulted in significantly decreased neutrophil recruitment (C). Numbers in graph (D) provide the mean neutrophils count per group (n=3/each group). Morphology of SC5314 and clinical isolate 1052 adhering to VK2/E6E7 cells at 0, 1, 2, 4, 6, 8, 10 h post infection (E), gently washed with PBS for at least 3 times. Data are representative of three independent experiments. Error bars represent SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To better understand the meanings of these divergent host responses in fungal infection, we collected micrographs of Candida morphology adhering to vaginal epithelial cells at different time points. We found that the azole-resistant isolate was more filamentous than SC5314. The hyphal lengths of 1052 adhering to VK2/E6E7 cells were longer and the quantities of hyphae were greater than SC5314 at each time point after 2 h (Figure 3E). In accord with these in vitro results, the hyphal lengths of 1052 adhering to vaginal mucosa were also longer than SC5314 in the mouse model of VVC at 24 h post infection (Figure 2E). The different MAPK responses in vaginas infected by drug-sensitive and drug-resistant C. albicans certainly require a further investigation with more strains. However, the extent of hyphal formation could be a convenient explanation for such a difference in MAPK responses. Nevertheless, EGFR responses are better lined up with p38 response in both strain infections.

The inflammatory cytokines in supernatants of VK2/E6E7 cells infected by SC5314 and 1052 were also measured and compared. The results showed that levels of all cytokines (CCL20, G-CSF, GM-CSF, IL-1β, IL-6 and IL-17A) in 1052 infected epithelial cells were higher than in SC5314 infected cells and each highly-produced cytokine in the 1052-stimulated epithelial cells can be suppressed by EGFR, p38 and ERK1/2 inhibitors (Figure 3B). In particular, the inhibition of p38 resulted in a much greater reduction of 1052-triggered G-CSF, IL-1β and IL-6 than the other two inhibitors (Figure 3B). Along with stronger inflammatory cytokine production, levels of neutrophil infiltrates in the vaginal tissue infected by 1052 were significantly higher than SC5314 (Figures 3C, D). Apparently, inflammatory cytokines and neutrophil infiltrate levels were dependent on EGFR since both phenotypes in SC5314 and 1052 infection can be reversed by AG1478(Figures 3C, D).



Differential Activation of the EGFR Pathway in Vaginal Epithelial Cells by C. albicans and Non-Albicans Candida Species

Vulvovaginal candidiasis (VVC) caused by non-albicans Candida (NAC) species are increasingly reported today. Given that more drug-resistant strains have been found in NAC species, we next analyze the EGFR-MAPK responses during the NAC species infections by using 3 clinical NAC isolates of C. tropicalis, C. glabrata, C. parapsilosis previously isolated from VVC patients (38) and 2 strains of C. auris (CBS10913 and CBS14918). The results were compared with 4 strains of C. albicans (SC5314, ATCC90028, 1052 and C1-14). To examine the extent of EGFR/MAPK pathway activation in vaginal epithelial cells infected by each of these strains, proteins of infected epithelial cells 6 h post infection at an MOI of 5 were extracted for analysis. We found that 4 C. albicans strains induced significantly higher levels of EGFR and p38 phosphorylation in VK2/E6E7 cells than all NAC strains (Figure 4A). When compared with the C. albicans strains, NAC strains consistently triggered much stronger activation of ERK1/2 and c-Fos phosphorylation in VK2/E6E7 cells (Figure 4A). In general, there were no significant difference in phosphorylation of EGFR, p38 or ERK1/2 among these NAC infected epithelial cells except that a slightly decreased ERK1/2 phosphorylation and a slightly increased p38 phosphorylation were seen in C. tropicalis (Figure 4A). When one consideres that C. tropicalis is phylogenically closer to C. albicans than other species, the ERK1/2 and p38 responses observed in C. tropicalis are not surprising. Nevertheless, activation of ERK1/2 and c-Fos phosphorylation seems to mediate the immune responses of vaginal epithelial cells by NAC species.




Figure 4 | Divergent activation of EGFR and MAPK and cytokine induction by C. albicans and non-albicans Candida species. VK2/E6E7 cells were stimulated with C. albicans (SC5314, 1052, ATCC90028 and C1-14) and non-albicans Candida (NAC) isolates C. tropicalis, C. glabrata, C. parapsilosis, CBS10913 and CBS14918) (MOI=5) respectively. Protein lysates were taken at 6 h post-infection for western blotting analysis (A). Cytokines induced by C. albicans and NAC isolates (MOI=0.01) were assessed at 24h post-infection via Luminex (B). All inhibitors suppressed NAC isolates-induced cytokines production (C). Morphology of C. tropicalis, C. glabrata, C. parapsilosis and CBS14918 strains on VK2/E6E7 cells at 6 and 24 h post infection (D). Data are representative of three independent experiments. Error bars represent SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Typically, MAPK signaling in oral epithelial cells is correlated with hyphal formation of C. albicans (41). However, clinical NAC species used in this study that were not able to form the true hyphae in epithelial cells (Figure 4D) also effectively activated ERK1/2 and the protein c-Fos (Figure 4A). We found that only a small population of C. tropicalis switched to pseudohyphae, while C. glabrata, C. parapsiolosis and C. auris grew only in the yeast morphology until 24 h (Figure 4D). These results suggested that ERK1/2 phosphorylation may be more yeast-specific while EGFR and p38 phosphorylation are more hyphae-specific in vaginal epithelial cells, which is also supported by the higher EGFR and p38 responses induced by drug resistant 1052 with high filamentation in Figures 3A, E.

Regarding the downstream cytokine levels, 4 NAC species generally triggered less cytokine production in VK2/E6E7 cells when compared to SC5314 (Figure 4B). Inhibition of EGFR, p38 and ERK1/2 led to further reductions of all cytokines by 4 NAC species (Figure 4C) except IL-17A. Particularly, ERK1/2 inhibitor showed the strongest inhibitory effects on NAC-induced CCL20, G-CSF, GM-CSF, IL-1β, and IL-6, which is consistent with the strong activation of ERK1/2 phosphorylation induced by NAC species (Figure 4A). This highlights the importance of ERK1/2 in mediating the inflammatory responses in NAC species-induced vaginal infection.



Function of EGFR/MAPK Pathway in Moderating Epithelial Damage During VVC

In addition to vaginal inflammation, epithelial damage also contributes to the symptoms of VVC (1, 43). Since inhibition of EGFR and p38/ERK1/2 can effectively reduce epithelial inflammatory responses to SC5314, we then wonder whether blocking these pathways would lessen epithelial damage during the VVC infection. The real-time damage of vaginal epithelial cells during Candida infection was monitored using an xCELLigence (real time cell analyzer) RTCA Instrument. For SC5314 infection, normalized cell index of VK2/E6E7 cells increased sharply in the first 2 hours and then subsided. However, EGFR and p38 inhibitors, but not ERK1/2 inhibitor, significantly improved cell survival of the infected VK2/E6E7 cells at 24 h post infection (Figures 5A, D). Conversely, EGFR-Ad-VK2 cells resulted in a significant increase in cell death when infected by SC5314 (Figures 5B, E). EGFR inhibitor in vivo also greatly reduced the apoptosis of vaginal epithelium (Figures 5G, H). Taken together, these data clearly demonstrated that the EGFR/p38 pathway is critical in driving the epithelial damage caused by C. albicans during VVC.




Figure 5 | EGFR and MAPK signaling regulate the viability of vaginal epithelial cells after infection with C. albicans. Cell damage was monitored continuously by xCELLigence Real-Time Cellular Analysis (RTCA) system. Normalized Cell Index (NCI) demonstrated cell viability. 1052-infected VK2/E6E7 cells exhibited a significant decrease in viability when compared to SC5314 infections and pre-treatment of the EGFR and p38 inhibitors protected cells against SC5314 or 1052-killing (A, C). SC5314-infected EGFR-Ad cells exhibited increased damage when compared to the infected VK2/E6E7 cells (B). NCI at 24 h post infection in graph (D–F) provides the mean cell viability. Green arrow represents the time points on which the medium was changed. Blue and red arrows represent the time point at which inhibitors and Candida strains were added into the well respectively. VVC mice were treated as previously (Figure 1D). Immunofluorescent staining of E-cadherin (green), caspase-3(red) and DAPI (blue) demonstrated apoptotic vaginal epithelial cells in vaginal tissues sections (G). Numbers in graph (H) provide the mean apoptotic vaginal epithelial cells count per group (n=3/each group). Data are representative of three independent experiments. Error bars represent SD, *p < 0.05, Error bars represent SD, *p < 0.05, **p < 0.01, ***p < 0.001.



Considering the fact that 1052 activated higher levels of EGFR and p38 phosphorylation, we hypothesized that the azole-resistant isolate may cause more damage to vaginal epithelial cells than SC5314. As expected, the viability of VK2/E6E7 cells stimulated with 1052 was reduced compared to the viability of SC5314-infected cells (Figures 5C, F). Similarly, blocking EGFR and p38 resulted in a significant increase in cell survival, but ERK1/2 inhibitor had no effect on cell viability (Figures 5C, F). In the murine model of VVC, levels of cell apoptosis in 1052-infected vaginal tissue were significantly higher than in SC5314-infected vaginal tissue and blocking EGFR also decreased cell apoptosis induced by 1052 (Figures 5G, H).

Despite lower levels of phosphorylation of EGFR and p38 in NAC infections than C. albicans infection (Figure 4A), epithelial damage caused by C. tropicalis and C. glabrata was as great as that caused by C. albicans; cell damage by C. parapsilosis and C. auris was even more extensive than C. albicans (Figures 6A, F). For all the NAS strains, the p38 inhibitor significantly improved the epithelial cell survival during the infection, but this was not the case for the EGFR or ERK1/2 inhibitor (Figures 6B–E, G), which highlights that p38 signaling regulates NAC-induced epithelial damage. While both EGFR and p38 are required for C. albicans-induced epithelial damage (Figure 5D), the absence of EGFR response in NAC induced epithelial damage (Figure 6G) suggests a likely different upstream signal for p38-mediated epithelial responses in NAC infections.




Figure 6 | EGFR and MAPK signaling regulate the viability of vaginal epithelial cells after infection with non-albicans Candida species. Cells damage caused by SC5314 and non-albicans Candida (NAC) isolates were monitored continuously for 24 h (A). Only pre-treatment of p38 inhibitor (SB203580) exhibited a significant increased protective capacity against NAC isolates compared to EGFR and ERK1/2 inhibitor (B–E). NCI at 24 h post infection in graph (F, G) provides the mean cell viability. Green arrow represents the time points at which the medium was changed. Blue and red arrows represent the time point on which inhibitors and Candida strains were added into the well respectively. Data are representative of three independent experiments. Error bars represent SD, *p < 0.05.






Discussion

The pathological process of VVC is largely driven by local innate immune response, where vaginal epithelial cells have been shown to play a central role (1, 12). In this study, the function of the EGFR signaling pathway and the possible key players are investigated in mouse VVC infected tissue and Candida stimulated vaginal epithelial cells in vitro. Through divergent patterns of EGFR and respective downstream MAPK proteins activated by C. albicans, drug resistant C. albicans and non-albicans Candida species, our in vivo and in vitro data confirm that the EGFR/MAPK pathway in vaginal epithelial cells is sustained by Candida stimulation with a time course that is different from the biphasic manner of oral epithelial cells based on yeast to hyphal conversion (17). We see that C. albicans prefers to induce an EGFR-p38 mediated inflammatory response and epithelial damage, while NAC species elevate phosphorylated levels of ERK1/2 and c-Fos for downstream NK-ĸB activation and cytokine productions, however, p38 is still required for the promotion of epithelial damage (summarized in Figure 7).




Figure 7 | Activation of the EGFR-MAPK signaling pathway in vaginal epithelial cells by Candida pathogens. C. albicans infection on vaginal epithelial cells manifests by a modest yeast-to-hyphal transition within the first 2 hours, when the EGFR-ERK1/2 signaling pathway (small red arrow) is moderately activated. At a later stage of stimulation (4 to 10 hours), after the formation of a greater number of hyphae, the EGFR-p38 signaling pathway (thick red arrow) is strongly activated. Activated EGFR-p38 and-ERK1/2 signaling pathways lead to an increased phosphorylation of c-Fos and p65 and an increased secretion of cytokines (IL-1, IL-6, G-CSF, GM-CSF, CCL20). In particular, the EGFR-p38 signaling pathway also moderates epithelial damage induced by C. albicans. While non-albicans Candida (NAC) spp. infections of vaginal epithelial cells rarely produce hyphae, they activate a strong phosphorylation of ERK1/2, c-fos and p65 and a subsequent secretion of cytokines. Although not strongly activated, the p38 pathway still has some effect in the moderation of epithelial damage.



In Candida-infected oral epithelial cells, activation of EGFR and downstream MAPK target proteins (c-Fos and MKP1) are key for candidalysin-induced immune responses (20, 44). Activation of this c-Fos/MKP1 signaling is also associated with a biphasic immune response pattern that enable oral epithelial cells to discriminate the morphology of C. albicans (25). During this biphasic response, phosphorylation of p38 and JNK induced by C. albicans reach their highest levels at 2 h post-infection and then decrease in oral epithelial cells. However, in Candida-infected vaginal epithelial cells in this study, phosphorylation of p38 increased over time and peaked at a later stage. In addition, phosphorylated JNK remains normal during at the time points. Our data support the notion that the variations in mucosal responses against C. albicans are niche-specific (6). As the over expression of EGFR in VK2/E6E7 cells resulted in a significant increase of p38 phosphorylation, but not of ERK1/2 phosphorylation, we believe that the primary downstream target protein of an activating EGFR signaling for inflammatory cytokines during VVC infection is p38 MAPK.

Symptomatic VVC is associated with massive neutrophil migration to the vagina and the subsequent uncontrolled inflammation triggered by inflammatory mediators secreted from infected vaginal epithelial cells and resident immune cells (1, 45). In this study, the phosphorylation of EGFR and neutrophil recruitment appeared in vaginal mucosa in mouse VVC model and blocking EGFR or p38 signaling significantly reduced vaginal neutrophil recruitment, fungal burden, and inflammatory cytokines production induced by C. albicans. These results are contradictory with an observation with oral epithelial cells, in which EGFR-mediated immune responses and neutrophil recruitments protect the host against oral C. albicans infection (20). Nevertheless, in terms of the effects of p38 inhibition, our finding is consistent with the results from myeloid cells, in which p38γ/p38δ deletion protects against C. albicans infection and decreased host damage in vivo (46). The data again confirm that activation of the EGFR/p38 pathway is the key event to causing those deleterious inflammatory episodes and neutrophil recruitment during VVC.

Compared to drug-susceptible C. albicans infection, drug-resistant strain showed stronger phosphorylation of EGFR and p38 and lower ERK1/2 and c-Fos. The mechanism could be due to the differently-secreted or surface-mounted fungal ligands between two fungal strains for activating EGFR, for example hyphal-derived ligands, which is supported by better developing hyphae in drug-resistant strain in this study. The impact of p38 activation on vaginal epithelial cells is confirmed by p38 inhibitor in this study. Together with a strong positive correlation between hyphae and p38 phosphorylation in symptomatic VVC patients and lower levels of phosphorylated p38 in most yeast form of NAC infected cells (12), it is tempting to expect that EGFR- p38 is more specific for filamentous fungi. However, when we stimulated VK2/E6E7 cells with true hyphae of SC5314, we found that only phosphorylation of p38 was increased steadily, not EGFR or other MAPK protein (Figure S2). Obviously, other non-EGFR signaling could be also responsible for p38 activation in vaginal epithelial cells. Since phosphorylation levels of ERK1/2 and c-Fos occur at early stages of yeast form growth and subside at a later stage, ERK1/2 and c-Fos phosphorylation may be yeast-specific in VVC.

Both pathogen-mediated damage and host-mediated damage contribute to the outcome of an infectious disease (43, 47, 48). During VVC, epithelial damage is mediated by the host innate immune responses, and triggered by virulence factors of Candida species (47, 49). Our results have shown that EGFR, p38 and ERK1/2 inhibitor effectively suppress the inflammatory responses in vaginal epithelial cells to both clinical C. albicans and NAC species. A representative panel of NAC species has been shown to induce less damage and neutrophil recruitment than C. albicans (36). In this study, clinical NAC species including C. tropicalis, C. glabrata, C. parapsilosis and C. auris can trigger a stronger phosphorylation of ERK1/2 or c-Fos than C. albicans strains at 6 h post challenge. All our tested NAC strains were unable to form hyphae in vaginal tissue except C. tropicalis, which showed the strongest p38 and the least phosphorylation of ERK1/2 among the NAC species. This further supports that ERK1/2 may be yeast specific and p38 may be hyphae specific during VVC infection. In accord with the MAPK responses and hyphae formation, yeast-formed NAC strains induced less inflammatory cytokine production and filamentous fungal cells induced stronger cytokines. We note that C. auris, an emergent but rare pathogen of VVC (35) can induce higher levels of G-CSF and IL-1β than C. glabrata and C. parapsilosis although all of three species obstinately remain as yeast form. The precise identity of C. auris in immunophathology needs to be unraveled, but both G-CSF and IL-1β could lead to stronger inflammatory response. In addition, C. auris and C. parapsilosis triggered more damage to vaginal epithelial cells than C. albicans after 24 h post infection, indicating that such a strong virulence from each of these two NAC species was not contributed by hypha formation. Damage-driven responses in Candida-infected vaginal epithelial cells persisted at later stages of infection (50) and the survival curve lines of the infected VK2/E6E7 vaginal epithelial cells also indicated a species-specific damage-response to Candida pathogens.

In summary, the EGFR/MAPK pathway is differently activated in vaginal epithelial cells by clinical C. albicans and NAC species. Inhibition of EGFR markedly decreased vaginal inflammatory responses and epithelial damage induced by C. albicans in vitro and in vivo, while blocking p38 significantly reduced inflammatory cytokine production and cell damage induced by clinical C. albicans and NAC species. It is also worthy of note that ERK1/2 phosphorylation may be specific to the yeast morphology of Candida in VVC. These results indicate that targeting EGFR/MAPK pathway or the downstream signaling could be an effective therapeutic strategy against VVC caused by drug-susceptible C. albicans, NAC species and even drug-resistant Candida spp.
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Cryptococcus neoformans is a major etiological agent of fungal meningoencephalitis. The outcome of cryptococcosis depends on the complex interactions between the pathogenic fungus and host immunity. The understanding of how C. neoformans manipulates the host immune response through its pathogenic factors remains incomplete. In this study, we defined the roles of a previously uncharacterized protein, Csn1201, in cryptococcal fitness and host immunity. Use of both inhalational and intravenous mouse models demonstrated that the CSN1201 deletion significantly blocked the pulmonary infection and extrapulmonary dissemination of C. neoformans. The in vivo hypovirulent phenotype of the csn1201Δ mutant was attributed to a combination of multiple factors, including preferential dendritic cell accumulation, enhanced Th1 and Th17 immune responses, decreased intracellular survival inside macrophages, and attenuated blood–brain barrier transcytosis rather than exclusively to pathogenic fitness. The csn1201Δ mutant exhibited decreased tolerance to various stressors in vitro, along with reduced capsule production and enhanced cell wall thickness under host-relevant conditions, indicating that the CSN1201 deletion might promote the exposure of cell wall components and thus induce a protective immune response. Taken together, our results strongly support the importance of cryptococcal Csn1201 in pulmonary immune responses and disseminated infection.
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Introduction

Cryptococcus neoformans is a major fungal pathogen that causes life-threatening meningoencephalitis in both immunocompromised and apparently immunocompetent hosts (1). The increasing prevalence of immunocompromised individuals, such as those with acquired immunodeficiency syndrome and organ transplantation treated with immunosuppressive compounds to prevent organ rejection, has resulted in a significant rise in the morbidity and mortality of cryptococcosis. Globally, Cryptococcus causes approximately 278,000 infections and 181,000 deaths each year (2). C. neoformans is also an excellent fungal model for studying pathogen–host interactions (3).

C. neoformans is widely distributed in natural environments that include soil and bird droppings (4). The desiccated yeast cells or basidiospores mainly invade the respiratory tract via inhalation, and then cause asymptomatic pneumonia. The pathogen is often cleared by host immunity or becomes latent (5). When host immunity is compromised or suppressed, the resting cryptococcal cells reactivate and cause systemic infection, especially in the central nervous system. Infection results from complex interactions between the pathogenic fungus and host immunity. C. neoformans can adapt to the hostile environment in vivo (such as nutrient limitation, oxidative stress, etc.) through the expression of multiple virulence factors that include capsule and melanin (6). On the other hand, the direct damage or interference caused by C. neoformans does not allow the host to organise an effective immune response to contain or kill the pathogen, ultimately resulting in fungal dissemination (7). Several studies have demonstrated that C. neoformans induces a non-protective Th2 immune response or inhibits an excessive inflammatory response through the expression of classical or non-classical virulence factors (8–13). Identification of critical pathogenic factors that control the activation of protective immune responses will be beneficial for developing new immunotherapy strategies against cryptococcosis.

Previous studies systematically screened a substantial number of uncharacterised pathogenic factors (including Csn1201) from the gene-deletion library of C. neoformans strain KN99α (14, 15). Their functions and mechanisms in composite cryptococcal virulence have remained unclear.

Based on the background of the clinical hypervirulent strain, H99, we further characterised the pleiotropic roles of cryptococcal Csn1201 in fungal fitness and host immunity in the present study. Deletion of Csn1201 considerably blocked the pulmonary infection and extrapulmonary dissemination of C. neoformans. The in vivo hypovirulent phenotype of the csn1201Δ mutant could likely be attributed to a combination of multiple factors, such as enhanced Th1 and Th17 immune responses, attenuated blood–brain barrier (BBB) transcytosis, and reduced fungal fitness in the host environment. These results enhance our understanding of host–pathogen interactions and provide opportunities to explore new intervention strategies against cryptococcosis.



Materials and Methods


Strains, Plasmids, and Media

C. neoformans strains and plasmids used in this study are listed in Supplementary Table S1. Strains were cultured at 30°C on YPD agar medium (1% yeast extract, 2% bacto-peptone, and 2% glucose) and selective media contained nourseothricin (100 mg/L) and/or neomycin (G418 200 mg/L). Stress media were prepared by adding different stress inducing agents to YNB agar medium (0.67% yeast nitrogen base without amino acids, 2% glucose) or YPD agar medium before autoclaving. Capsule- and melanin-inducing media were prepared as previously reported (16). DMEM with 10% FBS (Transgen Biotech, Beijing, China) was used for cell culture in the murine-derived J774 macrophage killing assay.



Gene Disruption and Reconstitution

The CSN1201 gene sequence (CNAG_01697) was obtained from the C. neoformans var. grubii serotype A genome database (https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=235443). For gene disruption, overlap PCR was used to generate the knock-out cassette of CSN1201, including the flanking fragments and NAT resistance gene (17). The purified PCR products were precipitated onto gold microparticles and introduced into H99 cells by biolistic transformation (16). Stable transformants were screened using selective medium containing nourseothricin and confirmed by diagnostic PCR, DNA sequencing, and Southern blotting. To complement the csn1201Δ mutant, a genomic DNA fragment containing the ORF, promoter, and terminator region was amplified using primers ReCSN1201-F and ReCSN1201-R. This PCR fragment and the digested plasmid pJAF1 by Xba I were fused using the In-FusionH EcoDry Cloning System (Clontech; TaKaRa Bio, Shiga, Japan). The reconstructed vector pCSN1201-NEO was linearised and reintroduced into csn1201Δ mutants via biolistic transformation. Positive colonies were selected on YPD agar containing G418. Reconstitution was confirmed by diagnostic PCR and Southern blotting. The primers used to construct the strains are listed in Supplementary Table S2.



Southern Blot

Southern blot analysis was performed to confirm the mutant and reconstituted strains as previously described (16). Genomic DNA (20 μg) from the strains was digested using specific restriction endonucleases and separated by 0.8% agarose gel electrophoresis. The DNA fragments were transferred to positively charged nylon membranes (Roche Applied Science, Indianapolis, IN, USA). The NEO or NAT probe was labelled with digoxigenin by the manufacturer (Roche Applied Science) and was detected on the membrane.



In Vitro Phenotypic Assays

The in vitro stress assays were performed as previously described (17). Briefly, each strain was incubated to saturation at 30°C in YPD medium, washed, and diluted to 2.5×108 cells/mL in PBS. Four microlitre aliquots were spotted onto YNB or YPD agar medium containing different stress-inducing compounds. For the oxidative and nitric oxide (NO) stress test, 2 mM hydrogen peroxide (H2O2) was added to the YNB agar medium. For the osmotic stress and high salt sensitivity tests, 1.5 M sorbitol, 1.5 M NaCl, and 1.5 M KCl were incorporated in YPD agar medium. To examine cell wall integrity, the cells were spotted onto YPD agar medium containing 0.02% SDS and 0.5% Congo red. The spotted cells were incubated at 30°C for 3 days and photographed. For temperature stress, the YPD plates were incubated at 30°C, 37°C, and 39°C.

The yeast cells were incubated in DMEM at 37°C in an atmosphere of 5% CO2 for 3 days in tissue culture flasks at a density of 5×106 to 107 cells/mL. The cells were washed with sterile PBS, and resuspended in PBS, 10 µL aliquots of the cell suspension were each mixed with a drop of India Ink and observed by microscopy. The relative ratio of the capsule was calculated as previously reported (16). For the melanisation test, cells were spotted onto caffeic acid agar and incubated for 3–7 days at 30°C. Melanin production was monitored and photographed.

The serum survival assay was performed as previously described, with modifications (18). Briefly, yeast strains were incubated overnight in YPD medium at 30°C until saturation. Cryptococcal cells were then diluted at 1:10 into mouse serum (Sigma-Aldrich, St. Louis, MO, USA), RP1640 (Sigma-Aldrich), PBS, and YPD and incubated at 37°C for another 3 days. The strains were diluted at 1:10 (1:100 overall) in PBS and plated (1:10 and 1:100) onto YPD agar plates. The plates were photographed after 3 days of incubation at 30°C.



Transmission Electron Microscopy (TEM)

The impact of CSN1201 deletion on the morphology of C. neoformans was assessed by TEM. Cryptococcal cells of both the wild-type (WT) and csn1201Δ strain were cultured to the logarithmic phase in YPD (30°C) or DMEM (37°C, 5% CO2). The cells were harvested and fixed as previously described (19). Ultrathin sections (approximately 70 nm thick) were generated using the EM UC7 ultramicrotome (Leica, Wetzlar, Germany), collected on copper grids, and stained with 2% uranyl acetate and Sato’s triple lead stain. All sections were imaged on a Talos L120C TEM (Thermo Fisher Scientific, Waltham, MA, USA) at 80 kV equipped with a 4k×4k Ceta CCD camera.



Macrophage Killing Assay

The assay was performed as previously described (20). Yeast strains were incubated overnight at 30°C. J774A.1 macrophages seeded at a density of 106 cells/well were activated with interferon-gamma (INF-γ) and lipopolysaccharide for 18 h. Prior to coincubation, the yeast cells were incubated with the monoclonal antibody mAb18B7 for 1 h. Activated macrophages were coincubated with 106 cryptococcal cells for 2 h to allow phagocytosis. Extracellular yeasts were removed, diluted, and cultured on YPD plates for 3 days. Macrophages were lysed using 0.05% SDS, and intracellular (attached and digested) yeasts were determined on YPD plates after 3 days of growth. Phagocytosis efficiency was calculated as (intracellular cells/[intracellular cells + extracellular cells] × 100%). A similar method was used to calculate cryptococcal survival rates inside macrophages after 48 h of coincubation. Each strain was tested in triplicate.



In Vitro BBB Model and Transcytosis Assay

An in vitro blood–brain barrier (BBB) model was constructed for the cryptococcal transcytosis assay as previously described (21). Briefly, 105 mouse brain microvascular endothelial cells (bEND.3) were seeded into the Costar 3422 Transwell apparatus (Corning, New York, NY, USA) and grown until confluence. The integrity of the BBB model was evaluated by measuring transendothelial electrical resistance using a Millicell‐ERS apparatus (Millipore, Inc., Billerica, MA, USA). Then, 4 × 105 cells of C. neoformans were added to the top compartment of the insert and incubated at 37°C and 5% CO2 for predetermined times. Cryptococci were collected from the bottom compartment (brain side) and plated onto YPD agar to determine their transmigration efficiency.



Galleria Mellonella Virulence Assay

The yeast cells were inoculated in YPD, incubated overnight, washed, suspended and diluted to 5 × 106 cells/mL in PBS. Sixteen G. mellonella larvae weighing 200–400 mg were inoculated for each group. The larvae suspension was injected (10 µL containing 50,000 cells) through the last foreleg and placed in petri dishes (17). The dishes were placed in a box and kept in the dark at room temperature. Survival was monitored every day. The larvae were considered dead when they displayed no movement in response to touch.



Murine Virulence Assessment and Histological Analysis

Yeast strains were grown in YPD liquid medium at 30°C with shaking overnight. The cells were washed twice with PBS and resuspended at a final concentration of 2×106 cells/mL. Groups of 10 female Balb/C mice (Shanghai Lingchuang Biotech, Shanghai, China), were infected with 25 µL (50,000 cells) yeast cells of each strain by dropping the inoculum into the nares or injecting into the tail vein. Animals were sacrificed when a loss of 20% body weight was observed compared to peak body weight. Other signs of sickness were monitored, including lethargy, lack of activity, and absence of grooming. The protocol was approved by the Ethics Committee of the Shanghai Ninth People’s Hospital

Infected animals were sacrificed at designated time points and the endpoint of the experiment. Infected lungs and brains were isolated, fixed in 4% paraformaldehyde solution, and sent to Servicebio (Shanghai, China) for processing. Tissue slides with Periodic Acid-Schiff staining were examined by microscopy. The infected lungs, spleens, and brains were obtained under aseptic conditions. The organs were weighed and macerated in 1 mL sterile PBS. Serial 10-fold dilutions of the samples were plated in duplicates 100-µL aliquots on YPD containing 100 µL/mL chloramphenicol. Colonies were counted following incubation at 30°C for 2 to 3 days. The animal protocol was approved by the Ethics Committee of the Second Military Medical University.



Lung Leukocytes Isolation and Flow Cytometry Analysis

Lung leukocytes were isolated from inhalational mouse models as previously described (22). After sacrificing the mice, lungs were removed, minced with scissors, transferred to gentleMACS C tubes containing 5 mL of proprietary catalysts [RPMI 1640, 5% FBS, penicillin, and streptomycin; 1 mg/mL collagenase A (Roche Diagnostics); and 30 μg/mL DNase I]. The tissue samples were further homogenized using the gentle MACS dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany). This process was followed by erythrocyte lysis using NH4Cl buffer (0.829% NH4Cl, 0.1% KHCO3, and 0.0372% Na2EDTA, pH 7.4). Cells were dispersed using a syringe and filtered through a sterile 100 μm nylon screen. The filtrate was centrifuged for 30 min at 1,500 g in the presence of 20% Percoll (Sigma-Aldrich) to separate leukocytes from cell debris and epithelial cells. Leukocytes were counted in a hemocytometer using Trypan blue.

Flow cytometry was performed as previously described (23). Cells were stained with antibodies (BioLegend, San Diego, CA, USA) specific to various leukocyte subpopulations according to the manufacturer’s protocols. Data were collected on a FACS LSR2 flow cytometer using FACSDiva software (Becton Dickinson Immunocytometry Systems, Mountain View, CA, USA) and analysed using FlowJo software (Tree Star, San Carlos, CA, USA). Leukocyte subpopulations were identified using the following markers: neutrophils (CD45+ Ly6G+ CD11b+), dendritic cells (DCs, CD45+ CD11c+ MHC II high), eosinophils (CD45+ CD11b+ Siglec F+), monocytes (CD45+ Ly6C+ CD11c−), CD4 T cells (CD45+ CD3+ CD4+), CD8 T cells (CD45+ CD3+ CD8+), and B cells (CD45+ CD19+).



Cytokine Analysis

Cytokine analysis of lung tissues was performed as previously described (23). Briefly, lung tissue was excised and homogenized in sterile PBS at 4°C. The concentrations of each cytokine in lung homogenates were tested using the respective ELISA kit (eBioscience) according to the manufacturer’s protocol.



Statistical Analyses

Survival was analysed using a Kaplan–Meier survival curve and the log-rank (Mantel–Cox) test. Virulence data were analysed for statistical differences with the log-rank test. A two-tailed unpaired Student t test was used for all other tests for statistical difference between the two groups. All statistical analyses were performed using GraphPad-Prism 5.0 software program (GraphPad, La Jolla, CA, USA). A P-value of < 0.05 was considered statistically significant.




Results


Identification and Characterisation of CSN1201 in C. neoformans

A search of the C. neoformans genome database indicated that CSN1201 (CNAG_01697) encodes a 472-amino acid protein containing a PCI domain (Proteasome, COP9, Initiation factor 3). Bioinformatics analysis unexpectedly revealed the putative Csn1201 orthologue only in Cryptococcus spp. and evolutionarily related basidiomycete (such as Kwoniella spp., Saitozyma spp., and Trichosporon spp.). The orthologue was not present in Saccharomyces cerevisiae and higher eukaryotic species (such as Caenorhabditis elegans, Drosophila melanogaster, and Homo sapiens). The findings suggest that Csn1201 might be evolutionarily specific to some fungal species, including C. neoformans.



Roles of Csn1201 in Stress Responses, Capsule Production, and Melanin Secretion of C. neoformans

To investigate the roles of Csn1201 in the growth and pathogenesis of C. neoformans, we constructed the mutant strain csn1201Δ and its reconstituted strain csn1201Δ+CSN1201 via biolistic transformation. We first tested the sensitivity of each strain to a variety of in vitro stresses. As shown in Figure 1, the csn1201Δ mutant exhibited temperature sensitivity with a partial growth defect at 37°C and 39°C. Furthermore, csn1201Δ showed increased sensitivity to 2 µM H2O2 and 1.5 M NaCl, compared with the WT strain. These findings suggested that CSN1201 might be involved in regulating cryptococcal tolerance to oxidative stress and high salt environments. The csn1201Δ mutant also displayed mild defects in cryptococcal tolerance to cell wall or membrane-damaging agents. The csn1201Δ+CSN1201 reconstituted strain completely restored WT sensitivity in the in vitro stress assays.




Figure 1 | Csn1201 is involved in various stress responses of C. neoformans. Strains were grown to saturation at 30°C in YPD medium, washed, serially diluted 10-fold (1–106 dilutions), and spotted (4 µL) onto YNB or YPD agar medium containing different stress-inducing agents. Spotted cells were incubated at 30°C for 3 days and then photographed.



We next evaluated the effect of CSN1201 deletion in the production of different pathogenic factors of C. neoformans. When incubated in DMEM, the capsule thickness of the mutant was significantly decreased. The capsule thickness was restored to that of the WT in the reconstituted strain (Figure 2). When grown in melanin-inducing medium containing caffeic acid or niger seed, no noticeable melanin changes were observed in these strains (Figure S1). These results implicate Csn1201 in cryptococcal capsule production but suggest that Csn1201 is not required for melanin accumulation.




Figure 2 | The CSN1201 deletion down-regulates capsule production. Each strain was cultured on DME medium for capsule production at 37°C in a 5% CO2 atmosphere for 3 days. The capsule was detected by staining with India ink and visualising at 100× magnification (scale bar = 10 µm). Total (cell and capsule) and cell-only diameters were measured using Photoshop Software for at least 300 cells for each strain. ***, P < 0.001.





Attenuation of Cryptococcal Survival in Macrophages by CSN1201 Deletion and Virulence In Vivo in a G. mellonella Model

Macrophages, as the first line of host defence, are critical for cryptococcal latency and dissemination (24). Thus, we developed an ex vivo cell model to examine the intracellular parasitic capacity of the csn1201Δ mutant strain. There was no significant difference in the phagocytosis efficiency of the macrophages for these strains (Figure 3A), indicating that the CSN1201 deletion did not affect cryptococcal cell uptake into macrophages. After 48 h of co-culture with activated J774.1 macrophage-like cells, the mutant strain exhibited approximately a 50% reduction in intracellular survival (P<0.001) within macrophages compared with that of the WT or reconstituted strain (Figure 3B).




Figure 3 | Csn1201 is required for cryptococcal survival in macrophages and in Galleria mellonella. Macrophage phagocytosis (A) and killing (B) assays. Activated macrophages were coincubated with 106 cryptococcal cells for 2 h to allow phagocytosis. Extracellular yeasts were removed, diluted, and cultured on YPD plates for 3 days. Macrophages were lysed with 0.05% SDS and intracellular (attached and digested) yeasts were determined on YPD plates after 3 days of growth. Phagocytosis efficiency was calculated using the formula (intracellular cells/[intracellular cells + extracellular cells] × 100%). A similar method was used to calculate cryptococcal survival inside the macrophage after 24 h of coincubation. Each strain was tested in triplicate. ***, P < 0.001; ns, no significant difference. (C) In vivo virulence assay in the G. mellonella model.



To further exclude the potential effect of high-temperature sensitivity on cryptococcal virulence, we also constructed the G. mellonella non-vertebrate infection model at 25°C. In the G. mellonellar/C. neoformans system, the csn1201Δ mutant (LT50 = 22 days) exhibited significantly attenuated virulence compared with the WT (LT50 = 7 days) or reconstituted (LT50 = 9 days) strains, as determined by survival analysis (P<0.01, Figure 3C). These findings indicate that the CSN1201 deletion might attenuate the virulence of C. neoformans independently of its influence on thermotolerance.



Attenuation of C. neoformans Virulence by CSN1201 Deletion in an Inhalational Mouse Model

We further assessed the virulence of the csn1201Δ mutant in a murine inhalation model (Figure 4). Briefly, 10 female Balb/c mice were intranasally inoculated with 105 C. neoformans cells for each strain. Mice were monitored daily and sacrificed at predetermined clinical endpoints. All mice infected with the WT or reconstituted strains died within 23 days. Their average survival time was 18.3 ± 1.64 days and 18.6 ± 2.37 days, respectively. However, all mice infected with the csn1201Δ mutant succumbed to the infection by day 35. Their average survival time was extended to 32.9 days (P<0.001), suggesting a significant virulence defect (Figure 4A). Fungal burdens in different organs of each group were also examined at different time points. Viable yeast cells were discovered from the lungs of mice infected with the csn1201Δ mutant, but not from the spleen and brain. Intriguingly, a transient reduction in yeast viable numbers (2.28×105 ± 7.2×103 colony forming units (CFU)/g) was observed in the lungs of the csn1201Δ mutant group by 14 days, which was increased (2.47×106 ± 4.6×105 CFU/g) by 21 days (Figures 4B–D). In contrast, WT or reconstituted strain infected mice displayed significantly higher fungal burdens in all the tested organs at each time point (P<0.05). These results suggest that Csn1201 is essential for the pathogenesis of C. neoformans and is especially required for hematogenous dissemination from a pulmonary infection.




Figure 4 | Csn1201 is essential for C. neoformans virulence in mouse inhalational infection models. (A) Survival assay in an inhalational model. Mouse lung (B), spleen (C), and brain (D) fungal burden assays were performed by counting fungal colonies after culturing serially diluted tissue lysate on YPD plates. *, P < 0.05; ***, P < 0.001; ns, no significant difference.





Defects of Csn1201Δ Mutant in Serum Survival and BBB Transcytosis In Vitro

C. neoformans is a facultative intracellular pathogen that can evade the phagocytic cells in the extracellular environment (25). To determine the reason underlying the defective extrapulmonary dissemination by the csn1201Δ mutant, we assessed its ability to survive in serum. When exposed to human serum at 37°C for 4 days, the mutant strain displayed mild growth inhibition (Figure 5A). The survival defect observed in serum was not associated with nutrient starvation but contributed to enhanced high-temperature susceptibility, as the csn1201Δ mutant exhibited similar survival in RP1640, YPD medium, and PBS. We also tested the effects of CSN1201 deletion on cryptococcal transmigration across host brain microvascular endothelial cells via an in vitro BBB system. A significant reduction (86.5% at 12 h and 92.5% at 24 h) was noted in the transcytosis efficiency of the csn1201Δ mutant. The transmigration rate returned to that of the WT in the reconstituted strain (Figure 5B). Together, these data indicate that Csn1201 might promote the serum survival and BBB transcytosis of C. neoformans.




Figure 5 | The CSN1201 deletion is involved in serum survival and in vitro blood-brain barrier transcytosis of C. neoformans. (A). Serum survival assay. Each strain was grown to saturation in YPD at 30°C, diluted 1:10 in mouse serum or YPD, and incubated at 37°C for 4 days. “Neat” represents the colony-forming units (CFU) concentration in serum. Strains were serially diluted 10-fold prior to being spotted onto YPD plates. (B). In vitro transcytosis assay of C. neoformans at 6, 12, and 24 hr. ***, P < 0.001; ns, no significant difference.





Attenuated Virulence, but Distinct Pathogenic Pattern, of the Csn1201Δ Mutant in the Intravenous Mouse Model

To further dissect the roles of Csn1201 in cryptococcal virulence and extrapulmonary dissemination, an intravenous mouse model was constructed as previously described. As expected, the CSN1201 deletion significantly prolonged the survival of mice intravenously infected with C. neoformans (27.4 ± 2.79 days, P<0.01 compared with the WT). In contrast, the average survival times of WT and csn1201Δ+CSN1201 mice were 9.2 ± 0.84 and 9.6 ± 2.30 days, respectively (Figure 6A). The fungal burden assay revealed a drastic reduction of fungal burden in different organs (lungs, spleens, and brains) from csn1201Δ-infected mice at each time point (1, 4, and 7 days post-infection; P<0.05, compared with the WT). However, distinct from the inhalational model (Figure 4) the csn1201Δ mutant still invaded the spleen and brain despite a remarkably lower fungal burden (Figures 6B–D). These results indicate that Csn1201 is required for the disseminated infection of C. neoformans but plays different roles in different infection routes.




Figure 6 | The CSN1201 deletion attenuates virulence of C. neoformans in a murine intravenous model. (A) Survival assay in mouse intravenous cryptococcosis with different strains. Fungal burden assays in the lung (B), spleen (C), and brain (D). Organs were removed at 1, 4, and 7 days post-infection in the three groups.*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, no significant difference.





Altered Pulmonary Inflammation and Immune Responses to the Csn1201Δ Mutant in the Inhalational Mouse Model

Based on the above results, we speculated that the absence of the csn1201Δ mutant strain in extrapulmonary dissemination might be attributed to its inability to breach the pulmonary immune defence in the inhalational model. To define the role of Csn1201 in pulmonary pathogenesis, we performed histological analyses of infected lungs at various time points in BALB/c mice (Figure 7). In BALB/c mice infected with the WT strain, a few yeast cells were confined to the alveolar space or the septum along with mild infiltration by neutrophils at 7 days post-infection. However, on day 14 post-infection, some of the alveolar architecture was destroyed because of the propagated cryptococci and severe inflammation. The inflammatory cells primarily comprised mononuclear cells with a few eosinophils. Pulmonary alveoli displayed diffuse destruction and were filled with a full field of fungal cells, but much fewer inflammatory cells at 21 days post-infection. Consistent with the quantitative fungal burden assay, the csn1201Δ strain showed attenuated proliferation in the lungs of mice. Yeast cells were primarily localized in interstitial tissues and were surrounded by marginal zones of mixed leukocyte infiltrates that formed diffuse granulomas at 7 days post-infection. The inflammatory cells primarily comprised epithelioid cells mixed with neutrophils and lymphocytes. Similarly, fungal cells were confined to pulmonary interstitia with reduced inflammation at 14 days post-infection. However, on day 21 post-infection, expansive cryptococcal clusters of the mutant were released from damaged epithelioid cells and caused severe destruction of lung tissues.




Figure 7 | Csn1201 regulates host pulmonary inflammatory responses to C. neoformans. Representative photographs of haematoxylin and eosin-stained mouse lungs at different times post-infection.



To assess the effect of cryptococcal Cns1201 deletion on pulmonary cellular responses, we isolated leukocytes from the lungs and conducted flow cytometry analysis at different time points (Figure 8). On day 7 post-infection, no significant difference was observed in the absolute numbers of total leukocytes and each subpopulation isolated from different groups. On day 14 post-infection, mouse lungs infected with the csn1201Δ strain showed substantially fewer total leukocytes, monocytes, T cells (including both CD4 + T cells and CD8 + T cells), B cells, and eosinophils, but significantly more dendritic cells than in the WT-infected mouse lungs. The lungs of csn1201Δ infected mice harboured fewer neutrophils, but significantly more monocytes, than those in the WT-infected group 21 days post-infection. Accordingly, the CSN1201 deletion induced a different pattern of pulmonary cytokines in C. neoformans-infected mice (Figure 9). The levels of IFN-γ, tumour necrosis factor-alpha (TNF-α), interleukin (IL)-12, and IL-17 in the csn1201Δ-infected mice were profoundly higher than those in the WT-infected mice, whereas expression of IL-4 was substantially diminished in the csn1201Δ-infected group compared with that in the WT-infected group. Thus, the CSN1201 deletion in C. neoformans altered the pulmonary inflammation pattern and promoted T cell polarization towards the protective Th1 and Th17 phenotypes.




Figure 8 | The CSN1201 deletion alters the pulmonary inflammatory recruitment pattern during cryptococcal infection. Subsets of pulmonary immune cells from mice infected with C. neoformans were assessed by flow cytometry. Values are the mean ± SEM, n = 4 or more mice per group. *, P < 0.05; **, P < 0.01.






Figure 9 | The CSN1201 deletion promotes robust development of pulmonary Th1 and Th17 cytokine bias during cryptococcal infection. Specified inflammatory cytokines of C. neoformans-infected mice were analysed using ELISA. The Th1/Th2 bias ratio was calculated as IFN−γ/IL−4. Values are the mean ± SEM, n = 4 or more mice per group. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; ns, no significant difference.





Involvement of Csn1201 in Cell Wall Remodelling of C. neoformans Under Host-Relevant Conditions

Alteration of pulmonary inflammation and immune responses observed in the csn1201Δ mutant infection suggest that the CSN1201 deletion might aberrantly expose an antigenic trigger of C. neoformans under the host environment in vivo. To test this hypothesis, we examined the effects of CSN1201 deletion on cryptococcal cell morphology, especially on the cell wall, using TEM. In YPD medium, there was no significant difference in cell morphology and cell wall thickness between the WT and mutant strains (H99, 227.4 ± 31.79 nm; csn1201Δ, 233.3 ± 30.87 nm). However, under tissue culture conditions (DMEM with 5% CO2 at 37°C), the mutant cells showed a remarkable increase in cell wall thickness compared to the WT cells (H99, 226.6 ± 43.37 nm; csn1201Δ, 281.9 ± 34.22 nm; P<0.001) (Figure 10). Additionally, we observed a noticeable increase in intracellular vacuoles and their matrixes in the mutant cells. These results indicate that Csn1201 might be implicated in the cell wall remodelling of C. neoformans under host-relevant conditions.




Figure 10 | Csn1201 regulates cell wall thickness of C. neoformans under host-relevant conditions. Transmission electron microscopy of both the WT and csn1201Δ strains was carried out after incubation in either YPD medium or DMEM. ImageJ was utilized to quantify cell wall thickness. Results represent the mean ± SEM. ***, P < 0.001; ns, no significant difference.






Discussion

In this study, we defined the roles of the uncharacterised protein, Csn1201, in cryptococcal virulence during pulmonary and disseminated infection. Deletion of CSN1201 significantly weakened the survival of C. neoformans within the lungs of infected mice. The decreased microbial burden was closely associated with protective immune responses, which were probably provoked by the exposure of cell wall components in the csn1201Δ mutant. Furthermore, CSN1201 expression also promotes the disseminated infection of C. neoformans. The decreased capacity of the csn1201Δ mutant for extrapulmonary dissemination was probably attributed to a combination of multiple factors, such as reduced fungal fitness under host conditions, attenuated BBB transcytosis, and pulmonary immune response. Overall, this study significantly advances the understanding regarding the interaction of cryptococcal pathogenic factors with host defences in vivo.

Previous studies identified Csn1201 as an uncharacterised virulence regulator of C. neoformans based on a large-scale screening of cryptococcal mutant libraries (14, 15). Herein we focussed on the effects of Csn1201 on host defence against a hypervirulent C. neoformans strain, H99, in multiple animal models. Results from murine models showed significantly prolonged survival and accelerated fungal clearance from different organs in csn1201Δ-infected mice, indicating that Csn1201 is required for pulmonary invasion and extrapulmonary dissemination of C. neoformans. Several lines of evidence indicate that the regulatory role of Csn1201 in virulence appears to be linked with fungal immune responses, rather than exclusively with the pathogenic fitness of C. neoformans. First, the csn1201Δ mutant displayed relatively good (although diminished) growth in mouse serum at 37°C, despite the mild defect in thermotolerance. Secondly, the CSN1201 deletion significantly attenuated cryptococcal virulence in the G. mellonella model at room temperature. G. mellonella is a facile invertebrate host to study fungal pathogenesis, which has an innate immune system similar to that of mammalians (26). Our data indicate that Csn1201 expression contributes to cryptococcal evasion of host innate immune responses, which is independent of its influence on fungal thermotolerance. Most importantly, viable yeast cells could be isolated from the spleen and brain of mice intravenously infected with the csn1201Δ mutant, but not in the inhalational model, indicating that the pulmonary immune response provoked by the mutant could block its extrapulmonary dissemination during natural disease progression.

The immunomodulatory role of cryptococcal Csn1201 was emphasized by pulmonary immunopathological analysis in the inhalational mouse model. The lungs of mice infected with csn1201Δ were characterised by granuloma formation in the early and middle stages of infection. Cryptococci were contained in interstitial tissues and surrounded by mixed inflammatory infiltrates, suggesting that the host immune system recognized and attempted to limit the csn1201Δ infection. Consistently, the CSN1201 deletion induced remarkable alleviation of cryptococcal expansion and overall inflammatory infiltration (typically by 14 days post-infection) in contrast to the uncontrolled growth and rapid extrapulmonary dissemination of the WT strain. Despite a weaker inflammatory response, infection with the csn1201Δ mutant induced recruitment of more dendritic cells at 14 days post-infection in the lungs. As critical innate immune cells, DCs can phagocytose and kill invading pathogens, as well as direct the adaptive immune response via antigen presentation (27, 28). The specific cytokine milieu (such as IFN-γ) or cell wall component exposure (such as mannoprotein) could stimulate protective immunity against C. neoformans by inducing early recruitment and activation of dendritic cells (29–31). We speculate that the csn1201Δ mutant might exploit a similar mechanism to stimulate the protective immunity of dendritic cells during the innate phases. This suggestion should be assessed. Furthermore, infection with the csn1201Δ mutant also resulted in a significant reduction of eosinophil and neutrophil infiltration during the middle and late phase. Eosinophils are a major source of IL-4 and contribute to a non-protective Th2 immune response, especially allergic inflammation during pulmonary cryptococcosis (32). Neutrophil depletion induces protective anti-fungal immunity by increasing inflammatory cytokine production and decreasing off-target tissue damage in the lungs (33, 34).

Cytokine analyses of pulmonary homogenates provided additional robust evidence of the effects of Csn1201-mediated, non-protective, immune modulation. On one hand, cryptococcal Csn1201 significantly enhanced the expression of Th2 cytokine IL-4 in the lungs of H99-infected mice, consistent with the accumulation of lung eosinophils. On the other hand, the CSN1201 deletion induced significant upregulation of Th1 cytokines (IFN-γ and IL-12) and inflammatory cytokines (TNF-α and IL-17). These upregulated cytokines are essential for protective immunity against C. neoformans infection (22, 35–37). Of the aforementioned cytokines, IFN-γ is probably crucial for the csn1201Δ-induced protective immune responses. Previous studies have reported that infection with an IFN-γ-producing strain of C. neoformans induces similar alteration of cytokine profiles in mouse lungs as observed in the present study, but this is not observed in mice infected with a TNF-α-producing strain (22, 31, 38).

The protective immune response is probably attributed to the exposure of cell wall components in the csn1201Δ mutant. We observed that the CSN1201 deletion noticeably enhanced cell wall thickness and mildly decreased extracellular capsule thickness under host-relevant conditions in C. neoformans. In addition, the csn1201Δ mutant exhibited enhanced sensitivity to cell wall or membrane-damaging agents. Alteration of cell wall components or its regulators in C. neoformans reportedly stimulate aberrant host immune responses and thus change the outcomes of cryptococcal infection (12, 39, 40). A prior bioinformatics analysis suggested that the PCI domain mediates and stabilises protein–protein interactions within multiprotein complexes, such as the 26S proteasome lid and the COP9 signalosome (41). Therefore, we speculate that Csn1201 might exploit a similar mechanism to regulate cell wall remodelling and thus alter the host immune response. This remains to be investigated.

In addition to modulating pulmonary immunity, Csn1201 is also essential for the extrapulmonary dissemination of C. neoformans. Regardless of the infection route, the csn1201Δ mutant exhibited a significantly reduced infectivity in different murine organs (especially the central nervous system). The decreased pathogenicity of csn1201Δ was closely associated with reduced fungal fitness under stressful host conditions in vivo. The CSN1201 deletion significantly weakened cryptococcal tolerance to various stressors in vitro, intracellular survival in macrophages, and transcytosis efficiency across the BBB. C. neoformans utilizes multiple virulence factors to adapt to the hostile environment in vivo (42). Csn1201 positively regulates melanin production but has no effect on capsule synthesis in the WT strain, KN99α (14, 15). However, in the present study, the CSN1201 deletion in the H99 hypervirulent strain resulted in reduced capsule size and a mild growth defect at the host temperature, but did not affect melanisation, which reflects a functional reconfiguring of homologous genes during cryptococcal microevolution. Each pathogenic factor provides a relatively distinct contribution to the overall virulence of C. neoformans. The regulatory role of Csn1201 in cryptococcal pathogenicity is dependent on a combination of multiple pathogenic factors and their interaction with the host. More importantly, Csn1201 might be a unique protein that is evolutionarily specific to some fungal species, facilitating the future development of therapeutic interventions against cryptococcosis.

In summary, our study provides novel insights into the role of the cryptococcal Csn1201 protein in a hypervirulent C. neoformans strain. Csn1201 promotes pulmonary growth and extrapulmonary dissemination by modulating both innate and adaptive host responses alongside fungal pathogenic fitness. Further experiments are necessary to determine how C. neoformans utilizes Csn1201 to regulate the molecules on the surface of pathogens that can avoid host immune activation, thus leading to cryptococcal pathogenesis.
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Human disseminated protothecosis is a rare infection caused by members of the genus Prototheca, an achlorophyllic algae always associated with debilitated hosts. The presence of non-budding cells and large, spherical cells (sporangia) with endosporulation (morula) in histology is proof of Prototheca infection. Regrettably, due to the lack of specificity of clinical features and low awareness among clinicians, protothecosis is always underestimated and misdiagnosed. The available data on a species-specific analysis of this infection are limited. In this review, we summarize the etiological, epidemiological, and clinical aspects of disseminated protothecosis. The potential pathogenicity and clinical differences between P. zopfii and P. wickerhamii were observed. Additionally, the skin not only became the main invasion site but also the most involved organ by the pathogen. With the increasing numbers of immunocompromised individuals throughout the world, the incidence of disseminated infection caused by Prototheca is bound to increase, and disseminated protothecosis that accompanies skin symptoms should be taken into account by clinicians.
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Introduction

In humans, disorders caused by Prototheca species can be cutaneous, olecranon bursitis, systemic, or disseminated (1). In contrast to the former two types of infection, disseminated protothecosis is mainly associated with immunocompromised hosts, such as patients under immunosuppressive therapy or with longstanding intravascular catheters, cancer, AIDS, diabetes mellitus or solid organ transplantation (2). This infection type had the worst prognosis, with only 33% cure or improvement, and 56% death (1). Thus, characterized by high mortality rates and with the increasing numbers of immunocompromised individuals throughout the world, disseminated protothecosis has aroused a gradual interest in the study of the various aspects of this infection and its causative microorganism.

Regrettably, due to the lack of specificity of clinical features and the lack of awareness among clinicians, up to date, only around 200 cases of Prototheca infection have been reported worldwide and systemic infection cases account for about 9% of the cases (1). Moreover, even after the start of the phycology working group in ISHAM (The International Society for Human & Animal Mycology) in 2017, little is known about Prototheca spp. or the disease caused by these algae, especially the disseminated type (1). Also, whether there are possible differences in pathogenicity within or between Prototheca species compared to other types of infection? This review provides a summary of the literature addressing etiological, epidemiological, and clinical aspects of disseminated protothecosis. According to a state defined by the presence of an achlorophyllic alga pathogen in the blood (algaemia) and/or any other sterile deep-tissues, organs, or there are more than 2 lesions in the whole body (1, 3), to our knowledge, 37 cases have been described in the literature from 1970 to 2019 with disseminated protothecosis.



Methods

We searched the PubMed database by using the terms “disseminated protothecosis”, “systemic protothecosis”, “human”, and “Prototheca”. We only reviewed cases with sufficient clinical information and laboratory/sequence data to identify the alga in the period 1970–2019. Of these, 35 articles presenting 37 cases of human disseminated/systemic protothecosis were included (Table 1) (3–37).


Table 1 | Clinical description of patients with disseminated protothecosis collected during the study period.



Charts were reviewed for clinical details. Data collected included demographics, location, risk factors, affected site, causative species, diagnostic investigations, management, and outcomes. The χ2 test was used for comparisons of categorical variables with a level of significance of.05, and the Fisher exact test was used in the analysis of contingency tables when the sample sizes were small. All analyses were conducted with SPSS version 22.0 (IBM Corp., Armonk, New York).



Etiology

Originally, Prototheca was described in 1894 as a yeast-like fungus recovered from slime flux in trees (38). However, in 1913, and on the basis of ultra-structure, life cycle, and reproduction system, the genus was recognized as algae (39). It was thought to be a mutant of the genus Chlorella that is unable to produce chlorophyll and lacks photosynthesis. Currently, Prototheca is accepted as a separate genus in the family Chlorellaceae and comprises unicellular algae that reproduce asexually via sporangia with sporangiospores. Eight species are known, i.e., P. blaschkeae, P. cutis, P. miyajii, P. wickerhamii, P. zopfii, P. stagnora, P. ulmea, and the recently described P. tumulicola (40). The former five have been associated with human and animal infection P. wickerhamii was the predominate one. Only P. zopfii and P. wickerhamii have been reported to cause disseminated infection in humans.

Out of the 37 cases of disseminated protothecosis reported in the literature, 25 were caused by P. wickerhamii (67.6%), 8 by P. zopfii (21.6%), and for the remaining four cases (10.8%), the cause was not identified to the species level. Unlike P. wickerhamii, which can cause skin, blood, cerebrospinal, and gastrointestinal tract infections, P. zopfii appears to be primarily detected in the blood (6/8), with higher mortality (7/8, 87.5%) than P. wickerhamii (9/25, 36.0%) (P <.05) (Table 2). Whether this is related to the potential virulence or pathogenicity of different species is not yet known. A previous study has indeed demonstrated that P. zopfii is lethal for immunosuppressed mice compared to P. wickerhamii, which could not induce infection (2, 41). Thus, the scant number of P. zopfii infections might in fact be due to the lower abundance of this species in the environment rather than the low pathogenic potential of the species. Nevertheless, ecological studies on the distribution and abundance of Prototheca species have not been conducted so far, and other factors that might contribute to the lower frequency of P. zopfii infections could not be excluded.


Table 2 | Presenting characteristics of patients with disseminated protothecosis. Values are numbers.





Epidemiology

Prototheca species are saprophytes, occupying niches with decaying organic matter in moist environments, such as tree slime flux, animal manure, and sewage. They can also be found on plant and food item surfaces, in soil, or in water. In mammals, species can be present as transient gastrointestinal flora or as asymptomatic colonizers of skin and nails (2, 39, 42). From being considered non-pathogenic to causing disseminated infections in humans, we are rediscovering the mysterious algae ubiquitous in nature.

Prototheca infection could spread through exogenous or endogenous routes. The former is related to defects in the skin and mucosa (such as postoperative wounds). Compared to traumatic inoculation with the algae from the environment, dermal barrier destruction caused by hospital-acquired cases, including surgical operations and catheter-related procedures, are main exogenous route of invasion. Prototheca spp. may survive chlorination by forming biofilms (43) and be returned to the environment via sewage effluent and household waste. Cows with mastitis caused by P. zopfii (genotypes 1) may be a source for infection in humans, with immunocompromised farmers at the highest risk (44). Although the possibility of human-to-human transmission was raised with the outbreak of P. wickerhamii algaemia and sepsis in a tertiary care chemotherapy oncology unit recently (45), although contrary to our traditional understanding, the report cannot be ignored because of the public safety concerns. Endogenous colonization during prolonged immunosuppression in the gut followed by translocation resulting in algaemia and sepsis is suspected to be the cause of the outbreak.

Disseminated protothecosis is common in patients with underlying immunosuppression or several underlying diseases (2). Our review indicated that there were still four patients (10.8%) with normal immune status, but all of them were successfully treated and had a good prognosis, and most of the cases were associated with P. wickerhamii (3/4, 75.0%) (Table 3). Among the other 33 immunocompromised cases, organ transplantation was the most common, with twelve (32.4%) cases of solid organs and stem cell transplantation, followed by six (16.2%) cases of leukemia, and three (8.1%) cases of chronic ambulatory peritoneal dialysis (Table 2). Intestinal neutropenia does not appear to be an important risk factor for protothecosis. In our review, only 5 of the 14 patients for whom neutrophil counts were available showed neutropenia. Additionally, only two cases of AIDS were found, which is consistent with previous studies and suggests that a type of immunodeficiency other than AIDS contributes to susceptibility to protothecosis (12, 19). Interestingly, the case of CARD9 deficiency caused by P. zopfii provides a new insight into the mechanism of anti-Prototheca immunity (34). All cases of AIDS and diabetes are related to P. wickerhamii, whereas transplantation and leukemia do not seem to be associated with the species type. However, more data are needed to prove the relevance of this association (Table 3).


Table 3 | Underlying conditions according to the species in 37 cases with disseminated protothecosis.



In addition to one traumatic implant, 22 (59.5%) patients had a history of surgical and instrument injury related to defects in the skin and mucosa. Although glucocorticoid therapy might be considered the highest risk factor for Prototheca infection, it was not found among the patients reviewed (2). We believe this situation still exists because of the high proportion of organ transplantation cases and the one case of myasthenia gravis (15), in which large doses of glucocorticoids must be used for long periods. A likely explanation for the glucocorticoids as predisposing factors to infection may include exogenous or endogenous aspects. It may be on one hand to shrink and thin the epidermis to weaken the barrier function of the skin and, on the other hand, may suppress lymphocyte activation and impair PMNs and macrophages to increase endogenous colonization (46).

Protothecosis occurs globally and has been reported on every continent except Antarctica (2). In this review, the world distribution of 37 disseminated cases is shown in Figure 1. It predominated in the USA (fifteen, 40.5%), where it is prevalent in the southeast, followed by Australia and Japan (four each, 10.8%). Two of the cases were from England (5.4%), two from India (5.4%), two from China (5.4%), and one each from Israel, Malaysia, Singapore, Spain, Mexico, Turkey, Morocco, and New Zealand (2.7%). In general, Prototheca species seem to have a preference for warm and humid climates, which matches the epidemiology of the disease in both humans and animals. Similar to what has been reported in previous studies, we found that males are more affected (26 cases, 70.3%) compared to females (11 cases, 29.7%). Disseminated protothecosis can occur in individuals of any age, but mostly in patients between 30 and 60 years old. Median = 39 years (Table 2).




Figure 1 | Geographic distribution of patients with disseminated protothecosis collected during the study period.





Clinical Features

No specific clinical features were noted. Clinical initial signs of disseminated protothecosis in humans can include fever, skin lesions, abdominal pain, diarrhea, and headache, which are associated with the infectious sites. Similar to what has been reported in previous studies (2), the organs most commonly affected in dissemination are the skin (19 cases, 51.4%) and blood (17 cases, 45.9%), followed by the gut (5 cases, 13.5%) and liver (4 cases, 10.8%), then the lungs (3 cases, 8.1%), peritoneum (3 cases, 8.1%), and brain (3 cases, 8.1%) (Figure 2). There are various forms of skin lesions without specificity that can be manifested as erythematous papules, plaques, nodules, ulcers, papules, necrotic crusts, pustules, and bullae with purulent discharge, even presenting as an eczematoid eruption (4, 15, 19, 25, 31). At least three patients had lesions at the site of catheter implantation in this review (23, 25, 37). Unfortunately, even though skin lesions are the most common initial signs of this disseminated type, the mortality of patients with visual lesions was not lower than that of other factors, suggesting that atypical lesions were indeed overlooked or misdiagnosed by clinicians. In addition, algaemia, which represents blood involvement, is more easily covered up and ignored by bacteremia and fungaemia (45), especially under the condition of administration of prophylactic systemic antifungals, patient discharge, death, or transfer to another clinical unit. In addition, cholestatic jaundice and hepatitis are also considered the typical clinical presentations of systemic protothecosis (2). The algae can even invade the brain, but interestingly, out of a total of three patients with brain infection, only one patient with AIDS died, and the remaining two patients had a good prognosis. One immunocompetent patient has been asymptomatic but alga has tested positive for cerebrospinal fluid for 7 years (14). In all but those three cases, the species involved was P. wickerhamii.




Figure 2 | Main infectious sites of patients with disseminated protothecosis.



Disseminated protothecosis is rare but has a high mortality (17/37, 45.9%). The majority of patients are over 30 years of age or elderly (higher mortality, fourteen, 60.9%). Cases with organ transplants (10/12, 83.3%) have higher mortality compared to leukemia (3/6, 50.0%) and other diseases (4/19, 21.1%) (P <.05). Among all, P. zopfii patients showed a higher rate of mortality (7/8, 87.5%) than patients infected with P. wickerhamii (9/25, 36.0%), leading to 100% of deaths among transplant and leukemia patients (Table 3). We hypothesized that the cause of the high mortality in those groups might be associated with the central venous catheter or Hickman catheter, thereby increasing the opportunity for biofilm formation and contributing to hard-to-treat characteristics. In many cases of protothecosis, co-occurrence with other pathogens was found, such as Candida, Staphylococci, herpes simplex virus, Enterococci, Leuconostoc, Klebsiella, Cryptococcus, Blastomyces dermatitidis, Pseudomonas, or Escherichia (4, 8, 10, 12, 16, 23, 25, 27, 33, 36). Our data showed that there were eleven (6/11, 54.5%) co-infected patients with slightly higher mortality than those (11/26, 42.3%) who were not co-infected.



Diagnostic and Therapeutic Challenge

Prototheca remains a diagnostic and therapeutic enigma. For the diagnosis, combining histopathological and microbiological tests is recommended for cases where protothecosis is suspected. Histopathologic examination of infected tissue may be accomplished using the PAS, GMS, or Gridley fungus stain to visualize the endosporulating sporangia (morula form) of Prototheca spp. (Figure 3). In addition to the size differences noted previously, the two species of Prototheca differ in that P. wickerhamii tends to form symmetrical morula forms, whereas these forms are rare in P. zopfii, which exhibits more random internal segmentation (2). However, in the absence of these morphological features, the organism may resemble other fungi such as Blastomyces, Coccidioides, Cryptococcus, Emergomyces, Paracoccidioides, Pneumocystis, Rhinosporidium, and chromoblastomycosis agents (2). Of note, diseases caused by these fungi differ clinically from protothecosis in the presence of respiratory symptoms since the infection is mainly acquired by inhalation. However, chromoblastomycosis is an implantation mycosis but has a chronic nature and is characterized by the presence of darkly pigmented muriform cells in the infected tissue.




Figure 3 | Grocott’s methenamine silver stain of histology section showing Prototheca sporangia and spores (courtesy of Prof. Henrik Jensen).



The inflammatory response in protothecosis is predominantly granulomatous but can consist of lymphocytes, plasma cells, eosinophils, neutrophils, macrophages, epithelioid cells, and giant cells. Prototheca species grow rapidly on routine laboratory media such as Sabouraud’s glucose agar, blood culture bottles, and blood agar (47). For confirmation, the presence of unicellular organisms, 3–30 µm in diameter, and sporangium containing autospores is indicative of Prototheca infection (Figure 4). Nevertheless, situations such as contamination of growth by co-infecting yeasts or bacteria, or growth of a single colony on solid media, often lead to missed diagnosis (45).




Figure 4 | Prototheca wickerhamii (CBS 608.66). (A) Colonies on MEA 5 days at 24°C; (B) yeast-like organisms, the mature sporangium contains 2–20 or more autospores, and ruptures to release the daughter cells. Scale bars: 10 μm.



There are possible differences in pathogenicity and treatment between P. wickerhamii and P. zopfii, so the identification of these algae to species level has become an inevitable trend. In addition to the traditional morphological methods, commercial physiological systems such as API 20C or API 20C-AUX and the database of VITEK 2 have been developed (48). Currently, rapid automated identification of Prototheca is possible using matrix-assisted laser desorption ionization–time-of-flight mass spectrometry (MALDI-TOF MS) (49). In addition, the sequencing of 18S and 28S rDNA has been applied for the identification and genotyping of species (50, 51). Recently, the mitochondrial cytb gene has been proved effective for discrimination and suggested as the gold standard for the identification of the Prototheca microalgae (40) (Figure 5).




Figure 5 | Phylogenetic tree constructed through maximum likelihood analysis based on cytb sequences. The bootstrap values obtained by the analysis are marked at the nodes.



Therapeutically, in addition to the fact that algae in general have low susceptibility to antimicrobial agents, there has been no consistency in the clinical responses. Treatment of protothecal infections remains a challenge (32). Antifungals such as amphotericin B and itraconazole form the mainstay of treatment, although Prototheca is susceptible to voriconazole, miconazole, clotrimazole, tetracycline, gentamicin, amikacin, and polymyxin B (29). Disseminated patients treated with an antifungal regimen that included amphotericin B were more likely to survive than those treated with a triazole alone. Amphotericin B and its lipid-based formulations provide broad spectrum cover, however, treatment failures even with combination antifungal therapy with amphotericin B have been reported (46). Our data also suggest that amphotericin B is effective in only 56.5% (13/23) of the disseminated patients. Antifungal treatment needs to be reassessed in cases of no clinical improvement. Furthermore, catheter removal should be the first consideration in treating a catheter-related Prototheca infection.



Conclusions and Prospect

Human Disseminated Protothecosis is an emerging environmental algal disease with high mortality that typically occurs in immunocompromised individuals. Under the condition of immune deficiency, the destruction of the skin barrier caused by surgery and catheter is highly considered to be associated with this type. Organ transplantation is the most common risk factor, followed by leukemia. P. wickerhamii and P. zopfii are the dominant species that cause disseminated infection. The former has a significantly lower mortality than the latter, but is associated with brain infections. Low susceptibility to antimicrobial agents and Prototheca biofilms contributes to the hard-to-treat character of this algal infection.

Significantly, our study confirmed that disseminated protothecosis most frequently involves the skin, which is indeed different from other opportunistic biofilm-forming fungi prevalent in intensive care units (ICUs) and transplant patients. Candida auris, for example, is usually associated with bloodstream infections rather than skin infections (52). The difference in clinical manifestations could be related to the biological behavior of the species. The dominant species P. wickerhamii, which causes disseminated protothecosis, has an optimum growth temperature between 25 and 37°C and cannot grow above 40°C (53), however, C. auris could grow well at 42°C (52). Based on the difference in this thermal tolerance property, it is hypothesized that the skin is a window through which Prototheca spp. diffuses back into the environment to escape the powerful thermoregulatory immunity of the body. Since this study has limitations due to the small sample, more research work, especially the association of each species type with distinct profiles of clinical manifestation and response to treatment and epidemiological patterns, should be launched.
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Candida albicans is the most common pathogen causing clinical Candida infections. Neutrophils are a key member of the host innate immunity that plays an essential role in clearing invading C. albicans. In addition to the well-known defensive approaches such as phagocytosis, degranulation, and reactive oxygen species production, the formation of neutrophil extracellular traps (NETs) has also become an important way for neutrophils to defend against various pathogens. C. albicans has been reported to be capable of activating neutrophils to release NETs that subsequently kill fungi. The induction of NETs is affected by both the morphology and virulence factors of C. albicans, which also develops specific strategies to respond to the attack by NETs. Our review specifically focuses on the mechanisms by which C. albicans triggers NET formation and their subsequent interactions, which might provide meaningful insight into the innate immunity against C. albicans infection.
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Introduction

As the most prevalent opportunistic fungi in humans, Candida spp. frequently cause local infection by invading the host mucosa and tissues and, occasionally, lead to life-threatening invasive candidosis. Recently, the widespread use of broad-spectrum antibiotics, glucocorticoids, and immunosuppressants, and the continuous development of medical treatments such as tumor chemotherapy and organ transplantation, has increased the yearly incidence of invasive candidosis. Furthermore, Candida albicans is the pathogen that accounts for the highest proportion of infections (1–4). C. albicans possesses strong morphological plasticity and can grow in the form of yeast, pseudohyphae (rarely seen), or hyphae (5), which is closely related to its pathogenicity (6, 7). For instance, the morphological transition from yeast to hyphae is regarded as one of the significant virulence factors of this microbe.

Innate immunity is the first line of defense of the host against pathogens and its vital role in clearing C. albicans infection requires the activity of immune cells such as neutrophils, macrophages, dendritic cells, and natural killer cells. Among them, neutrophils are especially indispensable that they can kill C. albicans through phagocytosis, degranulation, the production of reactive oxygen species (ROS), and the formation of neutrophil extracellular traps (NETs) (8). The yeast form of C. albicans can be phagocytosed by neutrophils, thereby initiating a series of efficient killing mechanisms (9). In contrast, hyphae are too large to be engulfed and, therefore, the formation of NETs provides a viable alternative extracellular pathway for neutrophils to kill them (10).



Brief Overview of NET Formation

NETs, large extracellular networks consisting of DNA fibers 15–17 nm in diameter and spherical proteins approximately 25 nm in diameter, are mainly released by neutrophils to defend against the invasion of various pathogens (11, 12). These protein constituents are histones, neutrophil elastase (NE), myeloperoxidase (MPO), defensin, calprotectin, and actin (12, 13). According to the different mechanisms of NET formation, the DNA may come from either nucleus or mitochondria.

Originally, NETs were thought to be released through a cell death process that was later named “NETosis” (14). First, NE leaks out of the granular vesicles and translocates to the nucleus to degrade histones, leading to chromatin decondensation. The nuclear membrane disintegrates, releasing the DNA outside to mix with granular proteins in the cytoplasm, and these components are finally released together when the plasma membrane ruptures. This process is ROS-dependent and usually takes 3 to 4 hours. Stimuli such as phorbol 12-myristate 13-acetate (PMA), bacteria, and fungi enable neutrophils to assemble a large protein complex, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase or phagocyte oxidase (Phox) (15). ROS generated after oxidase activation is the initiating factor in the release of MPO and NE from the granules. However, Pilsczek et al. (16) found that neutrophils released NETs 10 minutes after exposure to Staphylococcus aureus.

Both nuclear DNA and granular proteins are expelled in a vesicle-wrapped form, and eventually assembled into NETs in the extracellular space. This rapid release of NETs, which is not accompanied by cell death or ROS-dependent, is considered an antimicrobial behavior of neutrophils in the early stage of infection. Studies suggests that ROS-independent NET formation could be initiated by protein-arginine deiminase 4 (PAD4)-mediated histone citrullination (17). Yousefi et al. (18) reported another formation mechanism that does not involve cell death, in which mitochondrial DNA is rapidly released in 15 minutes with the requirement of ROS. Previously, a similar mechanism was described for the antibacterial action of eosinophils that also release NETs (19).



Different Forms of C. albicans Induces Neutrophils to Release NETs

Multiple stimuli activate neutrophils to release NETs (20–22), which following the initial discovery in 2004, were induced by interleukin (IL)-8, PMA, and lipopolysaccharide (LPS) (11). Approximately 2 years later, Constantin et al. (10) reported that C. albicans also triggered the formation of NETs. Subsequently, studies were conducted to explore the correlation between C. albicans infection and NET formation, including those indicating that the morphology of C. albicans affected its stimulation of the release of NETs by neutrophils.

Neutrophils sense the size of the pathogens to selectively release NETs in response to large ones such as C. albicans hyphae (23) (Figure 1). With microbes small enough to be engulfed, dectin-1-mediated phagocytosis downregulates the translocation of NE into the nucleus to inhibit NETosis, thereby avoiding unnecessary histopathological damages. The selective release was not observed in neutrophils of dectin-1-deficient mice because of the genetic disruption of phagocytic function, which means that pathogens in all sizes could induce NETs. As for hyphae, since they cannot be phagocytosed, there is no similar inhibition on NETosis.




Figure 1 | Interaction among C. albicans, neutrophils and NETs. The invading C. albicans can be cleared by neutrophils through different killing approaches, such as phagocytosis targeted to yeast and NET release induced by hyphae. Several stimuli derived from C. albicans hyphae, including mannans, β-glucans, Saps, eNA and farnesol, activate various receptors on the surface of neutrophils and trigger NET release. Consequently, NETs capture and kill both yeast and hyphae. Furthermore, C. albicans inhibits NET release by forming biofilms and degrades NETs by secreting nuclease, while using NET proteins to strengthen their invasiveness. NETs, neutrophil extracellular traps; Saps, secreted aspartic proteases; eNA, extracellular nucleic acids; CR3, complement receptor 3; TLRs, toll-like receptors.



Contrary to the widely accepted perspective that hyphae induce NET formation, whether yeast can activate neutrophils to release NETs is still controversial. In an experiment by Kenno et al. (24) where human neutrophils and C. albicans were co-incubated, both yeast and hyphae were shown to induce the early release of NETs. In addition, 4 hours later, the yeast could not continuously induce NET formation, whereas the hyphae still could. After a 4-hour co-incubation of neutrophils and heat-inactivated yeast, a certain number of NETs were observed. Ermert et al. (25) used neutrophils from mice of different strains and obtained similar results, indicating that similar to hyphae, yeast could also induce NET formation although it was significantly weaker. However, a yeast-locked C. albicans mutant hcg1 failed to trigger NET release by neutrophils (23), which raised questions about the NET-inducing ability of yeast. Considering that the co-incubation environment (such as the 37°C temperature) induces filamentation of yeast, various measures have been taken to sustain the yeast form in the experiments above. In view of the obviously inconsistent results, a more comprehensive and rigorous experiment should be designed to determine whether NETs can be induced by yeast.



Multiple Virulence Factors of C. albicans Play a Role  in NET Induction

Several factors contribute to virulence in C. albicans, such as cell wall polysaccharides, surface proteins, and proteases that are critical to the occurrence of the diseases and activation of the host immune responses. To define the roles they play in inducing the formation of NETs, Zawrotniak et al. (26) isolated and purified a variety of virulence factors from C. albicans hyphae. After cultivation with neutrophils for 3 hours, the main constituents of the cell wall such as mannans, β-glucans, and proteins including secreted aspartic proteases (Saps) and surface proteins were observed to induce NET release (26) (Figure 1). The induction intensity of mannans exceeded that of PMA, which is usually used as a potent NET inducer.

CD11b/CD18, CD14, dectin-1, and toll-like receptors (TLRs) are the major receptors on the surface of neutrophils that recognize mannans (26–28). This is of great importance to the host, because mannans locate in the outermost layer of the fungal cell wall and cover other constituents such as β-glucans. Consequently, mannans can easily prevent these constituents from being recognized by the host cells, thereby resulting in a decline of the immune responses (29, 30). After recognition, mannans trigger NET formation through both ROS-dependent and -independent pathways. Moreover, Saps induce NETs to different degrees primarily by interacting with CD11b/CD18, CD16, and CD14 receptors, including Sap4 and Sap6 that exhibit relatively efficient NET-inducing abilities (26).

β-glucans were the first substances discovered to induce NET formation, but the signaling pathways involved have not been clearly elucidated. Previous work demonstrated that β-glucans triggered NET formation in a concentration-dependent manner, primarily through an ROS-dependent pathway (26, 31). However, Byrd et al. (32, 33) suggested the opposite that β-glucan-induced NET release required not ROS but the extracellular matrix (ECM), in which β-glucan in the context of fibronectin (FN) had been confirmed to mediate rapid (in 30 minutes) homogeneous aggregation and NET formation.

Although the importance of the recognition of β-glucan particles by dectin-1 has already been emphasized (34–36), in a study that focused on the effect of neutrophils on Saccharomyces cerevisiae and its β-glucan-containing capsular constituent zymosan, Bruggen et al. (37) found that complement receptor 3 (CR3, also known as αMβ2 or macrophage antigen [Mac]-1; consisting of CD11b/CD18), rather than dectin-1, was responsible for β-glucan recognition. This finding was supported by data from experiments with neutrophils of a patient diagnosed with leukocyte adhesion deficiency type 1 (LAD-1) syndrome who had defects in CD11b/CD18 expression. Subsequently, Byrd et al. (32) similarly stressed that CR3 is the main receptor on human neutrophils that recognizes β-glucans. However, another study presented the challenge that the induction of NET formation by β-glucans was ROS-dependent and required dectin-1 (31). The activation of CR3 was indirect and likely the result of β-glucan recognition by dectin-1 (36). The current view is that both dectin-1 and CR3 participate in the formation of β-glucan-triggered NETs (26). Further studies are needed to explicitly clarify the interrelationship between β-glucans and diverse pattern recognition receptors (PRRs) as well as the subsequent reactions.

Interestingly, CR3 appears to be persistently present, though the stimuli and activated pathways vary. As a member of the β2 integrin family, CR3 initiates a complex integrin cross-talk in response to C. albicans hyphae or β-glucan and FN, contributing to differential expression of β1 integrin VLA3 (or α3β1) and VLA5 (or α5β1) that regulate homotypic aggregation and NET formation respectively (38). CR3 has two spatially distinctive binding sites, lectin-like domain and I-domain (39, 40). The lectin-like domain tends to be occupied by certain pathogen-associated molecular patterns (PAMPs), which makes CR3 a PRR for fungal surface molecules such as β-glucans (41, 42). The I-domain is a highly farraginous binding site that can bind more than 30 ligands with completely different structures, including intercellular cell adhesion molecule-1 (ICAM-1), heparan sulfate (HS), and FN mentioned above (43). Although no evidence supports the notion that CR3 is involved in the positive effect of FN on β-glucan-triggered NET formation, this hypothesis does deserve attention and further investigation. Considering that ICAM-1 and HS are both associated with NET release by neutrophils (44–47), it is reasonable to speculate that CR3 plays a central role in NET formation.

Biofilm formation is another virulence factor of C. albicans and its covering of the surface provides the fungus with the best local environment for growth in the host. Furthermore, this covering constitutes the first contact of biofilms with host immune cells and the subsequent interaction. When evaluating the effect of extracellular nucleic acid release in C. albicans biofilm formation on NETs, Smolarz et al. (48) found that fungal nucleic acids triggered NET release (Figure 1). Extracellular nucleic acids purified from mature biofilms or nucleic acids isolated from intact fungal cells have the potential to activate neutrophils to release NETs in vitro. These DNA and RNA molecules trigger NET formation through the ROS-dependent pathway, in which TLR8 and TLR9 are involved (48, 49). As biofilms form, information is transmitted between C. albicans cells through a quorum sensing (QS) mechanism (50, 51) facilitated by QS molecules (QSMs) mainly including farnesoic acid, tyrosol, and farnesol. Zawrotniak et al. (52) demonstrated that farnesol induced ROS-dependent NET formation through the recognition by CR3 and TLR2 (Figure 1), whereas farnesoic acid and tyrosol did not. However, recent studies suggest that biofilms inhibit the formation of NETs (53, 54).

The total amount of NETs induced by fungus with biofilms is significantly lower than that by planktonic C. albicans. Once biofilms are destroyed, NETs will increase. The inhibition caused by biofilms might be attributed to the obstruction of ROS production, which probably involves ECM because disrupting it impairs the inhibitory effect (55). In addition, Hoyer et al. (56) reported that C. albicans biofilms treated with appropriate concentrations of echinocandin unexpectedly stimulated the formation of NETs. In summary, although some elements of biofilms were found to trigger NET formation, the inhibitory action exhibited by biofilms as a whole has been confirmed.



Interaction Between NETs and C. albicans

In 2006, NETs were first reported to capture and kill both C. albicans yeast and hyphae (10) (Figure 1), but their antifungal mechanisms are unknown. Generally, the dense reticular structures act as a physical barrier to prevent the dissemination of trapped pathogens in the host. Further studies showed that MPO- or NADPH oxidase-deficient mice releasing insufficient amounts of NETs (57) eventually died from invasive candidosis, whereas MPO-deficient mice survived infections caused by yeast-locked mutants (23). These findings confirmed the crucial role of NETs in controlling hyphae growth and the capability of neutrophils with impaired NET release to clear the yeast form of C. albicans through phagocytosis. Furthermore, studies including mouse neutrophils in the mucosal candidosis model established with transparent zebrafish swim bladders, showed a decrease in hyphal damage caused by neutrophil deficiency and insufficient release of NETs (58). Neutrophils of patients experiencing chronic granulomatous disease (CGD) with impaired ROS production had difficulty in controlling hyphal growth because of delayed NETosis (59). The findings of all these studies suggest that the formation of NETs is an indispensable strategy for neutrophils to fight the invasion of C. albicans hyphae.

The main constituents of NETs are proteins and DNA framework and, consequently, these proteins and their corresponding functions have attracted the attention of researchers dedicated to elucidating the antimicrobial mechanisms of NETs. Urban et al. (60) used proteomics approaches to identify 24 NET proteins, some of which also exist in the cytoplasm of unstimulated neutrophils. Among them, a heterogeneous dimer calprotectin was found to be essential in the clearance of C. albicans infection, although a subsequent study suggested that the proteins contained in NETs varied because of diverse stimuli (61). NETs with a lack of calprotectin completely lose their antifungal activity in vitro (60). As a divalent metal-ion chelate, calprotectin exerts antifungal activity by depleting Zn2+, Mn2+, or both, which are required for microbial proliferation (62, 63). Moreover, histones or histone-like peptides have been found to kill Cryptococcus neoformans and Candida tropicalis, but not C. albicans (10). Other proteins like MPO and defensins are potent antimicrobials (57, 64), but their specific roles in NETs-mediated fungal clearance have not yet been elucidated.

Although the antifungal activity of NETs has been shown in numerous studies, Menegazzi et al. (65) argued that NETs captured microbes but could not kill them. After incubation with NETs induced by PMA pretreatment for 30 minutes, the captured C. albicans spores (or S. aureus) were released with the help of DNase disrupting the framework of NETs, and then recovered. Nevertheless, the following two points should be considered. 1) If the co-incubation time is extended, would the trapped pathogens still survive, and 2) since C. albicans spores and S. aureus can be phagocytosed by neutrophils, would the selection of filamentous fungi as alternative microbes in the experiment produce the same result?

C. albicans develops several defensive strategies to deal with NETs killing (Figure 1), such as biofilm formation that inhibits the release of NETs (already reviewed above). In addition, C. albicans secretes DNase or 3′-nucleotidase/nuclease to disintegrate the NETs structure, thereby escaping from the traps (66, 67). Nevertheless, degradation of DNA cannot essentially protect the fungus from the progressing damage caused by multiple antifungal proteins of NETs. Unexpectedly, C. albicans, in turn, takes advantages of these proteins to enhance its colonization and tissue damages to the host. NET-related proteins such as NE bind to adhesin Als3 of the lectin-like sequence protein family as well as other atypical proteins exposed on the surface of C. albicans cells (68). C. albicans cells attached by the mixture of NET proteins are significantly more destructive to human epithelial cells than the fungi themselves are. More details about the interaction between NETs and C. albicans, the hyphal form in particular, remain to be further elucidated.



Conclusion

It is universally acknowledged that neutrophils are of great importance in infectious diseases. Over the past two decades, the formation of NETs and their function as a new antimicrobial method have attracted considerable attention, though dysregulated NETs can cause tissue damages and immune-related diseases (12). To date, C. albicans hyphae have been confirmed to be capable of activating neutrophils to release NETs, which involves ROS-dependent and -independent pathways, whereas the NET-inducing ability of yeast remains controversial. The key point of this distinction is that the phagocytosis by neutrophils is not targeted to hyphae but to yeast, which might hinder the formation of NETs. Studies have shown that a variety of virulence factors of C. albicans, such as mannans, β-glucans, and Saps are efficient stimuli to induce NET release. CR3 appears to be the central receptor in this process, although additional evidence is needed. Extracellular nucleic acids and farnesol have similar actions, but biofilms exhibit an inhibitory effect on NET formation. Following their release, NETs begin to capture pathogens. Although some researchers are of the opinion that captured microbes will survive inside NETs, most are inclined to believe that NETs will kill pathogens through the actions of their antimicrobial proteins, especially calprotectin. Since filaments are too large to be phagocytosed by neutrophils, NETs are vital to clearing C. albicans hyphae. Furthermore, C. albicans also attempt to evade destruction by NETs through the secretion of nuclease and formation of biofilms, while using NET proteins to strengthen their invasiveness.

Currently, the intricacies of the interplay between C. albicans and NETs released by neutrophils is gradually being elucidated, but the precise mechanism underlying C. albicans-induced NET formation and regulation have not been reasonably clear. A recent study suggested that dectin-2 recognizes C. albicans, thereby triggering ROS-independent NET formation, which requires PAD4-mediated histone citrullination (69). However, another study demonstrated that PAD4 was not involved in the NET formation induced by C. albicans (70). In view of the limited relevant research findings, it is difficult to draw a definitive conclusion.

Several fundamental scientific questions remain to be answered, such as: 1) whether C. albicans yeast can induce NET formation, 2) whether CR3 on the surface of neutrophils always participates in NET formation triggered by various stimuli, 3) the signaling pathways and regulatory factors, and 4) the mechanisms underlying the actions of antifungal proteins in NETs. Therefore, more in-depth researches are urgently needed. Nevertheless, we hope that this review provides meaningful insight into the study of the innate immunity driving the clearance of C. albicans infection, which might eventually contribute to the developing treatment strategies in clinical practice.
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The objective was to determine the effect of 5% boric acid gel on vaginal Candida albicans (CA) infections in mice and its effect on the local immune system (i.e., Th1, Th2, and Th17). Female mice were divided into four groups, with 10 mice in each group. Mycelial suspensions were administered into the vaginal lumen close to the cervix in groups B, F, and M. Mice in group B were given boric acid gel, and group F was treated with fluconazole gel for 30 min every 12 h. Group M was treated with sterile water, and group N was not given treatment. After the seventh day of treatment, each group was observed with the naked eye, and vaginal lavage fluid and vaginal tissue were collected. Expression levels of cytokines were measured using enzyme-linked immunosorbent assays (ELISA) and immunohistochemistry. Periodic acid Schiff (PAS) staining was used to measure the fungi in vaginal tissues. There were no significant changes in group M. In groups B and F, there was less vaginal injury and less exudate, with group B doing better than group F. The numbers of CA colonies were higher in groups B, F, and M than in group N (P < 0.01). There was less vaginal colonization of CA in group B than in group F (P < 0.01). After the seventh day of treatment, levels of IFN-γ, IL-17, IL-6, TGF-β, IL-4, and IL-10 were significantly greater in groups B, F, and M than in group N (P < 0.001); levels of IFN-γ, IL-17, IL-6, and TGF-β in groups B and F were higher than those of group M (P < 0.01), while IL-4 and IL-10 levels were significantly lower (P < 0.001). The trends of cytokine increases and decreases were more significant in group B than in group F (P < 0.05). Immunohistochemical results were similar to ELISA results. PAS staining revealed that boric acid inhibited hyphal reproduction. The boric acid significantly reduced the symptoms associated with CA vaginal infection. It inhibited the CA growth, prevented vaginal lesions, promoted the secretion of Th1 and Th17 cytokines, and reduced Th2 cytokines.
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Introduction

Candida is a symbiotic fungus widely present in humans and animals. Usually not pathogenic, Candida can cause infections when the fungus overproliferates or the host is immunocompromised. Candida albicans (CA) has the highest pathogenicity rate (up to 90%) (1). When the local immune defense ability of the vagina is insufficient, CA is overproduced, and the pathogenicity of the strain is enhanced. The microenvironment in the vagina is very likely to be unbalanced, inducing vulvovaginal candidiasis (VVC).

VVC can occur in more than 70% of the global female population (2). Women of childbearing age are the most at risk. Clinical manifestations include vulvovaginal itching, burning pain, vulvar redness and swelling, increased vaginal discharge, and secretions, accompanied by urinary symptoms and symptoms such as dyspareunia, and can even lead to sexual dysfunction. Due to improper treatment, recurrent or prolonged illness may lead to recurrent vulvovaginal candidiasis (RVVC) (3). The incidence of VVC is increasing, and some individuals are susceptible to recurrent episodes. For these reasons, cost-effective antifungal agents have become a top priority for the treatment of mycosis.

Investigators have proposed that the adaptive immune response is associated with the pathogenesis and treatment of VVC; Candida overload in the vagina induces neutrophil aggregation, triggering innate immunity designed to clear the organism while manifesting infection symptoms and generating treatment signals (4, 5). In addition to mediating local immune responses in mucous membranes, neutrophils significantly enhance the uptake of hyphal strains by innate immune cells (e.g., macrophages and dendritic cells), induce the secretion of cytokines (i.e., IL-12 and IL-4), and regulate the differentiation of CD4+ T lymphocytes into helper T lymphocytes (Th) and regulatory T lymphocytes (Tregs) (4). The former differentiate into Th1, Th2, and Th17. By secreting IFN-γ, IL-4, IL-6, and TGF-β, et al. (6–8), the adaptive immune response is induced to participate in pathogenesis (9, 10).

There is a lack of research on activating antifungal properties by influencing the immune responses. Boric acid has been used for decades as a safe, effective, low-resistance fungal bacteriostatic agent for VVC treatment (11, 12). Khameneie et al. conducted clinical studies on fluconazole and boric acid’s efficacy in treating VVC and found that boric acid replaced azole drugs and was effective against CA and Candida glabrases (13). Guaschino et al. found no significant difference in the clinical efficacy of boric acid and itraconazole in RVVC treatment (14). Previous studies by Cenci E et al. demonstrated the effect of fluconazole on Th1-type reaction, which increased the secretion of IFN-γ and IL-12 while inhibiting the production of IL-4 (15). However, there no study has been found on the effect of boric acid on host local immune function.

In this study, a mouse VVC model was constructed, and the effect of 5% boric acid gel treatment on the local adaptive immune response of the host was explored by monitoring locally adaptive cytokines, and was investigated to provide an experimental basis for the selection of clinically valuable medications.



Materials and Methods


Laboratory Animals and Strains

Healthy female ICR (Institute of Cancer Research) mice aged 6–8 weeks and weighing 20–25 g were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., LTD. The ATCC 66027 C.albicians was purchased from the American Type Culture Collection.



Reagents and Instruments

Boric acid 5% gel was provided by the Laboratory of Fungal Molecular Biology, Shanghai Changzheng Hospital. The ELISA kits were purchased from Wuhan Huamei Company (China). The primary and secondary antibodies of Immunohistochemistry were provided by Bioss Co., LTD (China), Abcam Co. (UK), and Beijing Zhongshan Golden Bridge Co. (China).



Preparation of CA Liquid

The standard strain of CA (ATCC 66027) stored at –4°C was thawed at room temperature. The concentration of fungi was adjusted to 1.0 × 108 CFU/ml through purification and excitation.



Preparation of Fluconazole Gel

Fluconazole gel preparation was based on a published method (16). The specific steps were as follows. Preparation of A: we evenly spread 9 g of carbomer on the surface of 300 g purified water and let it stand for 24 h until fully swollen. Preparation of B: we added 15 g of fluconazole fine powder to a mixture of 190 g ethanol and 100 g phosphate buffer (pH 7.8) after passing and then 300 g of purified water to mix and stir until dissolved. Finally, we added B to A, stirred and mixed well, added 19 g triethanolamine, stirred while adding, added purified water until to 1000 g, and stirred well.



Model Construction and Group Intervention

Mice were randomly divided into four groups of ten mice each. The mouse model of vaginal infection was generated as described elsewhere (17). Three days before infection, pseudoestrus was induced by subcutaneous injection of 0.1 ml estradiol benzoate oil agent (1 mg/mL) (Henan Zhongnongkang Livestock Trade Co. LTD). The injection was administered every other day throughout the experiment. Mice were inoculated with 20 μL of 1.0 × 108 CFU/ml mycelial suspensions and administered using a mechanical pipette into the vaginal lumen close to the cervix in the M, F, and B groups. The N group was treated with sterile water. After the third day of inoculation, we determined whether the mouse vagina CA infection model was successfully generated using fungal fluorescence microscopy and colony counts.

After the model was successfully generated, each mouse in group B was given 5% boric acid gel. Group F was treated with fluconazole gel for 30 min every 12 h. Group M was treated with sterile water, while group N was not treated for seven days.



Sample Collection

a: Macroscopic images were taken before and the seventh day after administration.

b: After the seventh day, colonies were observed and counted.

c: Supernatants from vaginal lavage fluid (1 ml) were collected before and seven days after administration. IFN-γ, IL-17, IL-6, TGF-β, IL-4, IL-10 levels were measured using ELISA kits.

d: After the seventh day of treatment, the mice were sacrificed using deep anesthesia, and the vaginal tissue was removed and immediately fixed in 4% neutral buffered formalin for 24 h. Specimens were then dehydrated and paraffin-embedded. PAS staining was used to observe the changes in the number of mycelium adhesions before and after treatment. Expression of IFN-γ, IL-17, IL-6, TGF-β, IL-4, and IL-10 was observed using immunohistochemistry before and after treatment.



Fluorescence Microscopy

On the third day after inoculation, three mice were randomly selected from each group (a total of twelve mice). Vaginal lavage solution (10 μL) was mixed with sterile phosphate-buffered saline, then dropped on the glass slide, and added fluorescence staining solution for fungal detection. Coverslips were used for observation under a microscope.



Colony Counts

Three mice were randomly selected from each group (12 mice). We took 20 μL of sterile phosphate-buffered saline vaginal lavage solution and diluted, centrifuged, and removed the supernatants. We then inoculated them into Sabouraud Dextrose Agar (SDA) medium, incubated them at 35°C for 48 h, and counted colonies.



ELISA

We used microplates coated with IFN-γ-specific antibody, the standard product, sample (mouse vaginal lavage solution), horseradish peroxidase-specific antibody, catalytic enzyme, and color developer added sequentially, and the absorbance (optical density). The reaction product was measured using a microplate at the absorbance at 450 nm to determine concentration. The determination principle and procedures of IL-6, IL-17, TGF-β, IL-10, and IL-4 content in vaginal lavage fluid was consistent with that of IFN-γ.



Periodic Acid-Schiff Staining

For histological analysis, the mice were sacrificed, and vaginal tissue was removed and immediately fixed in 4% neutral buffered formalin for 24 h. The vaginal specimens were then dehydrated, paraffin-embedded, and 3–4 μm sections were prepared. The sections were stained with PAS.



Immunohistochemistry

Sections were soaked in xylene three times for 15 min each, followed by anhydrous ethanol twice for five minutes each. The residue was washed off and sections soaked in 3% hydrogen peroxide solution for 25 minutes, then decolorized three times for 5 minutes each. We added 3% bovine serum albumin (BSA) dropwise to cover the tissue, after 30 min. and successively added goat serum and rabbit serum overnight. decolorized three times. We added IFN-γ secondary antibody, after 50 min, decolorized three times again. We dropwise added DAB color developer, followed for drying and sealing. The digital microscope was used for observation and analysis. IL-6, IL-17, TGF-β, IL-10, and IL-4 were determined using the same detection step as IFN-γ.



Statistical Analysis

SPSS25.0 software was used for statistical analysis. To determine statistical significance, we used unpaired t-tests (with or without Welch’s correction, as appropriate), one-way analysis of variance with the lease square distance t-test, or Kruskal-Wallis test with Dunnett’s post hoc multiple-comparison test. Quantitative data were expressed as means ± standard error of the mean. The grade data were compared using the Kruskal-Wallis rank test between multiple independent groups of independent samples, and the Mann-Whitney test was used for two independent samples. P-values of < 0.05 were considered significant.




Results


Clinical Manifestations

After inoculating CA ATCC 66027 (Figure 1), the vaginal model was generated in the M, F, and B groups. Redness, swelling, exudation increase, erosions, and ulcers could be seen. There were no changes in group N.




Figure 1 | Clinical manifestations. On the third day after inoculation in the three infection groups, there was vulvar redness and erosion, and the mice engaged in continuous licking behaviors.





Fluorescence Microscopy and Colony Counts

On the third day after inoculation of CA ATCC 66027 (Figure 2A), there were agglomerated hyphae in groups M, F, and B. Group N was negative.




Figure 2 | The vaginal infection model was successfully established. (A) Lump hyphae were visible by fluorescence microscopic examination (400 ×); (B) Culture of chromogenic screening medium; (C) The amount of fungal burden in the vagina was higher in the infected mice: colony counts were 1.5 × 105–106 CFU/ml.



CA was cultured in a chromogenic screening medium on the third day after inoculation of CA ATCC 66027. CA appeared emerald-green with smooth colonies in groups M, F, and B (Figure 2B). CA was negative in group N. Microscopic observation, and counting showed that M and B groups had higher fungal loads, about 1.5 × 105–106 CFU/ml (Figure 2C).



Therapeutic Effect

There was no irritation after treatment, and the skin lesions at the modeling site were observed with the naked eye on the seventh day (Figure 3A). There was no apparent change in group N; however, erosions could be seen in group M, which was not significantly better than before treatment. In group B, there was less injury, suggesting that the wound underwent apparent healing without exudate.




Figure 3 | Therapeutic effect. (A) Comparison of four groups before and after the seventh day of treatment. (B) Comparison of fungal culture before and after medication: Group B had the best therapeutic effect, followed by group F. (C) Comparison of bacterial colony count in vaginal lavage fluid of mice after the seventh day of administration, **P < 0.01.



The numbers of CA colonies in the fungal model groups were significantly higher than in group N (P < 0.01). CA colonization was significantly lower in group B than in group M, and the number of bacterial colonies cultured in the irrigation solution was significantly lower (P < 0.01). There was less vaginal colonization of CA and fewer colony numbers in lavage solution culture in group F than in group M (P < 0.01). The colony count reduction in group B was more significant than in group F (Figures 3B, C).



Expressions of Anti-Candidal Th-Dependent Cytokines


ELISA

There were significant changes in cytokine expression in the CA model groups. After the seventh day of treatment, the mucosal immune factors underwent significant changes compared with pre-medication levels. IL-17, IL-6, IL-4, and TGF-β were higher in group M after treatment than before; only the first three cytokine levels were significantly different (P < 0.01), and the expression of IFN-γ and IL-10 decreased slightly (P > 0.05). Expression levels of IFN-γ, IL-17, IL-6, and TGF-β in groups F and B were significantly higher after medication than before (P < 0.001). IL-4 and IL-10 levels decreased after drug intervention (P < 0.001). Before and after treatment, the factors in the three model groups were significantly higher than those in the N group (P < 0.001). Pre-medication, there was no significant difference between group M and the other two drug intervention groups (P > 0.05); however, IFN-γ, IL-17, IL-6, and TGF-β in groups B and F were higher than in group M after medication (P < 0.01), while IL-4 and IL-10 levels were significantly lower (P < 0.001). There were no significant differences between groups F and B before medication; however, after medication, IFN-γ, IL-17, IL-6, and TGF-β levels in group B were higher than in group F (P < 0.05), and IL-4 and IL-10 levels were lower than in group F (P < 0.01; Figure 4).




Figure 4 | Whole vaginal lavage fluid was subjected to ELISA to measure levels of IFN-γ, IL-17, IL-6, TGF-β, IL-4, and IL-10. All quantitative data were expressed as means ± standard errors of the mean. Comparison of pre-medication and after in each group: ns, not significant, *P < 0.01, **P < 0.001. Above the horizontal line is the comparison before medication between the group and the other three groups, below the line is the comparison after medication between the group and the other three groups: ns: not significant, #P < 0.05, ##P < 0.01, ###P < 0.001.





Immunohistochemistry

After the seventh day of administration, protein expression levels of IFN-γ, IL-17, IL-6, and TGF-β in vaginal tissues were significantly higher in group N than in group M (P < 0.05). Expression levels of IFN-γ, IL-17, IL-6, and TGF-β in groups B and F were significantly higher than in group M (P < 0.05). Expression levels of anti-inflammatory cytokines IL-4 and IL-10 were significantly lower after drug intervention in groups B, F, and M (P < 0.05) (Figure 5).




Figure 5 | Immunohistochemistry. (A) Histochemical staining of cytokines in vaginal tissues of mice in each group. (B) The color intensity grading of positive cells was used as the judging basis. The grade data were compared using the Kruskal-Wallis rank test between several groups of independent samples, and the Mann-Whitney test was used for two independent samples. Statistically significant differences are indicated by letters in groups (#,*).






Fungal Content in Vaginal Tissue

Hyphae or spores appeared purple, and the nuclei appeared blue after PAS staining. After the seventh day of treatment, no hyphae were seen in group N, a large amount of hyphal adhesion was seen in group M, and there were significantly fewer adhesion hyphae or spores in groups B and F than in group M. There was no significant difference in hyphal adhesion between groups B and F, suggesting that boric acid gel and fluconazole inhibited hyphal reproduction (Figure 6).




Figure 6 | Representative histological micrographs of PAS staining of vaginal tissue in groups N, M, F, and B on the seventh day after treatment.






Discussion

CA is the primary causative agent of VVC. CA typically colonizes healthy people’s mouth, gastrointestinal tract, and vaginal mucosa; however, it may cause symptomatic Candida vaginitis in immunocompromised hosts (18). In the vaginal mucosa, there is a balance between fungal virulence and host immunity that requires a coordinated movement of innate and acquired immune systems (19, 20). Cell-acquired immunity, represented by Th lymphocytes, plays a vital role in regulating CA infection (21).

In recent years, the diagnosis rate of clinical VVC patients continues to increase, but due to the lack of understanding of the pathogenesis of VVC and the existence of problems such as drug resistance in clinical treatment, the accurate selection of antifungal drugs has brought some troubles, and the corresponding economic burden for patients and the society. Thus, the present study was designed to focus on the immune mechanism of VVC caused by Candida albicans infection and the therapeutic effect and mechanism of boric acid gel.

The construction of VVC model is the key to the success of this study. There have been many research reports on the establishment of VVC animal models at home and abroad, and the animals mainly mentioned are rats, mice, rabbits, monkeys and so on. The advantages of rat as an animal model lie in its large volume and easy operation and sampling. However, rat ovaries have an impact on the pseudoestrus induced by exogenous estrogen, and both ovaries need to be removed before injection of exogenous estrogen, so the operation is slightly complicated (22). The characteristics of rabbits and rats are similar. At the same time, the economic cost of rabbits is high, so the adoption of rabbits is less. Monkey model construction does not require the creation of false estrus, but as a primate, its feeding conditions are insufficient, and its price is expensive, and its application is rare (23). In the establishment of VVC animal model in mice, the influence of ovaries on the establishment of pseudoestrus can be ignored, and the intervention of exogenous estrogen can only be given (1). Moreover, the operation steps are few and the materials are economical. Mice are also used in most basic experiments, and the data obtained in experiments are highly reliable. The experiment, using the method of Zhang X, et al. (17) for reference, mice VVC infection model was successfully constructed, which showed the presence of vulval-hyperemia, swelling, increased exudation, erosion or ulcers. Fungal microscopic examination and culture of vaginal lavage fluid in mice indicated successful modeling, which laid a good foundation for further study of the experiment.

Currently, it is generally believed that the pathogenesis of VVC is not only related to the virulence of the strain, but also closely related to the immune response of patients. Therefore, it is necessary to study the pathogenesis and progression of immunity and VVC. Studies have found that the host innate immune system can gradually mobilize local adaptive immune cells CD4+T helper cells (Th) and their secreted cytokines to play a role (4). Th cells can be divided into Th1, Th2, Th17 and other subtypes according to the differences of secreted cytokines.Th1-type immune cells secrete pro-inflammatory cytokines such as IL-2, IL-12, IL-23, IFN-γ, and TNF-α. Of these, the signature factors are IL-12 and IFN-γ. IL-12 is primarily involved in B cell-mediated immune responses to exert antibacterial effects. IFN-γ is produced by T lymphocytes and natural killer cells, inducing innate immune cells to improve resistance to CA (24, 25). IFN-γ also exerts anti-inflammatory effects by modulating the balance between Th1/Th2 cells (i.e., by activating Th1 cell activation and proliferation and inhibiting Th2 cell action) (6, 26). Th17-type immune cells secrete various cytokines to participate in antibacterial reactions; these include IL-17A/F, IL-6, and IL-22; of these, the typical representative is IL-17. IL-17 induces innate immune cells to participate in the inflammatory responses by promoting macrophages and epithelial cells to produce chemokines with recruitment effects and increase overall anti-infectivity (6, 17). Several regulators are required to differentiate Th17 cells, including TGF-β, IL-6, and IL-21 (27). IL-4 and IL-10, as representative factors of Th2 adaptive immunity, play an important role in candida infection. Il-4 can play a role in the elimination of pathogenic fungi, especially in the early stage (28–30). And also partially inhibits the activation of IFN-γ on macrophages (31), further weakening the uptake capacity of innate immune cells to strains. In addition, IL-10 can also inhibit the differentiation of Th0 cells into Th1 cells and their exclusive cytokines secretion and proliferation (29).

The most interesting finding was that cytokines-dependent Th1, Th2 and Th17-types responses were strongly correlated with the occurrence and development of VVC. Group M presented that expression levels of IFN-γ, IL-17, IL-6, TGF-β, IL-4, and IL-10 were significantly elevated in vaginal secretions after CA vaginal infection. With the prolongation of infection time, the expression of all cytokines remained high. A possible explanation for this might be that Th1, Th2, and Th17 cytokines played an antifungal role in the early stage, while the continued high expression of Th2 cytokines may antagonized the Th1/Th17 response and weakened the local antifungal effect in the later stage. Meanwhile, Th2 cytokines may be involved in the maintenance of infection and reduce the clearance rate of pathogenic fungi. These relationships may partly be further explained by subsequent knockout and transcription of representative Th cytokines related genes.

Boric acid, as a fungal bacteriostatic agent, has been used clinically in the treatment of vulvovaginal and ear canal infections. Some studies have shown that boric acid has good efficacy in the treatment of VVC, is a safe and economical choice, and is basically a first-line alternative to azole drug resistance (13, 14). In the present study, we established a VVC infection model and found that redness and exudation were observed at the local modeling site of mice, and PAS staining of mouse vaginal tissue was found significant local fungal load after CA infection. After treatment with boric acid gel and fluconazole gel, the symptoms of vulvovaginal redness and erosion were alleviated, the colony culture counts in the lavage solution were significantly reduced, the content of mycelia and spores in PAS staining group was significantly reduced compared with that in M group. Suggesting that the local effects of boric acid treatment was greater than fluconazole.

Azole is the most commonly used treatment for VVC in clinic. Representative drug fluconazole is a triazole traditional antifungal drug, which can play an antifungal effect by increasing cell membrane permeability and regulating host immune response. Studies have proved that fluconazole can promote the Th1 response of the host, inhibit the secretion of Th2 cytokines, and regulate the balance and coordination of Th1/Th2 antifungal effects (15, 32). Compared with group M, expression levels of cytokines IFN-γ, IL-17, IL-6, and TGF-β were significantly increased after pharmacological intervention, and expression levels of the anti-inflammatory factors IL-4 and IL-10 were significantly reduced. These results indicate that either boric acid gel or fluconazole gel may exhibit immunomodulatory functions on antifungal Th cell responses, expression levels of proinflammatory factor were significantly elevated and anti-inflammatory cytokine were inhibited in vaginal secretions after medication, suggested the shift of immune balance was modulated toward Th1 and Th17, thereby eliminating local C. albicans.

Although it is clear from the present study that boric acid gel can act in synergism to inhibit and Th2 responses a progressive infection, and promote Th1 and Th17 responses, the mechanism underlying this effect remains undefined. Given the detrimental role of IL-4 and IL-10 in murine candidiasis, inhibition of cytokines of Th2-type function during infection could be beneficial. It is possible that the reduction of the fungus burden that occurs as a result of antifungal therapy may further decrease the production of IL-4 and IL-10 in infected mice, as already demonstrated, thus amplifying the effect of boric acid gel therapy. The relative absence of inhibitory cytokines, such as IL-4 and IL-10, may allow for the expansion of Th1,Th17 cytokines.

Our study reveals a new immunomodulatory function for boric acid gel: the ability to potentiate antifungal effect by regulating cytokines of Th dependent. This effect is obtained, these findings further indicate that interfering with the balance of Th cell subsets and their cytokines may alter the outcome of systemic and mucosal candidiasis. Results from a preliminary experiment indicate that the immunomodulatory function of boric acid gel as well as fluconazole gel were retained in mice infected with C. albicans, and shifted the focus of local immune response balance to Th1 and Th17. If boric acid gel maintains its immunomodulatory properties, it can provide a reliable scientific basis for clinical treatment of mucosal fungal infection.
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Recurrent vulvovaginal candidiasis (RVVC) and vulvovaginal candidiasis (RVVC) are one of the most common gynecological infections, primarily caused by Candida species. Although risk factors of RVVC and VVC have been identified in many studies, antifungal immunological mechanisms are still not fully understood. We performed a 1-year prospective study in a local hospital to monitor 98 patients clinically diagnosed with gynecological Candida infection. The results showed that 20.41% (20/98) are with RVVC, and 79.59% (78/98) patients have VVC. C. albicans accounts for 90% and 96.1% of all strains isolated collected from RVVC and VVC patients, respectively. Antifungal susceptibility testing showed no significant difference in Candida species between RVVC and VVC patients. However, the serum levels of IFN-γ, TNF-α, and IL-17F in the RVVC group were significantly lower than those of the VVC group, while IL-4, IL-6, and IL-10 were higher in the RVVC patients than VVC patients. IL-17A and IL-2 levels were comparable between the two groups. Taken together, our results suggest that the host-immune responses, especially Th1/2 immunity, may play important roles in prognosis of RVVC and VVC.
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Introduction

Vulvovaginal candidiasis (VVC) is one of the most prevalent manifestations of superficial fungal infections, commonly presented by vaginal and vulvar pruritus, burning and irritation, dyspareunia, and abnormal vaginal discharges (1–3). VVC affects up to 75% of women of childbearing age at least once during their lifetime (4, 5). Recurrent vulvovaginal candidiasis (RVVC) is found in up to 9% of the general women population (6), defined as the patient experiencing four or more episodes of infection per annum. Compared with VVC, RVVC may more severely affect the patients’ life quality and impose a more significant economic burden. RVVC can further cause patients to lose their confidence and self-esteem, which will affect not only their abilities for daily physical activities but also sexual life and intimate relationships (4, 5, 7). Currently, approximately 138 million women suffer from RVVC annually, and this number is expected to increase to 158 million by 2030 (4).

The pathogenesis of RVVC and VVC has been related to dysbiosis of the microbiome in the vagina, host-immune response, pathogen virulence, antifungal drug resistance, and other factors (8). However, host-immune responses may play important roles in prognosis of RVVC and VVC. Rosati et al. even considered that RVVC could be an immunodeficient or autoinflammatory disease (7). CD4+ T cells and their cytokines play a central role in antifungal immunity, in which Th1 and Th17 cells are the principal effector cells responsible for protective immunity while Th2 responses are thought to be associated with deleterious effects (9). In this study, we investigated and compared the differences in Candida distribution, antifungal drug resistance, and immune responses between RVVC and VVC (Figure 1).




Figure 1 | Flowchart of the study.





Materials and methods


Including and excluding criterion of the patients

The protocol of this study was approved by the Research Ethics Committee of the Jining No. 1 People’s Hospital. One hundred seventy patients with signs and symptoms of vaginal infection were recruited at the beginning. Informed consent was obtained from all patients involved. The patients filled in a questionnaire about general information, episodes of infection, past and current underlying diseases, and treatment history. Specimens collected from these patients were then proceeded for fluorescent calcofluor white (CFW) staining and culture on Sabouraud Dextrose Agar (SDA) for 48 h at 35°C. After mycological confirmation, 98 patients were enrolled in this study (Figure 1). They were divided into RVVC and VVC groups according to the diagnostic standards (6). Inclusion criteria were the following: microscopic detection of yeast structures or yeast cells and Candida-positive cultures for VVC (4, 10); the patient experienced four or more episodes of VVC per annum for RVVC (6); and menstruation ending at least 3 days by the time of diagnosis. The exclusion criteria were the following: pregnant women and women with diabetes, immunosuppression, or having antifungal treatment within 1 month or vaginal irrigation or vaginal insert within 7 days prior to the study.



The isolation and molecular identification of yeast strain isolated from patients with RVVC or VVC

The purified yeast colonies were identified by the morphologic method. The Candida species were then identified by sequencing the internal transcribed spacer region of ribosomal DNA (ITS). Genomic DNA was isolated from the strain by mechanical homogenization in lysis buffer (E.Z.N.A.® Tissue DNA Kit D3396, OMEGA, USA). The ITS region was amplified in each isolate using the following primes: ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). The amplification program was schematically represented in the following way: 30 s 98°C; 35× [10 s 98°C, 30 s 57°C, 5 min 72°C]; 5 min 72°C; temporary storage at 4°C. The obtained sequences were compared to the NCBI nucleotide database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the Westerdijk Fungal Biodiversity Institute (CBS) database (http://www.cbs.knaw.nl) to verify the species-level identity of each isolate.



Antifungal susceptibility testing

The purified colonies from the patients were tested for in vitro antifungal susceptibility according to the CLSI reference guideline M27-Ed4 and M27-S4 (11). The tested antifungals included eight antifungal agents: voriconazole (VRC; Sigma-Aldrich, USA), posaconazole (POS; Sigma-Aldrich, USA), amphotericin B (AmB; Sigma-Aldrich, USA), terbinafine (TER; Sigma-Aldrich, USA), ketoconazole (KET; Sigma-Aldrich, USA), fluconazole (FLC; Sigma-Aldrich, USA), itraconazole (ITC; Sigma-Aldrich, USA), and micafungin (MFG; J&K Scientific, China). For all experiments, C. parapsilosis ATCC 22019 was used as a control strain (11). Each isolate was subcultured onto SDA at 35°C for 24–72 h to verify its viability before minimum inhibitory concentration (MIC) measurement. Colonies were suspended in sterile saline, and the final inoculum concentration of the suspension was adjusted to 5 × 103 CFU ml-1 in RPMI 1640 medium. The 96-well plates were incubated for 24 or 48 h at 35°C, and the MIC levels were determined visually. The drug concentration ranges, MIC reading points, and interpretive breakpoints used for eight antifungal agents are listed in Table 1. Although the interpretive criteria for the susceptibility to AmB remain controversial, we here classified MIC ≤1 μg/ml as susceptible and MIC ≥ 2 μg/ml as resistant, referring to previous studies (12). There are no interpretive breakpoints for TER.


Table 1 | Drug concentration range, time of MIC reading, and interpretive breakpoints for eight antifungal agents.





The analysis of cytokines in the serum of the patients

The patients’ blood was collected for detecting the cytokines in the serum prior to treatment. The levels of IFN-γ, IL-2, TNF-α, IL-6, IL-17A, IL-17F, IL-4, and IL-10 in each serum specimen of patients were measured, respectively. Serum cytokine profiles were measured using a bead-based multiplex assay (LEGENDplex™; BioLegend, San Diego, CA, USA), according to the manufacturer’s protocols.



Statistical analyses

Analysis of data was performed using SPSS software (version 22), Chi-square test, Mann–Whitney test, and two-tailed Student’s t-test. GraphPad Prism 8 (GraphPad, San Diego, CA, USA) was used for drafting. All results were expressed as mean ± standard deviation (SD) (pg/mL or ng/mL).




Results


Prevalence of RVVC and VVC in women at ages 25–34 years

During the study period, 170 patients with signs and symptoms of vaginal infection were evaluated. Of them, 98 (57.64%) were diagnosed with RVVC and VVC according to diagnostic standards. The average ages in the RVVC group and VVC group were 35.1 and 31.3 years, respectively. The age range in the RVVC group was as follows: 15–24 years, (n = 0), 25–34 years (n = 11, 55.0%), 35–44 years (n = 6, 30.0%), and 45–54 years (n = 3, 15.0%). In the VVC group, 15–24 years accounted for 14.0% (n = 11), 25–34 years for 54.0% (n = 41), 35–44 years for 25.0% (n = 19), and perimenopausal age 45–54 years for 7.0% (n = 5). Although the onset ages and mean age of the VVC group appear younger than those of the RVVC group, more than 50% of participants in both groups fall in reproductive ages (p > 0.05) (Figure 2).




Figure 2 | Age distribution of women with recurrent vulvovaginal candidiasis (RVVC) and vulvovaginal candidiasis (VVC).





Antibiotic treatment induces RVVC and VVC

External risk factors for RVVC and VVC infection were evaluated by analyzing medical treatment history, clinical symptoms, and any other concurrent infections. We found that antibiotic therapies with azithromycin, clindamycin, or cephalosporin—or antifungal metronidazole therapies—correlated well with candidal vaginitis (p < 0.05). However, symptomatic factors including discomfort after sexual activity, redundant prepuce, genital itching, chlamydia, and mycoplasma infections had no apparent impact on RVVC or VVC (p > 0.05). Other medical conditions such as gastritis, allergic rhinitis, and skin disorders such as tinea pedis also had no effect on RVVC or VVC (p > 0.05). We also found that family history (i.e., mother or daughter with a history of RVVC or VVC) accounted for 5% and 5.3%, respectively (p > 0.05), of our sample. Previous use of antifungal agents such as nysfungin and clotrimazole, for previous episode(s) of RVVC or VVC, had no apparent impacts on recurrence (p > 0.05) (Table 2).


Table 2 | Risk factors of the RVVC group and VVC group.





Distribution of Candida species is not a reason for the clinical difference between RVVC and VVC

Among the vaginal specimens, 98 out of 170 Candida isolates were identified as C. albicans, C. glabrata, and C. tropicalis. Based on the sequencing results of 98 isolates, 93 isolates were C. albicans (94.9%), three strains were C. glabrata (3.1%), and two isolates were C. tropicalis (2%) (Figure 3A). In 78 strains isolated from the VVC group, 96.10% (75/78) were C. albicans, and the rest of the strains were C. glabrata (n = 2) and C. tropicalis (n = 1) (Figure 3B). Among a total of 20 isolates from the RVVC group, C. albicans accounted for 90.00% (n = 18), C. glabrata for 5.00% (n = 1), and C. tropicalis for 5.00% (n = 1) (Figure 3C). The proportion (10%) of non-albicans Candida (NAC) species was higher in the RVVC group than that in the VVC group (3.9%), but there was no statistical difference (p > 0.05).




Figure 3 | The isolates from vaginal secretion were identified by ITS sequencing. The Candida spp. distributed in both Vulvovaginal candidiasis (VVC) patients and Recurrent vulvovaginal candidiasis (RVVC) patients (A), in VVC patients (B) and in RVVC patients (C).





Antifungal susceptibility profiles of the RVVC group were consistent to the VVC group

MIC distribution, MIC 50/MIC 90, geometric mean values (GM), susceptibility rate (S), susceptible dose-dependent rate (SDD), and resistant rate (R) of 93 C. albicans and five NAC isolates were measured for eight antifungal agents; the results are summarized in Tables 3, 4.


Table 3 | The in vitro antifungal susceptibility of C. albicans isolated from patients with RVVC or VVC to eight antifungal drugs.




Table 4 | The in vitro antifungal susceptibility of NAC isolated from patients with RVVC or VVC to eight antifungal drugs.



Based on these results, the susceptibility rates of Candida isolates in the RVVC or VVC group to VRC, POS, AMB, KET, FLC, ITC, and MFG were 89%, 100%, 11.1%, 66.7%, 83.3%, 61.1%, 100%, and 90.7%, 97.3%, 1.3%, 73.4%, 92%, 64%, 100%, respectively. Moreover, the resistance rates in the RVVC or VVC group to VRC, POS, AMB, KET, FLC, ITC, and MFG were 5.5%, 0%, 88.9%, 5.5%, 5.6%, 0%, 0%, and 0%, 0%, 98.7%, 5.3%, 5.3%, 14.7%, 0%, respectively. Regarding GM values and sensitivities, C. albicans to POS, KET, FLC, and ITC were consistent between the VVC and RVVC groups. For the VRC agent, GM values were slightly higher in isolates of the RVVC group than those of the VVC group, but the sensitivity was more reduced in the RVVC isolates than the VVC isolates. However, these differences in VRC response between VVC and RVVC isolates had no statistical significance (p > 0.05). In the RVVC group, the GM values of C. albicans to AmB were lower than those strains from VVC, but the sensitivity was higher with statistical significance (p < 0.05). Higher GM values of C. albicans to MFG were also shown in the RVVC group with 100% sensitivity in isolates from both groups. In summary, C. albicans isolates were sensitive to MFG, and their sensitivities to VRC, POS, and FLC were higher than those to KET and ITC, but they were less susceptible to AmB and resistant to TER in vitro.

In addition, C. glabrata was 100% susceptible to FLC and MFG. However, the MIC50/90 of C. glabrata isolates to other drugs except AmB and TER were higher than those of C. albicans. Since a small number of C. tropicalis strains were collected in this study, and reading points of in vitro antifungal susceptibility for most NAC strains remain incomplete, the MIC values of two strains of C. tropicalis to eight antifungal drugs were not determined in this study.



The immune responses, especially Th1 immunity, may contribute to the clinical difference between RVVC and VVC

The serum levels of IFN-γ, TNF-α, IL-4, IL-10, IL-6, IL-17A, and IL-17F in the RVVC or VVC group were 66.98 pg/ml, 2.129 pg/ml, 94.89 pg/ml, 12.4 pg/ml, 3.46 pg/ml, 12.6 pg/ml, 3.28 ng/m, and 9.95 ng/ml, 82.81 pg/ml, 2.263 pg/ml, 122.5 pg/ml, 8.86 pg/ml, 4.03 pg/ml, 11.07 pg/ml, 4.03 ng/m, and 11.23 ng/ml, respectively. Summarily, the serum levels of IFN-γ, TNF-α, and IL-17F in the RVVC group were lower but those of IL-4, IL-6, and IL-10 were higher than those in the VVC group with statistical significance (p < 0.05). However, the levels of IL-17A and IL-2 exhibited no statistical significance (p > 0.05) between the VVC and RVVC groups (Figure 4).




Figure 4 | The serum was collected from the VVC and RVVC patients before the initiation of treatment to analyze the cytokines in the serum by LEGENDplex™. (A-C) represent the serum level of IFN-γ, IL-2 and TNF-α (Th1 associated cytokines) of the patients with Recurrent vulvovaginal candidiasis (RVVC) and Vulvovaginal candidiasis (VVC), respectively. (D, E) represent the serum level of IL-4 and IL-10 (Th2 associated cytokines) of the patients with RVVC and VVC, respectively. (F-H) represent the serum level of IL-6, IL-17A and IL-17F (Th17 associated cytokines) of the patients with RVVC and VVC, respectively. Data are representative of three independent experiments. P value < 0.05 is regarded as a significant enrichment. Error bars represent SD, *p < 0.05, **p < 0.01, ***p < 0.001. ns, No significance.






Discussion

We performed a 1-year prospective study in a local hospital to compare clinically diagnosed RVVC and VVC patients for Candida distribution, antifungal drug resistance, and immune responses. Age seems to have been an important factor overall in the occurrence of vulvovaginal candidiasis (4) in this study. We find that the prevalence of VVC and RVVC in women aged 25–34 is similar to that reported by Annabel Lines et al. (6). VVC and RVVC are considered multifactorial disorders, in which other vaginal infections, broad-spectrum antibiotic therapies, colds, diabetes, oral contraceptives, and intrauterine devices all favor disease onset (13). External factors include redundant prepuce, discomfort after sexual activity, and reinfections by untreated partners. In this study, we find that up to 30% of RVVC patients had one or more of the above problems. In a very recent self-reported study, Benedict et al. reported that 5.2% (98/1869) of women respondents in the USA had VVC, and of those, 4.7% (5/98) were RVVC (14). This compares strikingly with 53% (43/81) of VVC patients in Iran who experienced RVVC in a study by Arastehfar et al. (8), while we found 11.76% (20 cases) of RVVC in 170 patients with signs and symptoms of vaginal infection. There are many reasons that may explain such a wide variation in RVVC prevalence beyond race and national origin. Age, internal and external factors noted above, and species distribution may all work together to induce RVVC and VVC.

The source of recurrent episodes of RVVC and VVC is unclear. Given that C. albicans is considered an opportunistic pathogen with a prolonged colonization state in the host before active infection, such a colonization phase could play a vital role in the pathogenesis of idiopathic RVVC (7). Tian et al. found that multiple isolates from 26 (59.1%) RVVC patients shared the same genotype (15). Pappas et al. (16) suggested a few mechanisms, in particular reinfections of exogenous origin from the gastrointestinal tract or infected partners or incomplete eradication of microorganisms by inadequate or improperly terminated treatment. Since C. albicans has been found to remain in the vagina between clinical episodes (17), Cassone et al. (18) proposed a possible mechanism whereby the symptoms are due to an allergic response to a component of yeast-state C. albicans.

The NAC (non-albicans Candida) species have recently sparked scientific and epidemiological interest as their prevalence keeps increasing globally (19). These NAC species should be a matter of concern during the treatment of RVVC patients due to their propensity for drug resistance (8). Although NAC species have been more commonly found in RVVC (20, 21), C. albicans and C. glabrata account for more than 90% of yeast isolates in our study, which agrees with other reports (8, 22, 23). The portions of NAC species in VVC cases have been reported as 41.4% (n = 87) in Ethiopia (24) and 10%–30% in one other study (25). Furthermore, our result was comparable with the previous observation, in which the presence of a burning sensation is reported in women with C. glabrata and itching with C. albicans infections (19).

The treatment option for sporadic VVC and RVVC relies on the administration of antifungal agents that often requires long-term regimens in order to keep vaginal fungal burden to a controllable level (26). For a C. albicans infection or empirical treatment, fluconazole is often scheduled in two phases: the induction phase (oral fluconazole 150 mg, once every 3 days for three doses) and the maintenance phase (oral fluconazole 150 mg once a week for 6 months). Up to 90% clinical remission can be achieved in patients treated with this regimen (6, 27). If fluconazole is contraindicated or not tolerated, a topical imidazole treatment for 7–14 days can be an alternative. According to response, clotrimazole 500 mg intravaginally once a week or oral itraconazole 50–100 mg daily can supplement the maintenance treatment. Oral antifungal therapy should be avoided in women who are pregnant or breastfeeding. For NAC infections, 6 months of nystatin 100,000 units intravaginally for 14 consecutive nights per month is recommended. Although most NAC are C. glabrata which is susceptible to azoles, recent evidence suggests that topical nystatin is equally effective against C. glabrata (28). Boric acid is another alternative, but it is rarely used in primary care because of its lack of availability through community pharmacies (29). In the case of RVVC treatment, systemic FLC and triazoles (ITC) are typically coupled with a local application of imidazole (5, 30). According to the Iranian data noted above, the multifactorial nature of RVVC includes host- and drug-related factors such as FLC-resistant and FLC-tolerant isolates (8). Triazoles, polyenes, nucleosides, acrylamides, and echinocandins are still effective drugs in the treatment of VVC. Studies have also shown that AmB, FLC, and nystatin are highly effective to treat C. albicans-infected VVC with 70%–98%, 95%, and 95% cure rates, respectively. The sensitivity data of C. albicans to VRC, POS, and KET in this study vary from those of other reports in China (12, 31–33) but agree with one foreign study (34). MFG is the most active drug against C. albicans isolated from RVVC and VVC in our results, but our isolates are most resistant to TER, followed by AmB and ITC. In this study, in addition to initially infected women, each patient had a history of antifungal therapy, and more than half of the patients had received more than one type of antifungal treatment, especially the RVVC patients.

Recently, it has been confirmed that genetic defects of Th17 or its related cytokines can promote the occurrence and development of cutaneous mucosal C. albicans infections such as chronic mucocutaneous candidiasis (CMC) (35). CMC often appears in patients with profound primary T-cell immunodeficiency. However, for an immunocompetent host, data regarding the cell-mediated immune response in modulating the host response to RVVC are limited and not confirmed. RVVC could also be an immunodeficient condition or autoinflammatory disease (7). CD4+ T cells and their cytokines are known to play a central role in antifungal immunity, in which Th1 and Th17 cells are the principal effector cells responsible for protective immunity against fungi while Th2 responses are thought to be associated with various deleterious effects (9). However, in an experimental estrogen-dependent murine model, there is no systemic T-cell infiltration into the vaginal mucosa and normal levels of Th1/Th2 cytokines are found in both RVVC patients and controls (36), suggesting that RVVC and VVC are not immunodeficiency-associated conditions (37). Our data support the hypothesis that T-cell immunity could provide protection from the recurrence of fungal vaginitis, which is demonstrated by the difference in cytokine responses between RVVC and VVC. We found that the immune responses of the VVC patients favored the activation of the IFN-γ-produced Th1 and IL-17-secreted Th17 cells. Both cytokines were less abundantly produced in RVVC, but IL-4 is highly produced in RVVC patients, suggesting a likely Th2 response in RVVC. Nevertheless, the cytokine responses may suggest that the recurrent preference in RVVC could be a consequence of the lower Th1 and Th17 responses.



Conclusions

In conclusion, RVVC and VVC are prevalent in women aged 25–34 years, caused mainly by C. albicans and less by C. glabrata. There is no genotypical strain correlated with the clinical difference between RVVC and VVC. From the perspective of host immunology, the Th1/Th2 balance may play an important role in RVVC.
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CARD9-related inherited immune disorders are a major risk factor for chronic disseminated fungal infection. In addition to pathogens of Candida and dermatophytes, the environmental opportunists of the black yeast-like fungi are relatively frequent in this patient cohort. Particularly the genus Phialophora is overrepresented. We investigated two isolates of a strain of P. verrucosa residing in a CARD9 patient, sampled with a period of ten years apart. Genomes, melanization and antifungal susceptibility of progenitor and derived strains were compared, and potential adaptation to the host habitat was investigated with proteomic techniques using post-translational modification as a proxy. Global lactylation analysis was performed using high accuracy nano-LC-MS/MS in combination with enrichment of lactylated peptides from digested cell lysates, and subsequent peptide identification. The genome of the derived isolate had accumulated 6945 SNPs, of which 31 were detected in CDS. A large number of identified proteins were significantly enriched, e.g. in melanin biosynthesis. A total of 636 lactylation sites on 420 lactylated proteins were identified, which contained in 26 types of modification motifs. Lysine lactylation (Kla) was found in 23 constituent proteins of the ribosome, indicating an impact of Kla in protein synthesis. Twelve lactylated proteins participated in pathogenicity. A protein-protein interaction (PPI) network analysis suggested that protein lactylations are widely distributed influencing various biological processes. Our findings reveal widespread roles for lysine lactylation in regulating metabolism and melanin biosynthesis in black fungi. Several large rearrangements and inversions were observed in the genome, but genomic changes could not be linked to adaptation or to known clinically relevant properties of progenitor to derived isolate; in vitro antifungal susceptibility had largely remained unaltered.
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Introduction

The discovery of rare inherited immune disorders, such as the one accompanying mutations in the caspase recruitment domain-containing protein 9 gene (CARD9), led to a paradigm change for the understanding of a number of severe fungal infections. The CARD9 protein takes an important role in the innate immune system in multifunctional signaling complexes for the recognition of virus, bacteria, parasites and fungi (1, 2) and Song et al. (3) noticed that the spectrum of fungal species associated with dysfunctional CARD9 protein deviated significantly from the list of agents involved in other diseases, e.g. by the near absence of Aspergillus. In contrast, melanized fungi, which otherwise are considered to be coincidental opportunists, were overrepresented. This indicates a specialized response to the window of opportunity in the innate immunity provided by impaired CARD9 signaling, which appears to be shared by Candida, dermatophytes and black fungi, but seems absent from Aspergillus (3).

One of the fungi investigated by Song et al. (3) was Phialophora verrucosa, a rare environmental fungus related to the black yeasts (order Chaetothyriales). This fungus has been reported from seven CARD9-related cases in China (4, 5). From one of the patients with a chronic infection for more than a decade, the fungus was isolated repeatedly. Identification of strains isolated with an intermittent period of ten years revealed that the same species was concerned. Given the rarity of P. verrucosa (6), and its fluctuating clinical course with re-emergence of the fungus upon acquiring resistance to successive antifungals, re-infection of different isolates seemed unlikely. This prompted a proteogenomic study to monitor eventual adaptations of a single strain during its prolonged presence in live human tissue.

Numerous studies have stressed that important biological functions may be influenced significantly by post-translational modifications. In the present paper we investigate whether differences between the two clinical isolates from different time points indicate (epi)genetic adaptation via posttranslational modifications enhancing survival in host tissue. Epigenesis, involving histone modifications that directly affect chromatin structure, have poorly been explored with respect to fungal infections. Several epigenetic mechanisms are known, such as DNA methylation (7), chromatin remodeling (8) by histone or polycomb/trithorax proteins (9) or modulation of gene expression by microRNAs (10). In addition, protein acetylation and methylation are dynamic posttranslational modifications (PTM) notable in hundreds of proteins (11). In addition to histones, proteins involved in numerous biological processes can be modified, influencing metabolism, translation, gene expression regulation, and oxidative stress response (12, 13).

Lysine lactylation (Kla), i.e. protein modification at lysine residues was reported as a new type of PTM (14), being involved in active gene expression in macrophages. Gao et al. (15) reported on a proteomic survey of lactylation in Botrytis cinerea, a destructive necrotrophic plant pathogen. Kla may lead to PTM via histone modulation, and may influence biological processes due to functional changes of metabolically active proteins. The present paper investigates the posttranslational effectors provoked by Kla in the opportunistic fungus Phialophora verrucosa during its presence in vivo over a period of ten years. In order to understand clonality between strains over time, genome sequences of both strains were compared and relative polymorphisms between isolates quantified. Subsequently, we applied high-performance liquid chromatography, Kla modified peptide enrichment and Orbitrap mass spectrometry to investigate for the first time adaptive post translational signatures in clinical fungi.



Materials and methods


Strains and culture conditions

Two Phialophora verrucosa strains (BMU 00512, BMU 04928) were isolated from facial and back skin tissues of a CARD9-deficient phaeohyphomycosis patient ten years apart and were preserved at –80°C in the Research Center for Medical Mycology, Peking University. For protein extraction, conidia obtained from agar slant cultures were grown (107 conidia/mL) in 100 mL Sabouraud’s Glucose Broth (SGB) on a rotary shaker (200 rpm) at 28°C. Mycelia were harvested after 48 h, frozen in liquid nitrogen, and stored at −80°C until further processing. Three replicates were prepared and analyzed for each of the samples.



Lactic acid and melanin

For the analysis of lactic acid production, 107 conidia of P. verrucosa were inoculated into liquid SGB medium, and cultured at 28°C for 48 h in a rotary shaker (180 rpm) in darkness. Cultures were harvested, lysed and lactic acid in the samples was determined using ELISA (BC2235, Solarbio, Beijing) at wavelength 570 nm. Melanin was detected by using melanin quantitative detection kit (GMS50365.3, Genmed) at wavelength 490 nm following the manufacturer’s instructions.



Antifungal susceptibility testing

AFST was performed by broth microdilution method according to CLSI M38-A3 protocol (CLSI, 2017). Amphotericin B (0.03-16 μg/ml) and fluconazole (0.25-256 μg/ml) were purchased from Sigma-Aldrich (St. Louis, USA), itraconazole (0.03-16 μg/ml) and voriconazole (0.03-16 μg/ml) from ShouguangFukang Pharmaceutical (Shandong, China), terbinafine (0.002-2μg/ml) from Qilu Pharmaceutical (Shangdong, China), and posaconazole (0.008-4 μg/ml), caspofungin (0.25-256 μg/ml) and micafungin (0.25-256 μg/ml) from HuazhongHaiwei GeneTechnology (Beijing, China). Cultures were grown on Potato Dextrose Agar (PDA), cells recovered in sterile saline containing 0.05% Tween-20 and diluted to 2–5 × 104 CFU/ml with RPMI-1640. Growth in the wells was checked daily. MICs were determined by visual inspection compared with the growth controls on two separate occasions. Agreement meant discrepancies of no more than two dilutions. Abbreviations of compounds are according to de Hoog et al. (6).



Genome analysis


DNA extraction and preparation

Mycelia were harvested from fresh cultures grown on Sabouraud’s Glucose Agar (SGA), frozen in liquid nitrogen and stored at −80°C until used. Samples were ground with liquid nitrogen and extracted with SDS (DNA was verified on agarose gel electrophoresis and quantified by Qubit® 2.0 Fluorometer (Thermo Scientific). DNA was fragmented by sonication to a size of 350 bp, then DNA fragments were end-polished, A-tailed, and ligated with the full-length adaptor for Illumina sequencing with further PCR amplification. PCR products were purified (AMPure XP system) and libraries were analysed for size distribution by Agilent2100 Bioanalyzer and quantified using real-time PCR.



Genome sequencing and assembly

Genomic DNA extracts of BMU 00512 and BMU 04928 were sequenced with 1 μg DNA per sample as input material with an Illumina NovaSeq PE150 at the Beijing Novogene Bioinformatics Technology Co., using paired-end and mate-paired libraries. Sequencing libraries were generated using NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB, U.S.A.) following manufacturer’s recommendations and index codes were added to attribute sequences to each sample. Quality control of the reads was performed using FastQC v0.11.81 and PCR adapter reads and low-quality sequences were removed by BBMap2. High-quality reads were de novo assembled using SOAP (16, 17), SPAdes v3.10.0 (18) and ABySS (19) with default parameters for Illumina paired-end reads. The completeness of the genome assemblies was accessed by quantifying the presence of the Core Eukaryotic Genes (CEGs) via CEGMA (20).



Structural annotation

For gene prediction, the software Augustus (21) was used for generating training gene sets. The complete annotation pipeline, PASA, as implemented at the Broad Institute, was applied which involved the following steps: (1) ab initio gene finding using GeneMarkHMM, FGENESH, Augustus, SNAP, and GlimmerHMM. (2) protein homology detection and intron resolution was done with GeneWise software and the uniref90 non-redundant protein database. (3) known ESTs, full-length cDNAs, and Trinity RNA-Seq assemblies were aligned to the genome. (4)

EVidenceModeler (EVM) was used to compute weighted consensus gene structure annotations.



Functional annotation

Seven databases were used for gene prediction, i.e. GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes), KOG (Clusters of Orthologous Groups), NR (Non-Redundant Protein Database databases), TCDB (Transporter Classification Database), P450, and Swiss-Prot. A whole-genome Blast search (E-value < 1e-5, minimal alignment length percentage larger than 40%) was performed against above seven databases. The secretory proteins were predicted by the Signal P database and secondary metabolism gene clusters by antiSMASH. Genes for virulence and drug resistance analyses were analyzed with the PHI (Pathogen Host Interactions), DFVF (database of fungal virulence factors). Carbohydrate-Active enzymes were predicted by the Carbohydrate-Active enZYmes Database.



Genome comparison and SNP analysis

Analysis included genomic synteny, core and specific genes, gene families, SNPs (Single Nucleotide Polymorphisms), Indels (insertion and deletion) and SV (Structural Variation) annotation. Genomic alignment showing SNPs, Indels and SV was performed using MUMmer and LASTZ. Core and specific genes were analyzed by the CD-HIT rapid clustering software with a threshold of 50% pairwise identity and 0.7 length difference cut-off in amino acids. Blast was used to pairwise align all genes and eliminate redundancy by solar with gene family clustering using Hcluster_sg software.

The homologous genomes of BMU 00512 and BMU 04928 were compared for the degree of mutation over time. The genetic order in the scaffolds of BMU 00512 was used as standard.




Proteome analysis


Protein extraction

Fungal material was grinded to powder using liquid nitrogen and transferred to a 5-mL centrifuge tube. Four volumes of lysis buffer (8 M urea, 1% Triton-100, 10 mM dithiothreitol [DTT], 1% Protease Inhibitor Cocktail (Roche cOmplete™) was added, followed by sonication three times on ice using a high intensity ultrasonic processor (Ningbo Scientz Biotechnol., Zhejiang, China). The remaining debris was removed by centrifugation at 20,000 g at 4°C for 10 min. Protein was precipitated with cold 20% trichloroacetic acid (TCA) for 2 h at –20°C. After centrifugation at 12,000 g, 4°C for 10 min, the supernatant was discarded. The remaining precipitate was washed three times with cold acetone. The protein was redissolved in 8 M urea and the concentration was determined with BCA kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. For digestion, the protein solution was reduced with 5 mM DTT for 30 min at 56°C, alkylated with 11 mM iodoacetamide for 15 min at room temperature in darkness and then diluted to an urea concentration of less than 2 M. Finally, trypsin was added at 1:50 trypsin-to-protein mass ratio for the first digestion overnight and 1:100 trypsin-to-protein mass ratio for a second 4 h-digestion.



Tandem mass tag labeling

Tryptic peptides were dissolved in 0.5 M triethylammonium bicarbonate (TEAB). Each channel of peptide was labeled with its respective TMT reagent (ThermoFisher Scientific) according to manufacturer’s instructions and incubated for 2 h at room temperature. Five microliters of each sample were pooled, desalted and analyzed by MS to check labeling efficiency. Subsequently, samples were quenched by adding 5% hydroxylamine. The pooled samples were then desalted with a Strata X C18 SPE column (Phenomenex, Torrance, CA, U.S.A.) and dried by vacuum centrifugation.



Affinity enrichment

For pan-antibody-based Post-translational modification (PTM) enrichment, modified and tryptic peptides were dissolved in NETN buffer (100 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl, 0.5% NP-40, pH 8.0) and incubated with pre-washed antibody beads (PTM-1404, PTM Bio) at 4°C overnight with gentle shaking. Then the beads were washed for four times with NETN buffer and twice with H2O. The bound peptides were eluted from the beads with 0.1% trifluoroacetic acid, and subsequently the eluted fractions were combined and vacuum-dried. For LC-MS/MS analysis, the resulting peptides were desalted with C18 ZipTips (Millipore) according to the manufacturer’s instructions (22).



Nano liquid chromatography and tandem mass spectrometry

The sample was fractionated into fractions by high pH reverse-phase HPLC using Agilent 300 Extend C18 column (5 μm particles, 4.6 mm ID, 250 mm length). Briefly, peptides were separated with a gradient of 8% to 32% acetonitrile in 10 mM ammonium bicarbonate pH 9 over 60 min into 60 fractions. Then, the peptides were combined into 9 fractions and dried by vacuum centrifuging. The tryptic peptides were dissolved in solvent A (0.1% formic acid, 2% acetonitrile/in water), directly loaded onto a home-made reversed-phase analytical column (25-cm length, 75 μm i.d.). Peptides were separated with a gradient from 5% to 25% solvent B (0.1% formic acid in 90% acetonitrile) over 60 min, 25% to 35% in 22 min and climbing to 80% in 4 min then holding at 80% for the last 4 min, all at a constant flowrate of 450 nL/min on an EASY-nLC 1200 UPLC system (ThermoFisher Scientific). Chromatographic columns were packed with 1.9 μm/120 Å ReproSil-PurC18 resins (Dr. Maisch GmbH, Ammerbuch, Germany). The separated peptides were analyzed in Q ExactiveTM HF-X (ThermoFisher Scientific) with a nano-electrospray ion source. The electrospray voltage applied was 2.0 kV. The full MS scan resolution was set to 120,000 for a scan range of 350–1600 m/z. Up to 20 most abundant precursors were then selected for further MS/MS analyses with 30 s dynamic exclusion. The HCD fragmentation was performed at a normalized collision energy (NCE) of 28%. The fragments were detected in the Orbitrap at a resolution of 30,000. Fixed first mass was set as 100 m/z. Automatic gain control (AGC) target was set at 1E5, with an intensity threshold of 3.3E4 and a maximum injection time of 60 ms.



Protein identification

The resulting MS/MS data were processed using the MaxQuant search engine (v1.6.15.0) Tandem mass spectra were searched against the database obtained from the predicted proteins derived from the full genome sequence of the investigated strains (Phialophora_verrucosa_39412_TX_BMU5_combine_20201207_cdhit1.fasta), comprising a total of 27369 protein sequences. Redundant sequences from all available P. verrucosa genomes were filtered via cd-hit at a similarity threshold of 1 and an anti-library created which served to define the false discovery (FDR) by random matching, and a common contamination library was added to the database to eliminate the influence of contaminating proteins in the identification results.



Gene ontology

Proteins were classified by GO annotation using eggnog-mapper software (v2.0) into three categories: biological process, cellular compartment and molecular function. The software is based on the EggNOG database; the majority of comparisons applied Cladophialophora carrionii (TaxID 86049). For each category, a two-tailed Fisher’s exact test was employed to test the enrichment of the differentially modified protein against all identified proteins. GO with a corrected P-value < 0.05 was considered significant.



Pathway analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to identify enriched pathways by a two-tailed Fisher’s exact test to test the enrichment of the differentially modified proteins against all identified proteins. Pathways with a corrected P-value < 0.05 were considered significant. These pathways were classified into hierarchical categories according to the KEGG website.



Enrichment of protein domains

For each category proteins, the InterPro database providing functional protein analysis was researched and two-tailed Fisher’s exact tests were employed to test the enrichment of the differentially modified proteins against all identified proteins. Domain annotation was based on the Pfam database and the corresponding PfamScan tool. Protein domains with a corrected P-value < 0.05 were considered significant. MoMo (23) based on the motif-x algorithm was used to analyze motif characteristics of the modification sites. Peptide sequences consisting of 10 amino acids upstream and downstream of all identified K modification sites (6 upstream and downstream for phosphorylation modification) compared to all potential K modification sites in the species. When the number of peptides in a certain characteristic sequence form is greater than 20, and the statistical test P value is less than 0.000001, the characteristic sequence form is considered to be a motif of modified peptides. Frequency change scores [DS = −log10 (p value) × sign (diff. percent)] of amino acids near the modification site were presented in a heatmap.



Enrichment-based clustering

For further hierarchical clustering based on differentially modified protein functional classification (GO, Domain, Pathway, Complex), we first collated all categories obtained after enrichment along with P values, and then filtered for those categories which were at least enriched in one of the clusters with P value <0.05. This filtered P value matrix was transformed by the function x = −log10 (P value). Finally, these x values were z transformed for each functional category. The z scores were then clustered by one-way hierarchical clustering (Euclidean distance, average linkage clustering) in Genesis. Cluster memberships were visualized by a heat map using the “heatmap.2” function from “gplots” in the R-package. WolF Psort (24) was used for structural annotation.



Protein-protein interaction network

All differentially expressed modified protein database accessions or sequences were searched against the STRING database (v11.0) for protein-protein interactions, using Cladophialophora carrionii as model organism. There were 184 differential sites up-regulated corresponding to 106 proteins, and 267 down-regulated corresponding to 117 proteins; a total of 1148 interaction relationships were considered. Only interactions between the proteins belonging to the searched data set were selected, thereby excluding external candidates. STRING defines a metric called “confidence score” to define interaction confidence; we fetched all interactions that had a confidence score ≥ 0.7 (high confidence). An interaction network of the top 50 differentially modified proteins with the most closely interacting relationships according to degree of enrichment was visualized form STRING using “networkD3” in the R package using a confidence score > 0.7 (high confidence) of protein interactions. The PPI was visualized using cytoscape software v3.7.2.



Western blot assay

The mycelia of the tested strains were grown in SGB at 28°C for 48 h in a shaker. The proteins were extracted as mentioned above. Western blot was performed as previously described (25). Briefly, proteins with 20 μg protein/lane were separated by 12% SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes. After blocking with 5% milk, immunoblotting was conducted using pan anti-Kla multiclonal antibodies at 1:1000 dilution (PTM-1401RM, Hangzhou, China).





Results

General genomic data are provided in Table 1. Genome sizes of strains BMU 00512 and 04928 were 34.0 and 34.2 mB, respectively. Percentages G+C varied from 53.57 to 53.58; similarity of the two strains was 99.95%. This value was slightly higher than when compared with an environmental strain of Phialophora verrucosa, BMU 07605, similarities with the strains under study being 99.18 and 99.69%, respectively. Comparison with BMU 07609 of P. chinensis, a member of the P. verrucosa complex, yielded similarity values below 93%. The genomes of BMU 00512 and 04928 were highly similar when sequence depth was compared (Supplementary Figure 1). Figure 1 provides an overview of SNPs and Indels, which both show an uneven distribution along the genome. A total of 6945 SNPs was detected, of which 6782 were transitions and 163 transversions. The number of Indels was 111, of which 71 were insertions and 40 deletions. In the CDS, 31 SNPs were detected (Supplementary Table 1), of which 20 were non-synonymous, and 11 contained Indels (Supplementary Table 2). No mutations were detected in any of the known genes involved in antifungal resistance. This corresponded for AMB, CAS, FCZ, ITZ, MFG and PCZ with in vitro results of AFST, where strains BMU 00512 and 04928 deviated maximally with a single dilution step. With TBF and VCZ, three and two dilution steps difference were noted, respectively (Supplementary Table 3). Several large inversions were observed between BMU 00512 and BMU 04928 (Figure 2). However, it should be noted that large inversions can be a result of assembly ambiguities, which are to be resolved by larger library insert sizes; future confirmation with long-read sequencing is necessary.


Table 1 | Genomic assembly and annotation statistics for BMU 00512 and BMU 04928.






Figure 1 | Distribution of SNPs and Indels along the genomes of isolates analyzed, with BMU 00512 taken as reference genome.






Figure 2 | Rearrangements and inversions in genome BMU 04928 compared with BMU 00512 taken as reference genome. Collinear: synlinear region; Translocation: translocation region; Inversion: inversion region; Tran+Inver: translocation and inversion region; Insertion: insertion region with length ≥ 50 bp; Deletion: deletion region with length ≥ 50 bp; ComplexInDel: Regions that do not match but those locations correspond; Forward chain: the forward chain of the genome sequence, and the gene coordinates increase in the clockwise direction; Reverse chain: the reverse chain of the genome sequence, and the gene coordinates increase in the counterclockwise direction.



The crude Coomassie-stained protein profiles of strains BMU 00512 and BMU 04928 were indistinguishable. Western blotting with antibodies against 2-hydroxyisobutyryllysine, crotonyllysine, succinyllysine and lactyllysine were all positive. In all blots, long exposure led to a stronger response in BMU 04928 than in BMU 00512 (Supplementary Figure 2).

Mass-to-charge ratios and signal intensities of peptides (primary spectrum) and ions after peptide fragmentation (secondary spectrum) were obtained by mass spectrometry analysis. A theoretical secondary spectrum database was constructed based on the protein sequences in the database, and the secondary spectrum generated by mass spectrometry was corrected after algorithm scoring and filtering. To increase the quality of the results, further data filtering was performed using a top-20 approach. The accuracy FDR (false discovery rate) of identification at three levels (spectrum, peptide, and protein) was set at 1%; at least one unique peptide must be included in the identification of each protein. The identified peptides and proteins after data filtering were as follows: total spectra generated by mass spectrometry were 57273, of which 9760 were effective spectra matching the theoretical secondary spectra; 6500 peptides were detected, of which 1922 (29.6%) were lactylated. A total of 760 proteins was identified. Of all proteins, 645 were up- and 587 were downregulated (ratio = 1.1). Of the lysine lactylated proteins, 106 proteins with 184 sites were upregulated, and 117 proteins with 267 sites were downregulated between BMU 00512 and BMU 04928 (ratio = 2.43; Supplementary Figure 3); the enriched modified proteins comprised 18.1% of the total.

Motifs were analyzed using MoMo. Peptide sequences consisting of 10 amino acids upstream and downstream of all identified lysine lactylated modification sites were compared to all potential K modification sites in the species. When the number of peptides with a certain characteristic sequence was larger than 20 (P < 0.000001), the sequence was considered to be a motif of modified peptides. A total of twenty-six conserved amino acid sequences were extracted, of which the top 5 enriched ones were xxxxxxxxxx_K_xxxxxxxKxx, xxxxKxxxxx_K_xxxxxxxxxx, xxxxxxxxxx_K_xxxxxKxxxx, and xxxxxxxxxx_K_xxxxxxKxxx, and xxxxxxxxxx_K_xxxKxxxxxx (Figure 3A). To further analyze these motifs, heatmaps of the amino acid sequences around the lactylation sites were generated, which showed that certain amino acid residues surrounding the Kla were markedly enriched. K residues were observed to be enriched in the −10 to −1, and +3 to +10 positions; G residues were significantly enriched in positions −2 to −1, +2 to +6; H and D were significantly enriched in +1 and +2. Scores of frequency change (DS) of amino acids near the K modification site were calculated and displayed in a heatmap (Figure 3B).




Figure 3 | Pattern analysis of lactylated sites. (A) Peptide sequences of 10 amino acids upstream and downstream of lysine lactylated modification sites. (B) Comparison of all potential K modification sites in the species.



Gene Ontology (GO) annotations were divided according to Biological Process, Cellular Component and Molecular Function. We performed differentially modified protein enrichment analysis for the three major categories in the GO classification. Differentially expressed modified proteins were compared with COG/KOG functional classification statistics. Significant enrichment of modified proteins was found particularly in cellular and metabolic processes, genes involved in cellular compartment, and binding and catalytic processes (Supplementary Figure 4). We subsequently divided the enriched lactylated proteins into 4 parts according to n-fold expression, called Q1 to Q4. For each Q group, GO classification, KEGG pathway and protein domain enrichment were analyzed, and cluster analysis was performed to find the correlation of protein functions with different differential expression folds in the comparison groups (Supplementary Tables 4–6).

PTM lactylation analysis identified four sites in PKS by mass spectrometry. GO classification analysis annotated sites 211, 293, 234, and 325 in the PKS_ER domain-containing protein involved in catalytic activity. Further enrichment analysis on differentially expressed proteins involved in the KEGG pathway showed that PKS proteins were involved in tyrosine metabolism and were down-regulated in BMU 04928 compared to the wildtype strain BMU 00512. GO annotation also revealed that 123 histone sites were lactylated, and differential expression was classified in biological process. Only a single site was enriched between BMU 00512 and BMU 04928. For structural annotation of proteins in organelles, we used WolF Psort protein localization predictor. Enrichment analysis was carried out at the three levels of GO classification, KEGG pathways and protein domains, in order to reveal possible enrichment trends in functional types. Prevalence of proteins in subcellular locations were in line with those known for ascomycetous fungi (15) with the exception of cytoplasm with 39.3%. Up- versus downregulation of lactylated proteins according to subcellular compartments was nearly equal, with deviations slightly above 5% in cytoplasm (36.79–41.88%) and mitochondria (16.4–21.7%; Figure 4).




Figure 4 | Enrichment of lactylated proteins distributed among subcellular localizations.



The differentially modified proteins according to degree of enrichment were compared with the STRING (v11.0) protein interaction network database, using a confidence score > 0.7 (high confidence) of protein interactions. The data were visualized the “networkD3” tool in the R package. In order to clearly display the interaction between proteins, we selected the top-50 proteins with the most close edges (= links between nodes, i.e. the proteins) and inferred a protein-protein interaction network (PPI). The PPI network (Figure 5) shows a large number of closely interacting ribosomal proteins (white). The majority of selected nodes that are primarily involved in transcription, elongation and signaling (green) are downregulated. Nearly all nodes in a cloud involved with functions in metabolic pathways (yellow) are downregulated. Of the histones (grey), 2AB and 3 were downregulated, while H3 and particularly H4 showed significant upregulation. A cloud of heatshock proteins (pink) also responded variably, of which a J-domain containing protein was significantly downregulated. Also PKS-related proteins (dark grey) yielded variable responses; a PKS ER domain-containing protein involved in tyrosine metabolism was downregulated, while the conidial yellow pigment biosynthesis PKS involved in melanin synthesis showed an insignificant response. Comparison of in vitro melanin production between BMU 00512 and 04928 showed increased melanization in the latter (Supplementary Figure 5).




Figure 5 | Protein-protein interaction (PPI) network of the 100 most up- and down-regulated lactylated proteins between BMU 00512 and BMU 04928. Ribosomal proteins form a dense cluster; proteins primarily involved in signaling, transcription and translation shown in green; metabolic proteins in yellow, histones in light grey, PKS in dark grey, heat shock proteins in pink.





Discussion

Inherited CARD9-related immune disorders and their clinical significance have first been reported somewhat over a decade ago (26, 27). Lanternier et al. (28) noted that black fungi were relatively prevalent upon CARD9 impairment, observing that patients in a series of disseminated infections by the black yeast Exophiala dermatitidis all carried a homozygous mutation in the CARD9 gene. CARD9 mediates signaling via PRR Dectin-1 and NF-κB leading to activation of pro-inflammatory (TNFα, IL-2, IL-6) and anti-inflammatory (IL-10) cytokines (29). Mutation of CARD9 leads to impairment of the immune response against fungi. This previously unnoticed underlying disorder provided at least a partial explanation for some chronic and mutilating fungal infections in seemingly healthy individuals.

Numerous black fungi of the order Chaetothyriales are able to cause infections in humans (6), but frequencies are low. Their relatively high prevalence in patients with CARD9-related immune disorders (3) is as yet unexplained. Particularly members of the Phialophora verrucosa complex are overrepresented (3, 30). All CARD9-related infections have a chronic character and are poorly controlled by antifungal treatment (31), even if the respective antifungals are in vitro effective (32). In an attempt to understand this special preference of black yeasts, we monitored a patient with a chronic infection by P. verrucosa for more than ten years (5). To this purpose, a recent isolate (BMU 04928) was compared with an initial isolate obtained upon first presentation at the hospital (BMU 00512). The patient was initially treated with amphotericin B (cumulative dose 407.5 mg) and GM-CSF (300 × 104 u/d) subcutaneously for 3 weeks. Because of AMB intolerance, therapy was changed to intravenous itraconazole injection 400 mg/d combined with oral terbinafine 500 mg/d orally. The skin lesions seemed to improve slightly, but later expanded and finally the patient expired.

The original wildtype strain, BMU 00512 was proven with barcoding genes (rDNA ITS and partial translation elongation factor 1-alpha; 3) to belong to the same species as BMU 04928 derived from the same patient ten years later. The rarity of this etiologic agent, and the identical Coomassie-stained whole-protein profiles of the two strains (Supplementary Figure 2) provided convincing evidence that a single strain was concerned, re-infection with another isolate of the same species being unlikely. The quantified amount of polymorphisms provides evidence for a number of mutations with an uneven distribution over the genome (Figure 1). While in clonal strains of ascomycetous yeasts, <100 to ~500 polymorphisms per year provides biological evidence for clonality (33), the amount of 6945 polymorphisms determined between our strains would be justifiable, assuming full mutational linearity. Of these mutations, only 31 were non-synonymous in CDS, affecting genes with various functions in biological process, molecular function and cellular component (Supplementary Table 1). The question arises whether in the absence of relevant mutations, other epigenetic effectors are impacting fungal survival, virulence and host adaptation. To study this, we investigated PTM as a proxy for potential proteomic changes. A plethora of mechanisms of histone modifications that affect chromatin structure are known, such as the polycomb/trithorax system, and modulation of gene expression by microRNA. The latter is impacted by methylation, phosphorylation, and acetylation (34). Lysine lactylation of histone proteins is a recently discovered mechanism of protein modification (14, 15). While it may appear counter-intuitive to assume strong linearity in genomic adaptation to the human host over a long period and with almost no detectable polymorphism, the biological significance of strong and detectable post-translational modifications such lactylation might enhance genomic stability, as is known e.g. in cancer biology from L- and D-lactate improving DNA and genomic stability of degenerated cells.

Using immunoblotting with antibodies to various lysine residues, we showed that PTM by hydroxyisobutyric acid (Khib), crotonic acid (Kcr), succinic acid (Ksucc), as well as lactic acid (Kla) occurs in the proteome, involving histones that interact with chromatins. Our data indicate, confirming those of Gao et al. (15), that Kla is widely distributed and also involves proteins other than histones, influencing various biological processes. In all Western blots, long exposure led to a stronger response in BMU 04928 than in BMU 00512 (Supplementary Figure 2), which suggests that the role of lysine modification had increased during ten years in vivo.

Ribosomal proteins were dominant in our samples (Figure 5) and this may have interfered with detection of proteins with low abundance which may have key biological functions. This is a methodical bias towards the results, potentially being influenced by the combination of liquid chromatography and mass spectrometry (e.g. competitive ionization). The interplay of the technical nodes requires additional investigation. We claim validity of our results because a large number of proteins was detected that are non-ribosomal, vary in molecular weight and (electro-)chemical properties, and accordingly perform analytically different in the designated LC-MS/MS assay when compared to the majority of ribosomal proteins. GO enrichment analysis demonstrated that the majority of the lactylated proteins were involved in cytoplasmic translation. Lactylated proteins were distributed in the cytoplasm, nucleus, and mitochondria (Figure 4), demonstrating occurrence of Kla in proteins with diversified cellular distribution. Kla dynamics are pronounced in pro-inflammatory M1 macrophages, which have an essential role in innate immunity against fungal infections (35). Further enrichment analyses of KEGG pathways yielded similar results, showing that the proteins associated with the ribosome were more likely to be lactylated, significantly impacting metabolic processes. GO analysis showed that histones were lactylated at 123 sites, but only a single site was significantly enriched between BMU 00512 and BMU 04928. Biochemical preference of enzymes for given substrates is largely determined by residues surrounding the modification site. The number of upregulated lactylated proteins between BMU 00512 and BMU 04928 was 106 with 184 sites, while 136 proteins with 207 sites were downregulated. Subcellular localization analysis of lactylated proteins did not significantly deviate between the two strains. Network analysis of the 100 most up- and down-regulated lactylated proteins showed that ribosomal proteins formed a dense cluster, with proteins involved in signaling, transcription and translation formed a cluster with longer edges (Figure 5). The histones, and the majority of the heatshock proteins formed a cluster, while the main cluster, with proteins involved in metabolic processes and secondary metabolite production formed a large assembly with rather long edges.

Of the lactylated proteins identified in this study, some have been reported to be involved in fungal virulence. Four sites were identified in PKS by mass spectrometry, which were annotated in GO analysis as located in the PKS_ER domain-containing protein involved in catalytic activity. Differential expression in KEGG showed that PKS proteins involved in the tyrosine pathway via DOPA to melanin polymerization were down-regulated in BMU 04928 compared with the original isolate BMU 00512. This was however not confirmed by in vitro analysis, showing an increase of melanization in BMU 04928. The downregulation is rather counter-intuitive, as melanin is generally judged to be a virulence factor protecting the cell against hyperoxygenic action of the macrophage (36, 37), and in vitro melanization had increased (Supplementary Figure 5). Song et al. (38) showed that subjecting cells of Exophiala dermatitidis may lead to loss of melanin, which corresponds with frequent occurrence of hyaline cells of melanized fungi in tissue (39). The halophilic black yeast Hortaea werneckii responded erratically to various stress factors (40). Possibly, melanin has a natural function in protection against irradiation (41), and may be less accountable as a general factor aiding virulence. Virulence and stress tolerance involve the activation of signaling cascades that result in a prolonged S-phase and delayed entry into mitosis. Recent studies indicate the involvement of unspecific PKSs and specific Cyclin Dependent Kinases (CDKs) in the eukaryotic stress response machinery. CDKs are core cell cycle regulators, and have been implicated in additional cellular processes. While our findings indicate involvement of lactylated enzymes, additional studies are required to reveal key nodes that may serve as lactylated master regulators of signaling cascades.

Phialophora verrucosa is probably an environmental opportunist (37). With prolonged presence in the stressful, non-optimal habitat provided by the human host, a certain degree of adaptive micro-evolution might be expected from progenitor (BMU 00512) to derived isolate (BMU 04928). During the decade of the fungus residing in our patient with CARD9-related immunodeficiency and fatal outcome, no evidence for genomic adaptation was recognizable, despite a significant number of SNPs, genomic rearrangements, and some non-synonymous mutations in CDS. However, lysine lactylation, used as a proxy for post translational mechanisms, was significantly enriched suggesting impact on a wide diversity of metabolic and regulatory processes.
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The cerebrospinal fluid (CSF) immune responses in HIV-uninfected cryptococcal meningitis (CM) have not been well studied. In this study, we aimed to explore the phenotype of CSF immune response during the course of disease and to examine relationships between phenotypes and disease severity. We profiled the CSF immune response in 128 HIV-uninfected CM and 30 pulmonary cryptococcosis patients using a 27-plex Luminex cytokine kit. Principal component analyses (PCA) and logistic regression model were performed. Concentrations of 23 out of 27 cytokines and chemokines in baseline CSF were significantly elevated in CM patients compared with pulmonary cryptococcosis cases. In CM patients with Cryptococcus neoformans infection, IL-1ra, IL-9, and VEGF were significantly elevated in immunocompetent cases. Cytokine levels usually reached peaks within the first 2 weeks of antifungal treatment and gradually decreased over time. PCA demonstrated a co-correlated CSF cytokine and chemokine response consisting of Th1, Th2, and Th17 type cytokines. Prognostic analysis showed that higher scores for the PCs loading pro-inflammatory cytokines, IFN-γ, TNF-α, and IL-12; and anti-inflammatory cytokine, IL-4; and chemokines, Eotaxin, FGF-basis, and PDGF-bb; as well as lower scores for the PCs loading RANTES were associated with disease severity, as defined by a Glasgow Coma Scale of <15 or death. In conclusion, combined inflammatory responses in CSF involving both pro- and anti-inflammatory cytokines and chemokines are upregulated in HIV-uninfected CM, and associated with disease severity.
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Introduction

Cryptococcal meningitis (CM) with high mortality and morbidity poses a great public health challenge worldwide. It occurs not only in those with HIV/AIDS and natural or iatrogenic immunosuppression but also in apparently immunocompetent individuals. CM causes 15% of AIDS-related deaths and results in approximately 181,100 deaths annually (1). In recent years, a growing number of HIV-uninfected cases have been reported, especially in China. Here, 65%–70% of HIV-uninfected cases are immunocompetent, with an annual incidence of 2.62/100,000, and is twice as high in HIV-infected patients (2–5). The mortality rate of CM in China exceeds 30% and is comparable in patients with and without HIV co-infection (4).

Previous studies suggested that adequate CD4+ T cell immune responses to Cryptococcus are crucial for infection control. T helper 1 (Th1) cell responses involving the release of pro-inflammatory cytokines interferon (IFN)-γ, tumor necrosis factor α (TNF-α), interleukin (IL)-12, lead to classical activation of macrophages to kill Cryptococcus (6, 7). Th17 cells with the production of IL-17 also help to mediate the resolution of cryptococcal infection (8, 9). In contrast, Th2 cells producing IL-4, IL-5, and IL-13, are related to alternatively activation of macrophages, leading to worsened pathology and increased risk of dissemination (10, 11). Additionally, Xu et al. suggested the important role of chemokine receptor CXCR3 in the lethal brain pathology but not pathogen clearance during cryptococcal meningoencephalitis (12). Human data are more limited and are mostly performed in the context of HIV-infected CM. Altfeld et al. observed a Th1 to Th2 shift cytokine profile in peripheral blood of HIV-infected patients, which correlated with an increased vulnerability to cryptococcal infection (13). Jarvis et al. provided immunological associations, indicating that high proportions of IFN-γ and TNF-α double producing cryptococcal-specific CD4+ memory T cells were associated with survival (14). Adjunctive IFN-γ therapy also appeared to augment fungal clearance (15). Moreover, profiling studies at the site of infection showed that baseline pro-inflammatory cytokine responses in central nervous system (CNS) were associated with rapid clearance of infection and improved outcomes (16). Nevertheless, the role of cytokines in patients with HIV-uninfected CM is yet to be elucidated. Although Panackal et al. observed that stronger immune responses may be associated with pathological damage in CNS, such as enriched cryptococcal-specific T cells, high concentrations of IFN-γ, IL-6, IL-10, IL-18, and elevated levels of markers of axonal damage in cerebrospinal fluid (CSF), the immune profiles in HIV-uninfected CM remain understudied (17).

We had previously characterized the baseline CSF cytokines of HIV-uninfected CM patients in a clinical cohort and found IL-10 as an independent predictor for disease severity (18). In the present study, we aimed to explore the phenotypes of the CSF immune response during the clinical course of HIV-uninfected CM, as well as to examine the relationships between the phenotypes and disease severity.



Methods


Participants and procedures

A total of 128 HIV-negative adults (age ≥19 years) with a first episode of CM were consecutively enrolled from January 2014 to December 2017 in Huashan Hospital. All patients met ≥1 of the following: positive CSF smear for Cryptococcus, positive CSF or brain tissue culture for Cryptococcus, or positive CSF cryptococcal antigen (CrAg) test (IMMY Cryptococcal Antigen Lateral Flow Assay; Immuno-Mycologics) (19). Identification of clinical isolates was achieved by chemotyping with canavanine-glycine-bromothymol blue medium and multilocus sequence typing (MLST) analysis using the ISHAM consensus MLST scheme for the C. neoformans and C. gattii. Patients who developed abnormal mental status (Glasgow Coma Scale score, [GCS] <15) or died within 2 weeks after initial antifungal treatment (AFT) were considered as severe cases, otherwise as non-severe cases. Lumber puncture was done at physician discretion, according to clinical need. Surplus CSF samples were collected at baseline, before or within 7 days after AFT, and during the follow-ups. A total of 505 CSF samples were obtained.

Thirty cases of proven or probable HIV-uninfected pulmonary cryptococcosis were included as control group. Proven cases were diagnosed through histopathology or tissue culture (19). A probable diagnosis of pulmonary cryptococcosis was made if all of the following conditions were met (1): positive blood CrAg, (2) nodular or cavity lesions in lung which were found by computed tomography scan, and (3) improvement of symptoms and radiology after AFT (19, 20). Diagnostic lumber puncture and cranial magnetic resonance imaging were done for each patient to rule out cryptococcal CNS involvement. Those who had abnormal CSF laboratory testing or cranial radiology were excluded. Surplus CSF samples of pulmonary cryptococcosis cases before treatment were collected as controls.

CSF samples were centrifuged at 600 g for 10 minutes within 1 hour of collection. The supernatants were frozen at -80°C until analysis using Bio-Plex Pro™ Human Cytokine 27-plex Assay kit and Bio-Plex® 200 system (Bio-Rad, Hercules, CA, USA). All samples were tested at first thaw and being run at 1:2 dilution.

Demographic and clinical data were recorded on standardized forms. All participants provided written informed consent. This study was approved by the Ethic Committee/Institutional Review Board (HIRB) of Huashan Hospital, Fudan University.



Statistical analyses

Continuous variables were compared with Mann-Whitney U test and categorical variables by χ2 analysis or Fisher’s exact test. Concentrations of baseline CSF cytokine and chemokine were analyzed by principal component analysis (PCA), resulting in linearly uncorrelated principal components (PCs) by reducing dimensionality of such datasets. Associations between PC scores and clinical variables were examined by Pearson’s correlation test. Logistic regression model was constructed using stepwise regression with the objective of determining the independent factors for disease severity. All variables with a value of P < 0.05 in the univariate analysis were included. The results of the multivariate analysis were expressed as odds ratio (OR) and the corresponding 95% confidence intervals (CIs). Data were analyzed with the use of SPSS, version 17.0 (SPSS Inc.); and Prism, version 8 (GraphPad Software). All tests were two-sided, and significance was defined as P < 0.05.




Results


Patient demographics and baseline characteristics

Baseline CSF samples were available from 104 out of 128 CM cases enrolled, and from 30 pulmonary cryptococcosis cases, whose demographic and clinical characteristics are compared in Table 1. Of CM patients, the median age was 46 years (inter-quartile range [IQR], 36–59) and 69.2% were male. Fifty-five (52.9%) patients had predisposing conditions, the most prevalent of which was corticosteroid use. Eighty-eight (84.6%) Cryptococcus strains were isolated, of which 83 (79.8%) were identified as C. neoformans and 5 (4.8%) were C. gattii. Forty-four (42.3%) patients had extracranial lung (44/104, 42.3%) or lymph node (1/104, 1.0%) infection. Mortality at 2-weeks was 7.7% and 34 (32.7%) developed abnormal mental status. Of 30 pulmonary cryptococcosis cases, 13 (43.3%) were diagnosed by surgical pathology or percutaneous biopsy. Five out of 10 immunocompromised patients had solid tumor. No significant difference was identified in demographics between 2 groups.


Table 1 | Patient Demographics and Baseline Characteristics.





Baseline CSF cytokines and chemokines responses

Concentrations of baseline CSF cytokines are shown in Figure 1A. The median levels of 23 cytokines in CM cases were significantly higher than those in pulmonary cryptococcosis cases (P < 0.05), except for IL-7, IL-13, granulocyte macrophage colony-stimulating factor (GM-CSF) and monocyte chemotactic protein-1 (MCP-1). The ratio of IFN-γ/IL-10 was comparable in CM and control cases, while IL-12/IL-10 was significantly lower in CM cases (P < 0.001). We observed up to 400-fold higher level of IL-6 in CM when compared with that in controls, followed by IL-1β, exhibiting a nearly 200-fold increase. The TNF-α, IL-10, IL-8, IL-1ra, and IFN-inducible protein-10 (IP-10) levels in CM were also 11.1 to 34.7 times higher than the levels observed in controls, indicative of localized higher inflammation in CNS. In addition, overall, no significant difference of CSF cytokines levels was found between patients with and without predisposing conditions. While among 83 CM patients caused by C. neoformans, IL-1ra (P = 0.036), IL-9 (P = 0.027), and VEGF (P = 0.017) were significantly elevated in immunocompetent cases (Figure 1B).




Figure 1 | Comparisons of concentrations of baseline CSF cytokines and chemokines between CM (n = 104) and PC (n = 30) patients (A), and between CM patients with (n = 44) or without (n = 39) predisposing conditions who were caused by Cryptococcus neoformans (B). Medians and interquartile ranges are shown. The Mann-Whitney U test was used. *P < 0.05, **P < 0.01, ***P < 0.001. CSF, cerebrospinal fluid; CM, cryptococcal meningitis; PC, pulmonary cryptococcosis; IL, interleukin; FGF, fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IP, interferon-inducible protein; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; PDGF, platelet-derived growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.



PCA was used to determine the variance of co-correlated cytokine and chemokine measurements among 104 CM patients. The majority of variance (77.3%) in dataset could be explained by the first 4 PCs exceeding an eigenvalue of 1 (Figure 2A). Contribution of each variable to the variance between patients in PC-1 to PC-4 is shown in the heat map (Figure 2B). The variance in PC-1 was driven by positive loading scores for pro-inflammatory cytokines TNF-α, IL-12, and IFN-γ; anti-inflammatory cytokines IL-4; and chemokines eotaxin, basic fibroblast growth factor (FGF-basic), and platelet-derived growth factor (PDGF)-bb. Another 13 cytokines also made a positive, albeit more modest contribution to the PC-1 score. The variances in PC-2 to PC-4 were all due to negative loading scores. The PC loadings heat map indicated that macrophage inflammatory protein (MIP)-1β, MIP-1α and IL-10 loaded low in PC-2; IFN-γ, granulocyte colony-stimulating factor (G-CSF), IL-2, and IL-17 in PC-3; and RANTES in PC-4. The positive or inverse correlations (e.g. TNF-α and RANTES) between PC scores and cytokines and chemokines are shown in Figure 2C.




Figure 2 | Principal component analysis scores and weightings. Analyses were made among 23 cytokines and chemokines that showed significant difference between cryptococcal meningitis patients and controls. (A), Eigenvalues as proportion of variance in the dataset explained by each of the principal component (PC) and the variance of the first 4 PC scores among the 104 patients studied. (B), Contribution of each of the CSF cytokines and chemokines to the variance in 4 PCs depicted by heat map. (C), PC-1 scores were positively correlated with concentrations of CSF TNF-α, and PC-4 scores were inversely correlated with concentrations of CSF RANTES. IL, interleukin; FGF, fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; IFN, interferon; IP, interferon-inducible protein; MIP, macrophage inflammatory protein; PDGF, platelet-derived growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.





Dynamic CSF cytokine and chemokine patterns during the course of HIV-uninfected CM

A total of 505 CSF samples were collected (median: 4 samples per patient, range: 1–18 samples per patient) from 128 CM cases with an average follow-up of 92 days. Most cytokines reached peaks within 2 weeks of AFT and gradually decreased over time. The trends were more obvious when cytokines were categorized and compared by disease courses, briefly described as CM1 (within 2 weeks of AFT), CM2 (2–10 weeks after AFT), and CM3 (after 10 weeks of AFT). One hundred and eighty-six (36.8%) samples were collected in the period of CM1, 175 (34.7%) were in CM2, and 144 (28.5%) were in CM3. The median levels of 24 out of 27 CSF cytokines in CM2 were significantly lower than those in CM1 (P < 0.05). In CM3, cytokine levels declined further, albeit with slower decline rates. Median levels of 10 cytokines in CM3 reduced to baseline control levels while the other 17 cytokines were still significantly higher than control levels. Moreover, GM-CSF and MCP-1 did not significantly change throughout the course of the disease, and the ratio of IFN-γ/IL-10 and IL-12/IL-10 progressively increased during follow-up. Cytokines that increased over 10 times compared to controls in CM1 all fell by over 50% in CM2: IL-6, IL-1ra, IP-10, IL-8, IL-1β, IL-10, and TNF-α. The most significant decrease was found in IL-6, exhibiting a fall by 95%. Levels of G-CSF and IFN-γ, presenting 8.1 to 9.2-fold increase in CM1, also dropped by over half in CM2. Chemokines (MIP-1α, MIP-1β, and RANTES), increased 6.0 to 9.8 times at baseline, declined relatively slow (Figure 3).




Figure 3 | Changes of CSF cytokine levels during the clinical course of cryptococcal meningitis. Medians and interquartile ranges are shown. CSF, cerebrospinal fluid; IL, interleukin; G-CSF, granulocyte colony-stimulating factor; IP, interferon-inducible protein; TNF, tumor necrosis factor; IFN, interferon; MIP, macrophage inflammatory protein.





CSF cytokines and chemokines correlate with disease severity

Associations of baseline CSF cytokines and chemokines as well as demographic, clinical and laboratory characteristics with disease severity were explored (Table 2). Thirty-four (32.7%) of the 104 CM patients with a GCS <15 or who died within 2 weeks were classified as a severe group, with the rest classified as non-severe. The PCA of CSF analytes reflects variance in the dataset with 4 components: PC-1 (56.9%), PC-2 (8.9%), PC-3 (6.0%), and PC-4 (5.5%). All cytokines and chemokines identified as statistically associated with disease severity loaded into PC-1 and PC-4 (Figure 4), both of which were negatively correlated with CSF glucose (Table 3). A logistic regression model was further constructed for severity that included the following factors: vomiting, epilepsy, CSF CrAg titre, blood culture, C-reactive protein level, ventriculomegaly, CSF fungal burden, multi-site infection, and PC-1 and PC-4 scores. The associations of C-reactive protein level (OR 3.17, 95% CI 1.03–9.74, P = 0.044), PC-1 score (OR 2.78, 95% CI 1.14–6.78, P = 0.025), and PC-4 score (OR 2.60, 95% CI 1.31–5.12, P = 0.006) with disease severity remained significant.


Table 2 | Univariate and multivariate analysis of factors associated with clinical severity of cryptococcal meningitis.






Figure 4 | Associations between PC scores and disease severity. Medians and interquartile ranges are shown. The Mann-Whitney U test was used. Adjusted P values were derived by the logistics regression analyses. PC, principal component.




Table 3 | Correlations between PC scores and clinical variables in cryptococcal meningitis.






Discussion

Our study utilized a well-characterized large cohort of HIV-uninfected individuals with CM to do profiling studies on CSF cytokines and chemokines. Levels of baseline CSF cytokines and chemokines were significantly elevated in CM patients compared with pulmonary cryptococcosis cases and could be resolved into 4 principal components, 2 of which were associated with severe disease, as defined by altered mental status or death. Our data provide important additional insight into the immune response against Cryptococcus in HIV-uninfected patients.

Our data showed that baseline CSF cytokines were significantly elevated in cryptococcosis with CNS involvement (21). Notably, pro-inflammatory cytokines IL-6, IFN-γ, and TNF-α were significantly increased in both HIV-infected and HIV-uninfected CM while IL-10 was only significantly elevated in HIV-negative cases (17, 22). However, when using PCA to identify co-correlated Th1, Th2, and Th17 type cytokines in HIV-infected CM, positive loading scores were found in IFN-γ, IL-4, IL-6, IL-8, IL-10, and IL-17, showing compensatory parallel increases in Th2-type cytokines (15). Of HIV-uninfected CM, a more highly activated immune status was observed. Comparatively higher CSF levels of IL-6, IL-8, IL-10, and TNF-α were detected in HIV-negative CM than that in HIV patients (23). In our present study, we prospectively recruited 104 CM patients, 47.1% of whom were immunocompetent. Interestingly, no significant difference in CSF cytokines was found in patients with or without predisposing conditions. While among 83 patients who were identifiable with C. neoformans infection, IL-1ra, IL-9, and VEGF were significantly elevated in immunocompetent cases, indicating the underlying influence of immune status in HIV-uninfected hosts.

We further categorized the 27 cytokine analytes into 4 PCs. PC-1 was driven by higher levels of some pro-inflammatory cytokines including TNF-α and IFN-γ, while PC-2 included negative weightings in the chemokines MIP-1α and MIP-1β, reminiscent of a similar analysis in HIV-infected CM patients although we showed a more diverse interplay of pro- and anti- inflammatory cytokines and chemokines compared with the analysis in the HIV population (16). IL-17 and RANTES contributed most to PC-3 and PC-4, respectively. In addition, CSF fungal burden was much lower in our study than in HIV-infected cohorts, perhaps indicating, together with the cytokine data, an increased role for immunopathology in HIV-uninfected CM (16). Panackal et al. described a “Th1-M2 discordance” in cryptococcal postinfectious inflammatory response syndrome (cPIIRS), suggesting a pro-inflammatory phenotype and a downstream monocyte defect in the efferent arm of the immune response in HIV-uninfected CM (17). Healthy individuals with Cryptococcus infection were also reported to have defective macrophage signaling, suggested by STAT5-blocking antibodies to GM-CSF, with retention of normal T-cell activity (24, 25). Our study found a positive correlation of PC-1 with CrAg titre and a negative correlation with CSF glucose. No correlation was found between CSF white cell count and PCs, suggesting CSF cytokines were probably derived from activated resident cells (23). Further investigations are required to elucidate the cell-specific responses due to complexity and diversity of immune mechanisms in HIV-uninfected CM.

Baseline cytokine responses have been found to be predictive of clinical outcomes in cryptococcal infection. An IFN-γ/TNF-α predominant response contributed to a protective immune response and was correlated with survival in HIV-infected CM (14, 26). Animal models showed consistent findings, highlighting microglial cell activation in response to IFN-γ for host resistance to cryptococcal infection (27). When it comes to Th2 type cytokines, evidence remained controversial. Mora et al. suggested significantly increased baseline CSF level of IL-10 in fatal HIV-infected CM cases at 2 weeks after AFT, while Siddiqui et al. showed a relatively lower level (22, 28). Interestingly, Jarvis et al. found that levels of IL-4 and IL-10 in baseline CSF positively correlated with IFN-γ concentrations, and both were associated with better control of cryptococcal infection and lower mortality, while in mouse models of cryptococcal infection these cytokines are associated with alternative activation of effector cells and worse outcome (16, 29). Notably, cytokines are intricately linked to programmed cell death mechanisms (pyroptosis, apoptosis, and necroptosis) which were conceptualized as “PANoptosis”. For immunocompetent individuals, pathogenic cytokine release mediated by PANoptosis through membrane pores and cell lysis could drive life-threatening damage to host tissues and organs and lead to adverse clinical outcomes (30). MCP-1 was reported to be correlated with CM-associated immune reconstitution inflammatory syndrome (IRIS) in HIV-negative populations (31). In our present study, we demonstrated the diversity of immune mechanisms with higher scores for PC-1 associated with disease severity, suggesting that a combined inflammatory response involving multiple immune mediators may be critical to disease outcome.

The dynamic changes of CSF cytokines during the clinical course of CM were previously illuminated in HIV patients. Elevated levels of IL-6, IL-1β, TNF-α, and IFN-γ on the 3rd day of AFT compared to baseline, and a significant decrease in IL-8 and IFN-γ levels observed at week 2 were thought to be attributed to the antigenic stimulation following AFT (28). Recently, Mora et al. followed 33 HIV-infected CM patients for 16 weeks and observed that both CSF and serum levels of IL-4, IL-10, and chemokine (C-X-C motif) ligand (CXCL)-10 were significantly decreased when compared to baseline values (32). Further in vitro studies found that peripheral blood mononuclear cells produced higher levels of IL-4 than those of healthy controls in response to glucuronoxylomannan (GXM) stimulation, and IL-4 levels progressively decreased during treatment, also indicating that a progressive shift favoring a pro-inflammatory pattern is crucial in controlling cryptococcal infection (32). Data on the dynamic cytokine patterns in the clinical course of HIV-uninfected CM remain sparse. In our present study, a total of 45 patients completed a follow-up time of more than 10 weeks. We detected a common trend that cytokines usually reached peaks during the first 2 weeks of AFT and gradually decreased over time. IFN-γ/IL-10 and IL-12/IL-10 ratios increased inversely with time on AFT, indicating a reconstitution of Th-1/Th-2 balance.

Strengths of our study include the comprehensive analysis of CSF immune parameters and large size and long-term follow-up of our cohort. However, there are noteworthy limitations. First, the cellular source of the CNS cytokine production is not possible to be elucidated from these data. Second, several other genetic and clinical factors may also influence cytokine dynamics. Third, we categorized disease severity based on GCS scores and death, given the relatively low mortality in our cohort. Larger cohorts are needed in order to definitively analyze factors associated with improved survival.

In summary, combined inflammatory responses involving both pro- and anti-inflammatory cytokines and chemokines are associated with disease severity in HIV-uninfected CM patients in China. Our findings provide additional insights into the immunopathogenesis of CM. Prospective multi-center cohort studies in larger scale and further investigation of specific cell-based cytokine patterns and interplays may be helpful in the development of future host-directed immunotherapies.
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Species within the Aspergillus spp. cause a wide range of infections in humans, including invasive pulmonary aspergillosis, chronic pulmonary aspergillosis, and allergic bronchopulmonary aspergillosis, and are associated with high mortality rates. The incidence of pulmonary aspergillosis (PA) is on the rise, and the emergence of triazole-resistant Aspergillus spp. isolates, especially Aspergillus fumigatus, limits the efficacy of mold-active triazoles. Therefore, host-directed and novel adjunctive therapies are required to more effectively combat PA. In this review, we focus on PA from a microbiome perspective. We provide a general overview of the effects of the lung and gut microbiomes on the growth of Aspergillus spp. and host immunity. We highlight the potential of the microbiome as a therapeutic target for PA.
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Introduction

Pulmonary aspergillosis (PA) is an infection or allergic response caused by Aspergillus spp (1). Aspergillus spp. are widely present in the environment and are mainly transmitted via airborne conidia (2, 3) (Figure 1). Aspergillus fumigatus is one of the most common Aspergillus spp. It is responsible for the majority of PA incidences (6). Depending on host immunity, pulmonary ailments caused by Aspergillus spp. can be mainly classified as invasive pulmonary aspergillosis (IPA), chronic pulmonary aspergillosis (CPA), or allergic bronchopulmonary aspergillosis (ABPA) (6, 7). Recent global estimates revealed that 8,000,000 cases of PA occur annually (8). Mold-active triazole exerts cidal activity, and as such are the frontline antifungals used to treat aspergillosis, while echinocandins show static activity and amphotericin B prescription is limited owing to its cytotoxic activity (9). Unfortunately, the extensive use of fungicides in the environment as well as in the clinic, has resulted in the increasing emergence of triazole resistant aspergillosis, mostly owing to A. fumigatus (9–12). Additionally, expensive and/or toxic drugs, drug-drug interactions, and unequal clinical resources in different regions reduce the potential for survival and recovery (13, 14). Therefore, there is an unmet need to identify/design novel antifungal drugs as well as make use of host-directed strategies to combat PA and to improve the clinical outcomes of inflicted patients.




Figure 1 | Interaction between the microbiome and PA. Aspergillus spp. conidia usually enter the human body through air-borne transmission. The colonization and infection of Aspergillus spp. have dramatically increased, considering the growing numbers of patients with an impaired immune state associated with the treatment of malignancy, organ transplantation, autoimmune diseases, and inflammatory conditions (4, 5). The development of PA is influenced by composition and metabolites of the lung and gut microbiomes (e.g., VOCs, rhamnolipids, strict anaerobes, SFB, probiotics, C. albicans). ↑: increase; ↓: decrease.



Despite being a novel field, the current paradigm suggests that communities of microbes living on various epithelial surfaces, known as microbiome, are linked to an array of complications in humans and dysregulation in the composition of such communities, known as microbiome dysbiosis, can have profound impact on predisposition to various infections and complications ranging from pulmonary infections and cancer to diabetes and neurological disorders (15–19). On the one hand, the application of fecal microbial transplantation from healthy donors to patients was found to be promising against a wide range of ailments. On the other hand, human complications are often accompanied by microbiome alterations, and as such, determination of the microbiome signature could potentially offer a robust diagnostic tool, and its leverage could subsequently aid in timely and effective treatment. For instance, Hérivaux et al. (20) reported that microbiome diversity was found to predict IPA onset and the mortality rate associated with this complication. Apart from scattered studies reported thus far, the association of the human microbiome with PA remains largely elusive. Determination of a clear picture of the healthy microbiome and dysbiosis in the context of PA could potentially enhance the therapeutic capacity; therefore, the current study thoroughly discusses and links the human microbiome to PA.

Although the microbiome composition of the lung remained elusive in early times, the development of quantitative molecular sequencing methods has identified a complicated microbial community inhabiting the lung, known as the lung microbiome (21). The lung microbiome is associated with immune activation and regulation (22); it is also known to diverge substantially between healthy (23) and diseased states (24, 25). Dysbiosis of the lung microbiome is related to the exacerbations of several respiratory diseases such as bronchiectasis, cystic fibrosis (CF), and chronic obstructive pulmonary disease (26–28). The components and metabolites of the gut microbiome can also influence immune responses (29). Intestinal dysbiosis has been linked to alterations in host immunity and disease development, including respiratory diseases (30). Moreover, numerous pieces of evidence support the key contribution of the microbiome in the prevention and treatment of respiratory diseases. Gram-negative bacilli (Pseudomonas aeruginosa, Acinetobacter baumannii, and Escherichia coli, etc.) that colonize the lungs usually cause nosocomial pneumonia. Antimicrobial therapy improves the outcome of nosocomial pneumonia (31). Gut commensal microbiome regulate immune responses in the respiratory mucosa and resist respiratory virus infections (32). Although the significance of the microbiome has already been established in respiratory diseases, the mechanisms by which the lung and gut microbiomes influence PA are relatively unknown (33, 34). Considering this, in this review, we aim to discuss the role of the lung and gut microbiomes in the growth of Aspergillus spp. and host immunity (Figure 1, Table 1). We hope it will serve as a vital foundation for the further analysis of the interactions between immunity, the microbiome, and PA. Moreover, our review will contribute to the development of a more reliable clinical treatment for PA.


Table 1 | The possible mechanisms underlying the effects of the lung and gut microbiomes on PA.





Advances in immunity to pulmonary aspergillosis

Conventionally, a few members of the Aspergillus spp. have reached the alveoli and exposed the cell wall pathogen-associated molecular patterns, such as β-D-glucan (52, 53). In immunocompetent individuals, different pattern recognition receptors (PRRs) include Toll-like receptors, C-type lectin receptors (CLRs), and Nod-like receptors. PRRs can recognize Aspergillus spp. and initiate an early immune response (54). For instance, Dectin-1, a CLR, recognizes fungal β-glucan and modulates the inflammatory responses by inducing the expression of the anti-inflammatory cytokine interleukin (IL)-10 (55). Subsequently, innate immune cells (macrophages, neutrophils, etc.) actively participate in the cellular immune responses against Aspergillus spp. by engulfing and killing the conidia. As the main resident leukocytes in the lungs, alveolar macrophages can rapidly adhere to and take up conidia that enter the alveolar space (56). In contrast to delayed killing mediated by alveolar macrophages, neutrophilic granulocytes rapidly kill hyphae of Aspergillus spp. through an active oxygen-dependent mechanism at the cell surface (57). These innate immune responses constitute the first line of defense against pulmonary host defense and the natural and chemical barriers of the organism.

Nonetheless, for patients with chronic respiratory disease or impaired immune function (e.g., neutropenia), these innate immune responses do not function normally leading to Aspergillus spp. colonization and infection. In this case, the adaptive immune responses are activated. CD4 (including Th1, Th2, Th17, etc.) or CD8 T-cell responses play a critical role in PA. After infection with Aspergillus spp., Th1 cells enhance the antifungal activities of macrophages and neutrophils and express the pro-inflammatory cytokines TNF-α and IFN-γ (58). Conversely, Th2 cell activation inhibits Th1 cell responses. Allard et al. (59) reported a direct airway exposure to Aspergillus spp. Lysates boost the Th2 cell responses in the lungs of mice, resulting in symptoms similar to those of ABPA. Symptoms include eosinophilic inflammation, mucus hypersecretion, and increased airway resistance. In contrast, the role of Th17 cell responses in Aspergillus spp. infection is debatable. IL-17 and IL-23 produced by Th17 cells can suppress Th1-mediated protective immunity against fungi and increase susceptibility to Aspergillus spp. in mice (60). However, some studies have concluded that IL-17 is involved in protective responses against PA. For example, Werner et al. (61) observed that the neutralization of IL-17 significantly impaired A. fumigatus clearance. In summary, innate and adaptive immune responses help host resistance against PA.

Relevant advances have been made in devising immunotherapeutic strategies for PA. Among the innate immune responses, Bruton’s tyrosine kinase (BTK), a key molecule in multiple signaling pathways, activates fungal recognition immune responses. The clinical application of BTK inhibitors is to impair several immune functions of platelets in response to A. fumigatus and increases the risk of invasive aspergillosis in patients with chronic lymphocytic leukemia (62). Among the adaptive immune responses, from a neutropenia perspective, transfusable neutrophil progenitors serve as new cellular therapies for the prevention of IPA. This treatment produces unlimited numbers of homogenous granulocyte-macrophage progenitors, greatly improving survival in models of PA (63). Although an increasing number of new therapeutic strategies are being discovered, most of the studies are still limited to animal experiments. Whether these therapeutic strategies are applicable to humans remains uncertain and cannot be extrapolated directly. Thus, further studies are needed to determine how the immune system functions during Aspergillus spp. infection. Researchers should strive to translate these findings into valuable therapeutic tools for clinical settings.



Effects of the lung microbiome on pulmonary aspergillosis

Lung bacteria are vital in protecting against PA. Pseudomonas aeruginosa and A. fumigatus frequently coexist in the lungs. These two species have competitive interactions that can influence the growth of the microbiome and disease outcomes. Volatile bacterial organic compounds (VOCs) produced by P. aeruginosa or other gram-negative bacteria (e.g., E. coli and Burkholderia cepacia) can stimulate the growth of A. fumigatus without direct contact (35, 36) (Figure 1, Table 1). Li et al. (64) identified VOCs that can be used as biomarkers for differential diagnosis and therapeutic response prediction in patients with CPA. In contrast, A. fumigatus biofilm formation is inhibited by direct contact with P. aeruginosa (65). Pseudomonas aeruginosa showed a strong association with A. fumigatus hyphae. When P. aeruginosa is in direct contact with A. fumigatus, the diffusible extracellular molecules produced by P. aeruginosa disrupt its growth. Specifically, rhamnolipids secreted by P. aeruginosa block fungal β1,3 glucan synthase activity. Rhamnolipids inhibit the growth of A. fumigatus in in vitro experiments (37) (Figure 1, Table 1). Moreover, Hérivaux et al. (20) observed a loss of bacterial diversity and overgrowth of bacteria (e.g., Staphylococcus, Escherichia, Paraclostridium, and Finegoldia genera) in the lungs of patients with IPA. These changes in the lung microbiome were predictive of disease outcomes across IPA. In summary, there were complex reactions between lung bacteria and A. fumigatus. The growth of A. fumigatus may be regulated by lung bacteria, which, in turn, affects the severity of PA. Most of the studies were conducted in the context of CF, which has some similarities to the regulation of A. fumigatus growth by lung bacteria during PA; however, further validation is needed.

However, little is known about the direct regulation of PA by lung fungi. Several studies have focused on fungi that interact with lung bacteria and indirectly influence PA. Candida albicans colonization of the airway increases the prevalence of P. aeruginosa in rat lungs by inhibiting the production of reactive oxygen species by alveolar macrophages (66). An increase in the prevalence of P. aeruginosa in the lungs is likely to accelerate the growth of A. fumigatus and induce PA. Additionally, some studies have shown that changes in the composition of the lung microbiome can predict the survival of patients with IPA. On the one hand, the variety of lung bacteria declines, whereas lung fungi increase quickly. These changes worsen the prognosis of patients with IPA (20) (Table 1). On the other hand, the increase in strict anaerobes in the lungs reduces the risk of A. fumigatus infection by limiting the expansion of pathogenic Proteobacteria (38, 39) (Figure 1, Table 1). Notably, the lung microbiome has been shown to play a role in the regulation of A. fumigatus growth and even influence the progression of PA. However, studies on how the lung microbiome affects PA remain inadequate. As a potential treatment for PA, there is immense potential for future research on the lung microbiome.

The role of the lung microbiome in PA is probably largely underestimated because of non-specific and insensitive sampling and diagnostic tools. Compared with the gut microbiome, the lung microbiome is not easy to obtain and has low microbial biomass (67). Owing to the existence of physiological processes (e.g., aspiration), it is difficult to avoid the oral microbiome when trying to isolate the lung microbiome (23, 68). Deep sputum conjoint culture has been shown to distinguish oropharyngeal flora from lung fungi and diagnose lung fungal infections early (69). Pragman et al. (68) concluded that the lung lobectomy protocol utilized is well suited for obtaining reasonable non-invasive samples. Among the several methods used to obtain lung microbiome samples, bronchoscopy may cause sample contamination, but its effects are largely negligible (23). Micro-anatomical differences exist in the lung microbiome. Different parts of the lungs of the same individual have different microbiomes (70). In addition, individuals from different regions can also contain different lung microbiomes (71, 72). Rapid advances in technology have helped advance the study of the lung microbiome; however, several related problems exist owing to the lack of standardization. Diagnostic tools include high-throughput sequencing, phylogenetic microarray analysis, terminal restriction fragment length polymorphism, and amplicon length heterogeneity-polymerase chain reaction. The results obtained by different analytical methods vary (73, 74). In conclusion, many studies on the lung microbiome have been limited by small sample sizes, different sample collection techniques, different sampling sites, different regions of the subjects, and different analysis techniques. These limitations make it difficult to compare the results of the different studies. The impact of the lung microbiome on PA is an emerging area that needs further exploration and validation. Moreover, to better assess different studies and acquire reliable findings, continued research in this field is likely to establish a standardized method for obtaining and analysing the lung microbiome.



Role of the gut microbiome in pulmonary aspergillosis

Bacteria colonizing the intestinal mucosa are involved in the maintenance of host immune homeostasis. Normal immune homeostasis further helps the host remove invasive fungi from the outside world. Ivanov et al. (40) found that segmented filamentous bacteria (SFB) can colonize the surface of the ileum in mice and induce intestinal CD4(+) T helper cells to produce IL-17 and IL-22 (Th17 cells). Furthermore, during fungal infections, SFB can induce lung autoimmunity by stimulating the systemic release of IL-1 receptor ligands and inducing gut-lung axis Th17 cells expressing dual TCR (41, 42) (Figure 1, Table 1). Mice infected with A. fumigatus show changes in the diversity of their gut bacteria, which affects intestinal immune tolerance and predisposes them to intestinal inflammation (75).

Probiotics are promising new targets for antifungal treatments. Probiotics can influence the constituents of the gut microbiome by directly affecting immune cells or releasing health-promoting metabolites, which, in turn, affects systemic immunity (43) (Figure 1, Table 1). For example, oral treatment with live Lactobacillus reuteri and Bifidobacterium longum reduces allergic airway reactions (e.g., ABPA) by increasing the number of Tregs in the lungs (44, 45). Oral administration of bacteria expressing high levels of α-Gal can protect turkeys against an infectious challenge with A. fumigatus by reducing the levels of lung anti-α-Gal IgA (46). Despite the lack of oral experiments, the E. coli DH5α strain also inhibited the development of A. fumigatus conidia in in vitro experiments (47). In summary, understanding the interaction between gut bacteria and host immunity provides a potential therapeutic strategy for the treatment of PA.

Studies have revealed the existence of cross-protective immunity between A. fumigatus and C. albicans. The gastrointestinal system of mice treated with C. albicans was protected against IPA and vice versa. In addition, cross-protection between A. fumigatus and C. albicans is mediated by Th1 immunity and dependent on IFN-γ. IFN-γ-deficient mice vaccinated with A. fumigatus or C. albicans show no reduced fungal growth in the lungs or the gastrointestinal system, respectively (76). Noverr et al. (48–50) demonstrated that antibiotic treatment changed the composition of the gut microbiome, causing overgrowth of intestinal bacteria and C. albicans in mice. As a result, Aspergillus-infected mice were more sensitive to CD4 T cell-mediated pulmonary allergic airway responses (e.g., ABPA). The reason for this may be that the overgrowth of C. albicans increases plasma concentrations of prostaglandin E2 (PGE2) and induces M2 macrophage polarization in the lungs (77). PGE2 is required for the Th17 response, and C. albicans is the major fungal inducer of human Th17 responses (51, 78). Global antifungal Th17 modulation by C. albicans promotes pathogenic airway inflammation triggered by A. fumigatus in susceptible patients via the selective recruitment of cross-reactive Th17 cells (51) (Figure 1, Table 1). Particularly, even if mice are exposed to Aspergillus spp., allergic reactions will not occur in the airways if the gut microbiome is not damaged by antibiotics (49, 50). Advances in the understanding of the relationship between the increase in intestinal C. albicans and the occurrence of ABPA have highlighted the importance of gut fungi in maintaining host immunity and resistance to Aspergillus spp. Nevertheless, there is still some confusion and defects in the mechanisms by which gut fungi regulate pulmonary immunity after infection with Aspergillus spp. This should be further explored in the future and should not be limited to C. albicans.



Discussion

The microbiome plays an important role in the prevention of PA by inhibiting the growth of Aspergillus spp. or by increasing host immunity. However, this new research field poses several technical challenges and unanswered questions. Thus far, there is a lack of standardized sampling of the lungs and uniform sequencing techniques for the identification of the lung microbiome (79). Subsequently, many questions remain unanswered regarding the interaction of the lung microbiome with the gut microbiome during Aspergillus spp. infection (80). The influence of the lung and gut microbiomes on healthy and immunocompromised individuals during Aspergillus spp. infection remains unclear (81). Further studies focused on these issues will contribute to a better understanding of the effect of the microbiome and immune system on PA. The development of PA will lead to the development of novel treatment strategies.
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Melioidosis is a fatal infectious disease caused by Burkholderia pseudomallei. Complications following treatment are usually due to antibiotic resistance and relapse is mainly caused by B. pseudomallei biofilm. Although the release of neutrophil extracellular traps (NETs) is crucial to capture and eliminate bacterial pathogens, to date response of NETs to B. pseudomallei biofilm is poorly understood. Here we compare the NETs produced by neutrophils in response to B. pseudomallei H777 (a biofilm-producing strain containing the bpsl0618 gene), a biofilm-defect strain lacking this gene (B. pseudomallei M10) and a bpsl0618 biofilm-complemented strain, B. pseudomallei C17, in which function of bpsl0618 was restored. Co-cultivation of these strains with healthy human neutrophils at MOI 10 with or without cytochalasin D demonstrated that H777 significantly resisted neutrophil-mediated killing and non-phagocytotic mechanisms compared to M10 (p < 0.0001). Three distinct morphotypes of NETs were seen: “aggregated”, “spiky” and “cloudy”. These were induced in different proportions by the different bacterial strains. All types of NETs were shown to confine all B. pseudomallei strains. Strains H777 and C17 could stimulate production of twice as much extracellular DNA (234.62 ng/mL and 205.43 ng/mL, respectively) as did M10 (111.87 ng/mL). Cells of H777 and C17 were better able to survive in the presence of neutrophil killing mechanisms relative to M10 (p < 0.0001) and NET formation (p < 0.0001 and 0.05). These findings suggest that NET stimulation was insufficient to eradicate B. pseudomallei H777 and C17 despite their possession of bpsl0618, a sugar-transferase gene associated with biofilm formation ability. Our findings demonstrate that B. pseudomallei biofilm phenotype may be a key factor in assisting pathogens to escape killing by neutrophils. This work provides a better understanding of how B. pseudomallei biofilm-associated infections induce and survive NET formation, resulting in bacterial persistence and increased severity of disease.
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Introduction

Burkholderia pseudomallei is the causative agent of fatal infectious melioidosis. The presence of this bacterial pathogen in soil and water in endemic regions, particularly in Southeast Asia and northern Australia, is correlated with high numbers of diagnosed cases (1). The global incidence of melioidosis has been increasing, with nearly 165,000 cases and close to 90,000 deaths per year (2), including 2,800 deaths in Thailand (3). In patients, B. pseudomallei infection often manifests as multiple abscesses, pneumonia, septicemia and can be chronic depending on the route of infection, host immune performance, bacterial strain and load (1, 2, 4). This bacterium can be transmitted to humans via aerosol inhalation, ingestion and inoculation through skin injuries associated with activities of daily living (5–7). The molecular and cellular basis of pathogenesis, virulence factors and mechanisms of immune evasion that allow B. pseudomallei to be such an effective opportunistic pathogen have been reviewed (2, 8). However, the ways in which bacterial interaction with the immune system result in diverse disease outcomes remain to be elucidated.

Relapsing melioidosis can be a consequence of poor patient compliance with treatment regimes, has a high mortality rate (9) and is correlated with biofilm-associated B. pseudomallei infection (10). Burkholderia pseudomallei cells growing as biofilms are sheltered as microcolonies within extracellular polymeric substances containing proteins (11), exopolysaccharide (12) and eDNA (13) both in vivo and in vitro (12, 14). As biofilm, B. pseudomallei cells are effectively protected from penetration of antimicrobial agents, resulting in high-level antibiotic resistance (15, 16). Such bacterial biofilms not only habitually evade host immune defenses (17, 18) but also alter host immune responses (19), thus changing the balance between host and pathogen and contributing to the establishment of chronic infections. Several studies have attempted to understand the role of B. pseudomallei biofilm in the melioidosis disease process. In 2005, B. pseudomallei M10, a biofilm-defective mutant produced by transposon insertion into the sugar-transferase gene bpsl0618 was constructed from the biofilm wild type H777 (20). Upregulation of bpsl0618 increases the expression of polysaccharides for development of B. pseudomallei biofilm architecture (21). It appears that bpsl0618 is crucial for B. pseudomallei biofilm formation. A third strain, derived from M10, is C17, in which the function of bpsl0618 has been restored (14). The relevance of B. pseudomallei bpsl0618 to biofilm formation, pathogenesis in alveolar epithelial cells has been established. Planktonic B. pseudomallei H777 cells are more able than those of M10 to attach to and invade host cells leading apoptosis and production of proinflammatory cytokines in the human lung epithelial cell line, A549. The biofilm complemented strain, C17 restored the biofilm formation, invasion ability, apoptosis induction and cytokines response (14). Additionally, the quantity of eDNA associated with C17 biofilm biomass was comparable to the parental strain, H777 (13). Many hypotheses regarding effects of B. pseudomallei biofilm on human innate immune cells appeared to be ill-defined.

Neutrophils are key innate immune cells for eradicating bacterial pathogens including B. pseudomallei (22). To do this, they used phagocytosis, antimicrobial peptides, enzymes, reactive oxygen species (ROS) and neutrophil extracellular traps (NETs) containing extracellular fibers with granular proteins and extracellular DNA (eDNA) (23–25). NETs have a key function in capturing and eradicating large pathogens that resist phagocytosis (26, 27). In a previous study, B. pseudomallei efficiently induced NETosis, with large amounts of NET-related components to entrap and efficiently kill B. pseudomallei but this failed to limit bacterial spreading and inflammation during B. pseudomallei-induced sepsis (28). Likewise, impaired NETs in diabetes mellitus patients were possibly correlated with susceptibility to clinical melioidosis and other forms of sepsis (29). In addition, not only host factors influenced NET formation but also bacterial components including B. pseudomallei type 3 secretory system (T3SS) and capsular polysaccharide (29). Furthermore, soluble ligands such as lipopolysaccharide (LPS) are well established to stimulate aggregated and cloudy NETs (30). The challenge of eradicating B. pseudomallei biofilm has generated considerable interest in NET activation and killing competence but to date has yielded very limited data. Therefore, we aimed to extend knowledge of the association between B. pseudomallei biofilm and NET formation. Further understanding of B. pseudomallei biofilm and NETs may provide further explanation of the complicated outcome of melioidosis pathogenesis and novel approaches to clinical therapy.



Materials and methods


Ethics approval

Blood was collected from healthy donors from the Blood Bank, Srinagarind hospital, Faculty of Medicine, Khon Kaen University, Thailand. This study was approved by Khon Kaen University Ethics Committee for Human Research (Reference No. HE631099).



Neutrophil isolation

Peripheral blood was obtained from healthy donors using lithium-heparin vacutainers (Greiner Bio-One, Chonburi, Thailand). Neutrophils were isolated as previously described (31). In brief, whole blood was mixed with HetaSep solution (STEMCELL-Technologies, Vancouver, Canada) at a ratio of 5:1 and incubated at 37°C for 30 min. Then, the upper layer containing all nucleated blood cells was taken and gently layered on top of Ficoll-Paque solution (GE Healthcare, Little Chalfont, UK) at a ratio of 1:1, followed by centrifugation at 500 g for 30 min. After peripheral blood mononuclear cells (PBMC), plasma and Ficoll-Paque solution were carefully discarded, the neutrophil pellet was resuspended in 1 mL RPMI 1640 complete medium (RPMI 1640 (Gibco, Life Technologies, Paisley, UK) with 10% fetal bovine serum (FBS) (Gibco, Life Technologies, Paisley, UK)). Hypotonic ammonium chloride lysis buffer was applied to eliminate residual erythrocytes for 4 min, followed by centrifugation at 400 g for 3 min. the neutrophil pellet was then resuspended in RPMI 1640 complete medium and checked for neutrophil purity (> 95%) and viability (> 95% required for further investigations).



Bacterial strains and growth conditions

Three B. pseudomallei strains, H777, a moderate biofilm producer; M10, a biofilm-defective mutant of H777 (inactivated bpsl0618) and C17, a biofilm-complemented derivative of M10 (bpsl0618 restored) (13, 14) were used in this study (Table 1). Each B. pseudomallei strain from -80°C glycerol stock was streaked on Luria-Bertani (LB) agar plate with appropriate antibiotics and incubated at 37°C for 48 h. A single colony of each strain was sub-cultured into 5 mL of LB broth and incubated at 37°C with 200 rpm for 16-18 h. The bacterial culture was adjusted to an optical density (OD) at 600 nm of 0.1 for 2% inoculums (v/v) in LB broth at 37°C at 200 rpm to obtain the mid-log phase for neutrophil co-cultivation.


Table 1 | B. pseudomallei strains.





Neutrophil mediated-killing

Neutrophils (5 × 105 cells) in 500 µL were added into wells of a 48-well tissue-culture plate and incubated at 37°C for 90 min, 5% CO2 and pretreated or not with 10 μg/mL cytochalasin D (Sigma-Aldrich, Saint Louis, USA) for 30 min to prevent phagocytosis as previously described (29). Planktonic B. pseudomallei H777, M10 and C17 from mid-log phase cultures were added at a multiplicity of infection (MOI) of 10 and the plates further incubated for 90 min. The percentage of remaining bacteria in each well was then enumerated by serial dilutions and a drop plate technique on LB agar at 37°C for 24 h. The effect of cytochalasin D/dimethyl sulfoxide (DMSO) on neutrophil and bacterial survival was also determined in parallel assays.



Visualization of NETs

NETs stimulated by B. pseudomallei were visualized as previously described (24). Briefly, neutrophils (5 × 105 cells/well) were seeded onto BSA-coated cover slips (1% BSA (Sigma-Aldrich, Saint Louis, USA) in phosphate-buffered saline (PBS), pH 7.4) in 24-well plates at 37°C, 5% CO2 for 30 min to allow for cell attachment. Planktonic B. pseudomallei H777, M10 and C17 were washed twice with PBS before being incubated with the neutrophils at MOI of 10 in parallel with 50 nM of phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, Saint Louis, USA) (positive control) and untreated controls for 90 min. In addition, neutrophils pretreated with 1 unit/mL DNase I for 15 min prior to adding B. pseudomallei H777 were also used. After centrifugation at 1,800 g for 10 min, the cells on the cover slips were fixed with 4% paraformaldehyde for 15 min at room temperature and washed twice with PBS. Cells were permeabilized with 0.5% Triton X-100 for 1 min followed by nonspecific blocking using 1% BSA in PBST (PBS with 0.1% Tween® 20) for 30 min. The samples were stained with the primary rabbit anti-myeloperoxidase antibody (anti-MPO, ab109116, 1:100 dilution, Abcam, Cambridge, UK) for 1 h, washed 3 times with PBST followed by addition of donkey anti-rabbit IgG HL antibody (Alexa Fluor® 647, 1:500 dilution, Abcam, Cambridge, UK). In parallel, mouse anti-neutrophil elastase antibody (anti-NE, ab255935, 1:250 dilution, Abcam, Cambridge, UK) was added for 1 h followed by goat anti-mouse IgG HL antibody (Alexa Fluor® 488, 1:500 dilution, Abcam, Cambridge, UK). DNA scaffolds of NETs were observed after staining with 1 µg/mL of 4′,6-diamidino-2-phenylindole (DAPI) (Thermo scientific, Rockford, USA) for 5 min. Features of the NETs were examined on two different cover slips per treatment at 63× magnification for least 15 fields/cover slip under a confocal laser scanning microscope (LSM-500 and LSM 800; Zeiss, Germany).

To visualize B. pseudomallei entrapment, the co-cultured neutrophils and B. pseudomallei strains on cover slips were fixed with 4% paraformaldehyde, stained with Giemsa and observed at 100× magnification (Axio, Carl Zeiss, Jena, Germany). Percentage of each NET formation type stimulated by each B. pseudomallei strain were quantified (32).



Quantification of extracellular DNA from B. pseudomallei stimulated NETs

Amount of eDNA from NETs was quantified as previously described (33). Briefly, purified neutrophils (5 × 105 cells) in 48-well plates were activated with either B. pseudomallei H777, M10 or C17 at MOI 10 for 90 min or with PMA. Subsequently, the mixture was treated with 1 unit/mL micrococcal nuclease (MNase) (Sigma-Aldrich, Saint Louis, USA) for 15 min at room temperature to liberate NET-DNA. After centrifugation at 1800 g for 10 min, the eDNA in the supernatant was quantified with a QuantiFluor® dsDNA system (Promega, Madison, WI, USA) (excitation: 504 nm/emission: 531 nm) using a fluorometer (Varioskan Flash Multimode Reader, Singapore) with SkanIt Software 2.4.3 RE for Varioskan Flash. A standard curve for eDNA was constructed using lambda DNA to quantify eDNA in each sample.



NET-mediated bacterial killing

NETs bactericidal against B. pseudomallei H777, M10 and C17 were examined as previously (29). Neutrophils (5 × 105 cells) in 48-well plates were pretreated with either 10 μg/mL cytochalasin D for 30 min, 1 unit/mL DNase I for 15 min or both agents at 37°C prior to addition of B. pseudomallei H777, M10 or C17 at MOI of 10. After incubation for a further 90 min, the mixture in each well was 10-fold serially diluted for bacterial survival enumeration using a drop plate technique on LB agar plates. This experiment was performed in triplicate on three independent occasions.



Statistical analysis

Statistical analysis was performed using GraphPad Prism version 8.3.4 software (GraphPad, San Diego, CA). Quantities of intracellular bacterial surviving and eDNA were compared among the three experimental groups using two-way ANOVA followed by Tukey’s post hoc test for comparisons between pairs. A statistically significant difference was considered as follows: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.




Results


Burkholderia pseudomallei H777 and C17 better persist against non-phagocytic killing

To determine whether the B. pseudomallei biofilm phenotype could influence bacterial survival from neutrophil mediated killing either all neutrophil eradication strategies or non-phagocytosis, we pre-treated neutrophils with the phagocytosis inhibitor, cytochalasin D before co-cultured with MOI 10 of B. pseudomallei H777 or C17 strains containing bpsl0618 compared to M10 strain with bpsl0618 defected mutant for 90 min. Significantly more B. pseudomallei H777 cells (101.36% of initial number) persisted against untreated neutrophils than was the case for M10 (78.55%). Likewise, the percentage of B. pseudomallei H777 cells surviving was significantly higher after encountering neutrophils pretreated with cytochalasin D (88.52%) than that of M10 (68.04%) (p < 0.0001) (Figures 1A, B). Meanwhile, B. pseudomallei C17, the bpsl0618-complemented derivative of M10, displayed restored bacterial survival against neutrophil functions. This evidence clearly indicated the better persistence of B. pseudomallei H777 and C17 harboring bpsl0618 against neutrophil bactericidal activities involving a non-phagocytosis mechanism.




Figure 1 | Burkholderia pseudomallei H777 significantly better withstood neutrophil-mediated killing with or without the presence of cytochalasin D than did M10, the strain lacking functional bpsl0618. The extent of neutrophil-mediated killing was assessed after 90 min co-cultivation of the bacteria with neutrophils untreated (A) or pretreated (B) with cytochalasin D. Percentage of B. pseudomallei cells surviving were determined from 3 independent experiments. Data are represented as mean ± standard deviation. Asterisks denote statistical significance (**p < 0.01, ****p < 0.0001).





Burkholderia pseudomallei H777, M10 and C17 stimulate diverse morphotypes of NETs

To further investigate the ability of bpsl0618 to facilitate persistence of B. pseudomallei against non-phagocytosis mechanisms of human neutrophils, NET formation morphology was examined. Neutrophils were co-cultured with B. pseudomallei H777, M10 and C17 in company with PMA as a positive control. NET formation visualization used three NET markers; DAPI to detect released DNA backbone, anti-MPO and anti-NE antibodies. Figure 2A shows confocal fluorescence micrographs of unstimulated, intact neutrophils with nuclei, myeloperoxidase and elastase within the cytoplasm (Figure 2A). PMA-stimulated neutrophils produced mainly “cloudy” NETs (cloud-like DNA pattern) following the collapse of the nucleus and cell-membrane rupture (Figure 2B). Another appearance that NETs could adopt was “spiky” (released DNA traps with fiber-like structure) with colocalized myeloperoxidase (red) and neutrophil elastase (green) with protruding DNA (blue) after activation with PMA (Figure 2C). The presence of B. pseudomallei H777 produced mainly “aggregated” NETs (high-density aggregation of netting neutrophils) followed by cloudy and spiky NETs (Figures 2D–F; Table 2). In addition, extrusion of DNA traps from several cells appeared broad and blurry in the extracellular environment. Cells of B. pseudomallei M10 mainly led to the production of spiky NETS followed by aggregated and cloudy NETs (Figures 2G–I; Table 2), whereas B. pseudomallei C17 could elicit all types of NETs (Figures 2J–L; Table 2). Interestingly, C17 led to the appearance of aggregated (34%), cloudy (15%) at spiky NETs (51%) at proportions intermediate between those produced by H777 and M10 (Table 2). Thus, the appearance of NETs varies according to the presence or absence of functional bpsl0618 in B. pseudomallei strains stimulating them. The exceedingly high neutrophil accumulation was observed in the aggregated NETs but not in the cloudy or spiky NETs. DNase I treatment of B. pseudomallei H777-infected neutrophils resulted in diminished extracellular DNA, MPO and NE suggesting that the released materials from stimulated neutrophils were composed largely of DNA (Figure 2M).




Figure 2 | NET formation visualization and effect of DNase I degradation. (A) Unstimulated neutrophils; (B, C) neutrophils stimulated with PMA; (D–F) B. pseudomallei H777 (bpsl0618 wild type); (G–I) B. pseudomallei M10 (bpsl0618 mutant); (J–L) B. pseudomallei C17 (bpsl0618 complemented); (M) B. pseudomallei H777 in the presence of 1 unit/mL DNase I. Neutrophils were stained with DAPI (blue), anti-MPO (Alexa Fluor 647 conjugated, red) and anti-NE elastase (Alexa Fluor 488 conjugated, green). Magnification = 63×; scale bars = 10 µm.




Table 2 | The percentage of NET formation after co-culture with B. pseudomallei H777, M10 and Cl7.



Additionally, bright-field microscopic images during NET formation confirmed that B. pseudomallei were entrapped within NETs (Figure 3). Cells of B. pseudomallei H777 were entrapped within aggregated NETs and liberated NET components or extracellular DNA components (extracellular hazy-gray zone) (Figures 3A, B). Moreover, B. pseudomallei M10 cells were either confined by the sticky DNA within the boundary of complex spiky NETs (Figure 3C), hooked by single extracellular DNA fibers (Figure 3D) or entrapped with a DNA cloud of aggregated NETs (Figure 3E). Similarly, B. pseudomallei C17 were restrained by aggregated NETs (Figures 3F, G). These phenomena demonstrated that B. pseudomallei could potentially induce NET formation in different manner depending on their possession or not of bpsl0618. Extracellular NET components released from stimulated neutrophils were confirmed to capture B. pseudomallei cells.




Figure 3 | Bright-field images showing that B. pseudomallei cells entrapped within NETs after being encountered by neutrophils at MOI of 10 for 90 min and stained with Giemsa dye. (A, B) B. pseudomallei H777 (rod shape, black arrow) trapped by aggregated NET (gray area, white arrow); (C) B. pseudomallei M10 entrapped within NETs, (D) B. pseudomallei M10 entrapped in spiky NETs; (E) B. pseudomallei M10 trapped within aggregated NETs. (F, G) B. pseudomallei C17 entrapped within aggregated NETs. Scale bars = 10 µm.





Burkholderia pseudomallei H777 and C17 trigger a higher level of NET DNA release than M10

The quantity of released DNA from NETs activated by B. pseudomallei was compared between bacterial strains with or without a functional bpsl0618 gene. DNA was measured after micrococcal nuclease (MNase) digestion. The results showed that neutrophils activated by B. pseudomallei H777 liberated significantly higher quantities of DNA in traps (234.62 ng/mL) than did B. pseudomallei M10 (111.87 ng/mL) (p ≤ 0.01) (Figure 4). While B. pseudomallei C17 elicited release of intermediate amounts of NET DNA (205.43 ng/mL). These results suggest that the B. pseudomallei bpsl0618 gene encoding a sugar transferase is associated with greater production of NETs and NET DNA.




Figure 4 | B. pseudomallei H777 (bpsl0618 wild type) and C17 (bpsl0618 complemented) induced greater release of extracellular DNA from neutrophils than did M10 (bpsl0618 defect mutant). Neutrophils were stimulated with either B. pseudomallei at the MOI of 10 or 50 nM PMA followed by MNase treatment in supernatant. The DNA was quantified in 3 independent experiments (n = 7). Data are represented as mean ± standard deviation. Asterisks denote statistical significance (**p < 0.01).





Burkholderia pseudomallei H777 and C17 cells tolerate NET-mediated killing

Following NET stimulation, the fate of each B. pseudomallei strain was monitored against neutrophil-mediated killing mechanisms: phagocytosis, NET-mediated killing and degranulation. Neutrophils were treated or not with either or both of DNase I and cytochalasin D. The results revealed that cells of B. pseudomallei H777 and C17 could persist against neutrophil-mediated killing (untreated neutrophils) (98.77 and 87.17%) but that survival was much lower in the bpsl0618-inactivated mutant, M10 (59.57%). Similar percentages of B. pseudomallei H777 and C17 could survive NETosis (pretreatment of neutrophils with cytochalasin D) (96.24 and 74.76%, respectively) while survival of M10 cells was significantly lower (59.95%) (Figure 5). However, all three strains were almost equally susceptible to phagocytic killing by neutrophils pretreated with DNase I: survival rates were 58.59% for H777, 50.58% for M10 and 54.65% for C17 cells. These data highlighted the crucial role of the bps0618 gene on B. pseudomallei biofilm formation ability that endurance against NET-mediated killing but not of phagocytosis. However, in the presence of both cytochalasin D and DNase I, leaving neutrophils only the option of degranulation-mediated killing, all three bacterial strains were equally susceptible. These results emphasized that NET stimulation by B. pseudomallei is insufficient to eradicate B. pseudomallei strains with the ability to form biofilm and that the presence of the bpsl0618 gene assists survival against NET-mediated bacterial killing.




Figure 5 | NET formation was insufficient to kill B. pseudomallei cells expressing bpsl0618. Co-cultivation of purified neutrophils and three strains of B. pseudomallei was done in the presence or absence of 10 μg/mL cytochalasin D and/or 1 unit/mL DNase I for 90 min. Percentage of cells surviving in each of the three strains of B. pseudomallei is shown in results from 3 independent experiments (n = 6). Data are represented as mean ± standard deviation. Asterisks denote statistical significance (*p < 0.05, **p < 0.01, ****p < 0.0001).






Discussion

Biofilm-associated Burkholderia pseudomallei infections are often associated with high incidence of relapse of melioidosis (10), resulting in poor clinical outcomes (9). The possibility of bacterial biofilms skewing host immune balance remains to be elucidated (19). Production of NETs is well recognized as one of the neutrophil-mediated killing mechanisms to capture and kill pathogens capable of biofilm formation and resistant to phagocytosis. To date, a number of studies have focused on bacterial strategies to escape from NETs and influence the outcome of bacterial infections (34). Furthermore, evasion of NETs has been seen in respiratory pathogens, thus facilitating pathogen proliferation and dissemination (25). B. pseudomallei strains with the ability to produceT3SS and capsular polysaccharide were better able to evade NETs (29). The formation of NETs stimulated by presence of B. pseudomallei does not prevent bacterial dissemination and inflammation (28). To the best of our knowledge, limited information is available on the association between B. pseudomallei biofilm and NET formation and the consequences for bacterial survival. Our study offers further evidence of the effects of B. pseudomallei with the biofilm formation capability on neutrophil- and NET-mediated killing using planktonic B. pseudomallei H777, a biofilm wild type compared to that of the M10 strain, a biofilm-defective mutant of H777 (inactivated bpsl0618, a sugar transferase gene) and C17, a biofilm-complemented derivative of M10. The biofilm formation ability of these three strains was previously determined in our laboratory (13, 14). Remarkably, we have shown that B. pseudomallei biofilm phenotypes can withstand non-phagocytotic activities of neutrophils. The lowest survival rate in our experiments was seen in the B. pseudomallei biofilm-defective strain, emphasizing the susceptibility of the mutant to NETs and phagocytosis. Additionally, the distinct morphological types of NET (aggregated, cloudy and spiky) were first visualized based on presence or absence of a bpsl0618 gene in B. pseudomallei. The presence of this gene, encoding sugar transferase, was correlated with higher levels of extracellular DNA extruded from stimulated neutrophils. Notably, the twice higher level of DNA from NET stimulated by B. pseudomallei H777 and C17 than that of M10 indicated a better potential biofilm formation capability of this pathogen to stimulate NET formation. Nevertheless, NET formation failed to eradicate B. pseudomallei H777 and C17 but had a considerable impact on M10, the biofilm-defective mutant. However, all three strains were equally susceptible to phagocytotic killing by neutrophils. This study highlighted the possession of bpsl0618 that was previously demonstrated to be associated with the ability of B. pseudomallei to form biofilm (13, 14) and may allow persistence of these bacteria despite the fact that their presence stimulates production of NETs, one of the key innate eradication mechanisms employed by the body.

Our findings are consistent with previous results in which B. pseudomallei showed genuine resistance to neutrophil killing (22). Furthermore, the persistence of B. pseudomallei H777 and C17 against neutrophil- and NET-mediated killing are consistent with the findings of de Jong and colleagues (28), who demonstrated that B. pseudomallei potentially induced NET formation in humans based on the finding of NET-related components in melioidosis patients. Even so, presence of NETs hardly protects against bacterial dissemination.

Pathogenic bacteria have several approaches to protect themselves from NET capture and killing. These include using polysaccharide capsules, biofilm formation, altering electric charge of cell surface, inhibition of NETs by peptidase and DNase secretion and inhibiting ROS production (34). Both the biofilm-competent B. pseudomallei H777 harboring bpsl0618 and C17, the bpsl0618-complemented strain, efficiently induced NETs but could survive despite this. This are in line with previous findings (29), which demonstrated the crucial roles of T3SS and capsular polysaccharide produced by B. pseudomallei in evasion of NET killing mechanisms. The impact of these mutants that interrupt the bacterial cellular process represented known virulence factors of B. pseudomallei during NET formation. Similar findings have been noted for non-typeable Haemophilus influenza biofilms: despite being entrapped within NETs, these cells could survive both phagocytic and extracellular neutrophil killing resulting in increased numbers of bacterial cells. Consequently, the persistence of H. influenza correlated with chronic and recurrent otitis media infections (35). Based on our results, it is at least hypothetically possible that B. pseudomallei biofilm may stimulate NET production but escape from the bactericidal activities of NETs leading to bacterial persistence and chronic infection or relapsing melioidosis.

NET formation is an alternative defense mechanism assisting neutrophils to kill particularly large pathogens (26). NETs principally immobilize pathogens to prevent microbial spreading. The antimicrobial activity of NETs is exerted through direct contact of histones, antimicrobial peptides, neutrophil elastase, myeloperoxidase (MPO) and cathepsin G4 with the entrapped pathogens. The negatively charged DNA that traps and immobilizes pathogens manifest as sticky fibers (30). Additionally, the molecular mechanism of NET formation upon B. pseudomallei infection was indicated that NADPH oxidase was crucial but not phosphatidylinositol-3 kinase, mitogen-activated protein kinases, or Src family kinase signaling pathways (29).

In this study, we have illustrated the appearances of different types of NETs induced in vitro by several B. pseudomallei strains: biofilm wild type (H777), biofilm-defective mutant (M10) and biofilm-complemented (C17). Aggregated NETs were mainly found after exposure of neutrophils to B. pseudomallei biofilm wild type, less commonly for the biofilm-defective mutant but this type of NET was restored when neutrophils were exposed to the complemented strain. This is in complete agreement with the immunofluorescence images of LPS-stimulated NETs resulting in clumps of multiple neutrophils, both alive and dead, and bacteria (30). Large NETs of this type contain excess enzymes, including nuclease, which is vital for bacterial clearance. Additionally, aggregated NETs also contain both inflammatory mediators and pro-inflammatory cytokines and chemokines which support resolution of neutrophil-driven inflammation (30). Furthermore, the aggregated NETs are responsible to limit neutrophil inflammation by degrading cytokines and chemokines and disrupting neutrophil recruitment and activation in gout was demonstrated (36). Therefore, the higher proportion of aggregated NETs induced by B. pseudomallei biofilm phenotypes compared to that of the biofilm mutant, might be associated with a pathogen-survival stragegy. The bright-field images in our study have shown that B. pseudomallei H777 cells were entrapped within the boundaries of aggregated NETs in which were present myeloperoxidase and neutrophil elastase. Despite this, the NETs were unable to kill the entrapped cells. In a similar way, non-typable H. influenzae cells found within biofilm-associated chronic otitis media were not killed by NETs (37, 38).

Single “cloudy” NETs were commonly induced by PMA and LPS (30, 39). The neutrophils exhibited round nuclei and ruptured membranes with chromosomal DNA extruded giving a cloudy appearance. Moreover, NETosis-driven cloudy NETs may result in extracellular release of danger-associated molecular patterns (DAMPs) such as the necrotic cell-death pathway, leading to overwhelming inflammation and pathological immune responses (39). Cloudy NETs were most strongly induced by biofilm-producing H777, with the bpsl0618-complemented C17 strain inducing levels intermediate between H777 and the biofilm-defective strain, M10. This may imply a correlation of the biofilm phenotype with pathological immune response.

The fiber-like structure of “spiky” NETs exocytosed from intact neutrophils implied that the neutrophils remain viable (30). Spiky NETs were most frequently triggered by the M10 strain, which lacks bpsl0618. Survival of neutrophils was noted in the severe Gram-positive infection reported by Yipp and colleagues (40). They showed that the NETing neutrophils turned to anuclear cytoplasts and continued to phagocytose and prevent bacterial dissemination.

Our study has some limitations. We conducted experiments only in vitro and using only neutrophils. However, it may provide information concerning the direct consequence of B. pseudomallei biofilm on NET formation. The study of cytokines during NET formation upon encountered with B. pseudomallei would strengthen our study to disclose the impact of the bacterial biofilm on NET formation and melioidosis pathogenesis. In addition, planktonic cells of B. pseudomallei biofilm phenotype, mutant and complemented strains were used in this study to ensure comparable bacterial numbers. The role of biofilm-associated phenotypes were verified for their characters and correlated in cellular pathogenesis (14). The similar bactericidal efficacy of NETs on Streptococcus suis biofilms and planktonic cells were illustrated (27). Furthermore, the introduction of the empty vector introduced into the B. pseudomallei M10 may discard the unknown effect of the vector on the NET morphotypes.

Taken together, we have first illustrated various morphotypes of NETs (aggregated, cloudy and spiky) triggered by exposure to B. pseudomallei strains with or without the bpsl0618 gene, a sugar-transferase gene that is associated with the ability to form biofilm. The presence of this gene may transform planktonic B. pseudomallei cell surfaces, thus boosting production of NETs as double-edged swords that can shield B. pseudomallei cells rather than eradicate them. This would facilitate pathogen persistence leading to chronic infection or relapse of melioidosis. Our findings provide novel information on the encounters between biofilm-associated B. pseudomallei and NETs that extend knowledge and may inform management of chronic or relapsing melioidosis.
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CARD9 mutations are known to predispose patients to phaeohyphomycosis caused by different dematiaceous fungal species. In this study, we report for the first time a patient of chromoblastomycosis caused by Phialophora expanda, who harbored CARD9 mutation. Through a series of in vivo and in vitro studies, especially a comparative transcriptome study, we compared this case with our former patient suffering from phaeohyphomycosis caused by Phialophora americana. We showed that P. expanda is prone to forming sclerotic bodies both in vitro and in Card9 knockout mice, and has a stronger immunogenicity than P. americana. These data preliminary demonstrated that besides host defense, fungal specificity also contributed to the clinical phenotype in CARD9 deficient patients with dematiaceous fungal infections.
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Introduction

Dematiaceous fungi, also known as phaeohyphomycetes or melanized fungi, are so named owing to the dark pigmentation in the walls of their hyphae and/or spores (1, 2). They are associated with various clinical manifestations, mainly chromoblastomycosis and phaeohyphomycosis. Histologically, chromoblastomycosis is characterized by the presence of sclerotic or muriform cells, while phaeohyphomycosis is characterized by yeast-like, pseudo-filamentous, or filamentous components in tissue.

Since our first report on subcutaneous phaeohyphomycosis in CARD9 deficient patients in 2014, many studies have reported the link of CARD9 deficiency to phaeohyphomycosis, in both subcutaneous and invasive infections (3). Moreover, our previous study in Card9 knock-out mice further confirmed the susceptibility of Card9 deficient mice to phaeohyphomycosis caused by many dematiaceous fungal species (4). It is considered that CARD9 deficiencies are prone to causing phaeohyphomycosis in dematiaceous fungal infections, since the defective host immune responses favor fungal growth in the mycelium form in tissue instead of sclerotic bodies. We used to hypothesize that chromoblastomycosis patients are relatively immunocompetent since it has never been reported in patients with genetic defects.

In this study we report, for the first time, a patient harboring the CARD9 mutation with chromoblastomycosis caused by Phialophora expanda, which is a fungus from the Phialophora verrucosa complex according to our previous phylogenetic studies (5). We designed a series of in vivo and in vitro studies to compare this case with our former patient suffering from phaeohyphomycosis caused by P. americana, from the same complex (5). We preliminarily demonstrated that besides host defense, fungal specificity also contributed to the clinical phenotype in patients with dematiaceous fungal infections.



Materials and methods


Ethics

Two patients in this study, their family members, and six ethnically matched healthy volunteers provided written informed consent for participation in the study, which was approved by the Clinical Research Ethics Committee of the Peking University First Hospital. The patients permitted us to use their images and medical information.



Pathogen DNA extraction, amplification, and sequencing

By use of the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), genomic DNA was extracted and purified from approximately 1 cm2 of fungal elements. Cells were disrupted with glass beads (425–600 µm) (Sigma-Aldrich, Zwijndrecht, The Netherlands) and TissueLyser II (Qiagen). The nuclear genes, ITS and BT2, were amplified by PCR. Details of PCR amplification and sequencing primers can be found in the reference paper (6). Amplification was performed with the 2×EasyTaq PCR SuperMix protocol (Trans Gen Biotech, Beijing, China). Add template DNA (50–100 ng) and forward and reverse primers (0.2–0.4 µM each) to a total reaction volume of 25 µL. DNA amplification was performed in a Mastercycler (Eppendorf, Hamburg, Germany), the process of which includes machine-preheating at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30s, annealing at 54°C for 30s, extension at 72°C for 30s, and final extension at 72°C for 10 min. Amplified bands were visualized using the Gel Doc XR+ system (BioRad, Hercules, CA, USA) with Trans2K Plus DNA Marker (Trans Gen Biotech) indicating size and concentration. PCR products were sequenced by Sangon Biotech Co. Ltd. (Shanghai, China). The alignments and phylogenetic reconstructions were performed in accordance with Li et al. (5).



Isolation of human peripheral blood mononuclear cells

Human peripheral blood mononuclear cells (PBMCs) were collected from whole blood by density-gradient centrifugation using Ficoll-Paque Plus (GE Healthcare, Chicago, IL, USA) as previously described (6). Specifically, fresh venous blood was drawn into 10 mL EDTA tubes and diluted with phosphate-buffered saline (PBS). PBMCs were isolated using Ficoll-Paque density-gradient centrifugation, meanwhile, erythrocytes in the pellet were lysed. PBMCs were flushed twice with PBS at 800 × g for 8 min and reconstituted in RPMI 1640 medium (HyClone, Logan, UT, USA) supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin (HyClone).



Peripheral blood mononuclear cells stimulation assays

P. expanda isolates were cultured on potato dextrose agar (PDA; BD Biosciences, San Jose, CA, USA) for 3–14 days at 28°C to harvest conidia. Heat-killed (HK) conidia for stimulation were prepared for 30 min at 99°C in a water bath.

The PBMCs were incubated in 96-well plates at a final concentration of 2.5 × 106/mL in a total volume of 200 μL RPMI 1640 medium with 10% autologous serum per well. The PBMCs were stimulated with different pattern recognition receptor agonists, including lipopolysaccharide (LPS, a Toll-like receptor 4 agonist, 100 ng/mL), Trehalose-6,6-dibehenate (TDB, a Mincle agonist, 100 μg/mL), β-glucan (a Dectin-1 agonist, 50 μg/mL), and fungal particles (HK or viable resting conidia, 107 particles/mL) at 37°C in a 5% CO2 atmosphere. Innate ELISA assays were carried out with stimulated culture supernatants or cells after 24 h. In order to detect the adaptive immune response, PBMCs were stimulated with the corresponding HK fungal particles for 6 days, and cells or culture supernatants were gathered for further ELISA assays and FACS.



Cytokine measurements and intracellular cytokine staining of CD4+ T cells

After human PBMCs were stimulated for 24 h or 6 days, cell culture supernatants were collected and stored at -70°C. According to the instructions provided by the manufacturer, we used commercial ELISA kits (R&D Systems, Minneapolis, MN, USA) to measuring the cytokines of the patients and healthy controls.

PBMCs were incubated with different HK fungal stimuli for six days, then residual living cells were re-stimulated with Cell Stimulation Cocktail (eBioscience, San Diego, CA, USA) for 5 h in an incubator to promote the intracellular accumulation of secreted cytokines. Human PBMCs were surface stained with FITC-conjugated anti-human CD4 antibody, fixed and permeabilized by Cytofix/Cytoperm solution (BD Biosciences), and stained with PE-conjugated anti-human IL-22 and Alexa®Fluor647-conjugated anti-human IL-17A antibodies. Data were collected on a BD FACS Calibur system and analyzed with FlowJo7.6 software.



RNA-sequencing (RNA-seq) analyses and immunohistochemical analysis

To explore the differential transcript profile between the two patients, we conducted RNA-seq using the Illumina platform. We used the biopsy specimens from skin lesions of the patients to extract RNA using Total RNA Kit I (R6834-01, OMEGA, USA). Raw counts were normalized to balance the sequencing depth using fermented palm kernel meal (FPKM). Then, the parameters (q ≤0.01 and |log2 Fold change| ≥1) were used to identify differentially expressed genes (DEGs, Patient2 versus Patient1) using the Limma package (version 3.42.2) in R. To reveal the pathway activities of DEGs, we performed pathway enrichment analyses for up-regulated DEGs (q ≤0.01 and log2 Fold change ≥1) and down-regulated DEGs (q ≤0.01 and log2 Fold change ≤-1) using the ClusterProfiler package (version 3.14.3). Antifungal immunity-related genes were obtained from previous studies. Default statistical methods in respective packages or software were used to conduct the test the significance.

The biopsy specimens from skin lesions of the two patients were fixed in 10% buffered formalin and paraffin embedded for immunohistochemical analysis. According to the instructions of the IHC antibody, we performed immunohistochemical staining. Stained slides were photographed by microscope.



Murine model of subcutaneous dematiaceous fungal infection

Card9-KO mice (C57BL/6 background) were generously provided by Xin Lin (Tsinghua University School of Medicine, Beijing, China, and MD Anderson Cancer Center, Houston, TX). In this study, 6−8-week-old Card9-KO and C57BL/6 WT mice (Vital River Laboratories, Beijing, China) were maintained in specific pathogen-free facilities at the Institute of Clinical Pharmacology of Peking University. The WT and Card9-KO mice were injected at two hind footpads subcutaneously with 100 μL viable P. expanda (1×109 particles/mL). Skin biopsy specimens were obtained, and slides were stained with periodic acid-Schiff for histopathological analysis.



In vitro induction of muriform cells

Main components of in vitro culture medium were MgSO4·7H2O, KH2PO4, NH4NO3, Biotin, Thiamine, Glycerol, and Nicomycin; pH:5.5−6.0. To this medium, 100 μL viable P. expanda spores (1×107/mL) were added and placed in an incubator for 45−50 days, setting the temperature to 35−36 °C.



Statistical analysis

Data were plotted using GraphPad Prism 7.0 software (La Jolla, CA, USA) and analyzed with unpaired t-tests in SPSS 22.0 software (Chicago, IL, USA). P values of <.05 were considered statistically significant.




Results


Similar clinical findings in two CARD9-deficient patients with chromoblastomycosis and phaeohyphomycosis

Patient1(P1) was a 55-year-old woman from northeast China, born to non-consanguineous parents. She presented to our clinic with an erythematous plaque on her face, that had been gradually enlarging for the past 30 years. At the age of 23, she noted several red papules on her forehead; the area gradually expanded with occasionally itching and without pain. She was diagnosed with “fungal granuloma” at a local hospital and treated with “itraconazole 400 mg/day” for approximately 1.5 years. However, the skin lesions enlarged and spread to her forehead, cheek, and eyelid. Dermatological examination revealed a protuberant dark red mass on her face with erosion, crust, and pus, which covered the forehead and cheek with a clear boundary (Figure 1A). A skin biopsy from the lesion showed pseudoepitheliomatous hyperplasia of the epidermis and intense dermal inflammatory infiltrations with the presence of multiple sclerotic cells within the dermis. (Figure 1B) A smear of the lesion scrapings showed brown sclerotic cells with cross septa (Figure 1B). Therefore, a diagnosis of chromoblastomycosis was made.




Figure 1 | Clinical features, laboratory findings of patient 1. (A) A protuberant dark red mass on the face with erosion, crust, and pus, which covered the forehead and cheek with a clear boundary. (B) Smear of the lesion scrapings showed brown sclerotic cells with cross septa. Histopathological examination of the skin lesion showed pseudoepitheliomatous hyperplasia of the epidermis, and intense dermal inflammatory infiltrations with the presence of sclerotic cells in the dermis (Haematoxylin and eosin stain; 400× original magnification) (C) Macroscopic appearance of the cultured pathogen: the colony was brown to blackish‐green with abundant short, grey aerial hyphae (Potato dextrose agar, 14 d at 28°C). Microscopic examination of the cultured organisms revealed vase-shaped sporogenous cells with collar-like structure and flower-like arrangement of small conidia.



Cultures of the biopsied tissue specimens showed filamentous fungus, whose colony was dense, brown to black after 21 days on potato dextrose agar at 28 °C. Further microscopic examination of the cultured organisms revealed vase-shaped sporogenous cells with collar-like structures and flower-like arrangements of small conidia, which implied it belongs to Phialophora spp. (Figure 1C). According to our previous phylogenetic analysis of Phialophora verrucosa complex, there are seven species in this complex, including P. verrucosa, P. americana, P. expanda, P. chinensis, P. tarda, P. ellipsoidea and P. macrospora (5). To further identify the isolate, we sequenced the ITS and BT2 rRNA genes using PCR. Then, we constructed the phylogenetic tree based on ITS and BT2 and found this species belonged to the P. expanda clade, which has never been reported to cause disease in the literature. Amphotericin B plus itraconazole was used for therapy. There were some improvements after treatment, which to some extent control the progress of the disease, but she was not completely cured and was still under treatment. Based on previous reports and the recalcitrant character of this patient, we extracted her peripheral blood DNA to sequence for CARD9‐coding exons, and found a homozygous frameshift mutation in exon 6 (c.819‐820insG, p. D274fsX60).

Patient2 (P2) was a male with previously reported phaeohyphomycosis caused by P. americana, also from the P. verrucosa complex (5, 6). Besides his similar facial rash, his CARD9 mutation site was also identical with that of P1. However, unlike sclerotic bodies observed in the P1 tissue, the morphology of fungus in P2 tissue had short, septate, and dematiaceous hyphae, which supported the diagnosis of phaeohyphomycosis.



CARD9 mutation compromised cytokine production and adaptive immune responses in PBMCs from both patients

Primary peripheral immune cells were isolated from the two patients to determine the functional effects of CARD9 deficiency. We first used PBMCs from the P1 to assess the release of inflammatory cytokines (TNF-α, IL-6, and IL-1β) in response to 24 h stimulations with LPS, TDB, β‐glucan, and fungal particles, including P. expanda conidia (HK or viable yeast). Compared with cells isolated from the healthy control group, the P1 showed comparable defects in IL-6, IL-1β, and TNF-α expression in response to stimulations of LPS, TDB, β‐glucan, and HK or viable P. expanda conidia (Figure 2A). We then monitored Th cell responses in the patient and the control PBMCs stimulated with HK fungi for 6 days and found a marked attenuation in IL-22 and IL-17 expression in the patient’s cells. Consistently, the patient’s samples showed a significant reduction in Th22 (IL-22+IL-17-CD4+) and Th17 (IL-17+CD4+) cells (Figure 2B). Similar data were obtained in P2 in our previous report, suggesting comparable deficient ex vivo immune responses in these two patients (6).




Figure 2 | Functional studies of patient 1. (A) Detection of natural immune responses in peripheral blood mononuclear cells (PBMCs) separated from the patient and healthy controls (n = 3). Pro‐inflammatory cytokines production of TNF‐α, IL‐6, and IL‐1β in response to 24‐h stimulations with LPS, TDB, β‐glucan, and P. expanda conidia (HK or viable resting) was detected in the supernatants by commercial ELISA kits (B) Detection of acquired immune responses in PBMCs separated from the patient and healthy controls. Cytokine production of IL‐17A, IL-22 in response to LPS, TDB, β‐glucan, and P. expanda conidia (HK) stimulations were measured in the cell culture supernatants after 6 days using commercial ELISA kits (n = 3). The proportions of Th17 (IL‐17+CD4+) Th22 (IL‐22+IL‐17‐CD4+) cells in the total number of CD4+ T cells were counted by flow cytometry after 6‐day stimulation (n = 6). LPS, lipopolysaccharide; TDB, Trehalose dibehenate; P1, patient1; Th, T helper type.





Comparative transcriptome sequencing revealed different local immune responses in these patients

To explore the mechanisms of heterogeneous fungal morphotypes in the two patients, we performed RNA-seq analysis using the biopsy tissue from the lesions. A total of 4,935 DEGs (P1 versus P2) including 1,972 up-regulated and 2,963 down-regulated DEGs were screened out. Up-regulated DEGs were enriched in several antifungal-related pathways, including cytokine-cytokine receptor interaction, chemokine signaling pathway, and IL-17 signaling pathway (Figure 3), indicating that P. expanda induces higher excessive immune response, thus P1 had a relatively higher inflammatory response than P2. However, down-regulated DEGs only were enriched in the Herpes simplex virus 1 related pathway, Ribosome and Chemical carcinogenesis, and a few irrelevant pathways (Figure 3), suggesting that P. americana caused a relatively weak inflammatory response. Accordingly, pattern recognition related genes (CLEC4E), proinflammatory cytokines related genes (IL-1β, IL-6), chemokine related genes (CXCL1, CXCL2), antimicrobial peptides related genes (S100A8, MMP, DEFB1), and adaptive immunity-related genes (IL-17A, IL-17RA), all showed higher expression in P1 versus P2 (Figure 4). Given the heterogeneous pathway activities between the two patients, we speculate that local immune cell proportions are also different. Indeed, we found that P1 showed higher CD68, CD11c, MPO, CD4 expression by immunohistochemistry, indicating more macrophages, dendritic cells, neutrophils and CD4+ T cells infiltrated to the lesion, respectively (Supplementary Figure 1). Different infiltration of the immune cells may in return explain the stronger responses induced by P. expanda than P. americana. Together, these results indicate that these two pathogens induce different immune responses during infections in patients with the same gene mutations.




Figure 3 | Comparative transcriptome sequencing of patient 1. (A) Up-regulated DEGs in P1 were enriched antifungal immune pathways. (B) Dot diagram showed the enriched pathways in P1. Color of nodes corresponding to significant levels. Size of nodes represented the number of genes in certain pathway.






Figure 4 | Comparative transcriptome sequencing in these two patients. Heatmap showed the transcript viabilities of antifungal immunity-related genes. Red represented high viability and blue represented low activity.





Phialophora expanda causing chromoblastomycosis in Card9 KO mice and in vitro validation

To study fungal specificity in these two species, we carried out in vivo and in vitro studies to test the morphotypes of them. We first used Card9 KO mice and inoculated fungal spores (P. expanda and P. americana) into the footpad, as previously described (3, 6). The results revealed that both P. expanda and P. americana were able to cause chronic infections in Card9 KO mice, whereas WT mice recovered from the inoculation in 4 weeks (Figure 5). Similar lesions of swelling, abscess, ulceration, and crust were noted in these two isolates infected mice at 6 weeks post-infection. However, unlike plenty of pigmented fungal hyphae in P. americana infected mice, P. expanda infected mice showed lots of sclerotic bodies of fungal elements in tissue (Figure 5). These results indicated that P. americana is prone to causing phaeohyphomycosis, whereas P. expanda causing chromoblastomycosis in Card9 KO mice.




Figure 5 | Murine model of subcutaneous dematiaceous fungal infections. Card9 KO mice were inoculated subcutaneously with 1×108 CFU of live P. expanda or P. americana spores. Representative images of infected footpads (1/4/6 weeks post-inoculation). Histopathology of PAS-stained footpad from infected Card9 KO mice at 6 weeks post-infection (original magnification ×200/400).



For further verification, we designed induction experiments in vitro to compare the ability to form muriform cells in these two isolates. After 50 days of culture, we successfully induced muriform cells in P. expanda, whereas P. americana showed beaded hyphae. Therefore, we successively confirmed that P. expanda is prone to forming a sclerotic body both in vivo and in vitro, which is consistent with our clinical findings (Figure 6).




Figure 6 | In vitro induction of muriform cells. Induction experiments in vitro to induce muriform cells (original magnification ×400). After 50 days P. expanda was easier to form muriform cells, but P. americana was beaded hyphae.






Discussion

Dematiaceous fungi have been reported to cause subcutaneous and invasive infections, including chromoblastomycosis, phaeohyphomycosis, and mycetoma (6). Phaeohyphomycosis is increasingly being seen in both immunocompetent and immunocompromised hosts. Invasive phaeohyphomycosis is associated with a poor prognosis, with a case fatality close to 80% (7). In the past decade, mutations in CARD9 have been found to be the cause of various fungal infections. CARD9 is a critical adaptor of pattern recognition receptors, which includes dectin-1, dectin-2, dectin-3, and mincle. It might also be involved in the response to intracellular danger sensors, such as Nod2, and it has been considered as a bridge that links innate and adaptive immunity in the host defense against fungi (6, 8, 9). As a key adaptor molecule in the downstream signaling of several C-type lectin receptors, CARD9 deficiency may lead to different fungal infections, including mucocutaneous or invasive candidiasis, deep dermatophytosis, phaeohyphomycosis, extrapulmonary aspergillosis, mucormycosis and trichosporosis (10–15). In our previous study, we reported 9 patients with phaeohyphomycosis, and autosomal recessive CARD9 mutations were identified in all of them (3, 6, 15). As for chromoblastomycosis, it is a chronic dermatosis that mainly affects the lower limbs and usually occurs following transcutaneous wounding caused by plants. The prognosis of chromoblastomycosis is relatively favorable since the systematic spread is rare. Still, its pathogenesis is unclear, and there are no reports of genetic susceptibility (16, 17).

To our knowledge, our present patient (P1) is the first case that links chromoblastomycosis with CARD9 mutation. Through the PBMCs experiments in vitro, we detected that the secretion of inflammatory cytokines and the differentiation of Th cells in this patient were significantly impaired, which were similar to the other phaeohyphomycosis patients with CARD9 mutations reported previously (3, 6, 15). Although we could not rule out the involvement of other genes or gender factors, it is interesting that these two patients (P1 and P2), with the same CARD9 mutation site, and similar PBMCs responses, harbored diverse fungal morphology in tissue. Hence, we conjectured that fungal specificity might also contribute to the clinical phenotype in CARD9 deficient patients with dematiaceous fungal infections.

To study the mechanism of heterogeneous clinical manifestation between the two patients, we performed RNA-seq to compare the local immune responses. Based on our results, P1 showed relatively higher and broader local immune responses than P2, both from enriched pathways and from the expression of antifungal immunity-related genes. In line with the above results, more pro-inflammatory immune cells (including macrophages, histocytes, dendritic cells, neutrophils and CD4+ T cells) infiltrated in P1. We realized that this is only a relative comparison. Higher immune responses in P1 do not indicate normal and complete antifungal immune responses, which we would not expect to see in CARD9 deficient patients. However, with the same mutation site, and similar ex vivo immune responses, P. expanda showed higher immune responses locally, and the presence of sclerotic bodies. Thus, we inferred that the different local immune responses and different morphotypes might be related with species specificity.

Based on the above findings, we speculate that P. expanda is more likely to form sclerotic bodies and has a stronger immunogenicity than P. americana, which also exacerbates this environmental selection and in return turns the conidia into sclerotic bodies. To verify our hypothesis, animal experiments in vivo and induction experiments in vitro were carried out. Remarkably, although they were from the same complex, these two isolates also showed different morphology in Card9 KO mice, which is very similar to those seen in patients. Besides, we also successfully induced sclerotic bodies of P. expanda in vitro, whereas failed in the case of P. americana. Considering the inconsistent size of sclerotic cells and inconvenient counting, we did not use it as a stimulation. In summary, our preliminary data showed that P. expanda is prone to forming sclerotic bodies, which might explain the different morphotypes and different local responses in our patients.



Conclusion

We report the case of a patient with chromoblastomycosis harboring a CARD9 mutation. This is, to our knowledge, the first report that links chromoblastomycosis to CARD9 mutation, which challenges our previous perspective that chromoblastomycosis patients are mostly immunocompetent. We showed that, besides host immune responses, fungal specificity is also closely involved in shifting the clinical phenotype in CARD9 deficient patients with dematiaceous fungal infections. We hope that this preliminary research will be beneficial to clinicians and will call for additional efforts to systematically study these uncommon, frequently refractory infections and their underlying genetic background.
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Fungal infections are a growing health care challenge. Neutrophils play a key role in defense against fungal infections. There are many effective ways for neutrophils to eliminate fungal invaders, such as phagocytosis, oxidative bursts, and the formation of extracellular traps. This process has received considerable attention and has made rapid progress since neutrophil extracellular traps (NETs) formation was described. Here, we describe the formation, induction, and function of NETs, as well as fungal strategies against NETs hunting. We highlight the effects of NETs on common fungal pathogens and how these pathogens survive.
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Introduction

Fungal infections have long been a public health challenge. It mainly affects immunocompromised populations, such as solid organ transplant recipients and AIDS patients (1). Fungal co-infection has also been reported in COVID-19 patients during these years of pandemics (2). Among COVID-19 patients on mechanical ventilation in the ICU, fungal co-infection rates have been reported as high as 26.7% (3). Innate immune system plays an important role in defense against fungal infections. Mucosal barriers and chemicals work with natural killer cells and phagocytes. It is reviewed that Aspergillus species can interact with the innate immune system including macrophages, neutrophils, dendritic cells, and the complement system (4). These cells and proteins recognize and kill fungal pathogens, protecting our bodies from infection. Neutrophil (polymorphonuclear leukocyte), which is one kind of the phagocytes, plays a decisive role in this process (5). Invasive fungal diseases occur in up to 24% of patients with leukemia (6). Neutrophils can kill fungal pathogens by phagocytosis, production of reactive oxygen species (ROS) and formation of extracellular traps. Neutrophil extracellular traps (NETs) were first described as an antibacterial mechanism of innate immunity in 2004 when Volker Brinkmann et al. discovered that NETs could kill bacteria (7). In recent years, much progress has been made in the study of NETs, and the fungicidal effects of NETs have been described, such as the fungicidal effects of NETs on Candida spp. and Aspergillus spp. (8, 9). Rather than waiting to be killed, fungi have their own ways of fighting back. For example, Aspergillus spp. can invade the innate immune system by interfering with complement system and phagocytes [reviewed in (4)]. In this article, we focus on the interactions between NETs and several common fungal pathogens. The killing process of NETs against fungal pathogens and the strategies of pathogen resistance were reviewed. 



Formation of NETs

NETs are fibrous three-dimensional network structures composed of nucleic acids and various granular proteins that neutrophils can release out of the cell in response to various stimuli. This structure traps pathogens such as bacteria and fungi, limits their spread through the body and kills them with high concentrations of toxic proteins. Other immune cells, such as eosinophils and mast cells, can also form similar structures, killing a variety of microorganisms and enhancing inflammatory immune responses (10, 11). NETs help eliminate pathogens, but excess NETs can cause damage to surrounding tissues either by themselves or by increasing the pro-inflammatory response. The generation of NETs is closely related to the occurrence and development of various diseases (12–14).

Since 2004, two major ways of releasing NETs have been identified, a) NETosis and b) rapid release of live neutrophils. NETosis is a classic way of releasing NETs, usually neutrophils release NETs by decondensation of chromatin resulting in cell death (15). Later, a novel way was discovered to form NETs by releasing mitochondrial DNA. This novel way of NETs formation does not require neutrophil death and therefore does not limit the lifespan of these cells (16).


NETosis

NETosis begins with oxidative burst and activation of peptidyl arginine deiminase 4 (PAD4), which catalyzes the citrullination of arginine residues. The process leads to disassembly of nuclear envelope and chromatin decondensation (17). Chromatin then combine with neutrophil elastase (NE) and other cytoplasmic enzymes to form NETs. And NETs release upon plasma membrane rupture. The whole process takes about 4 hours and results in neutrophil death (15, 18–20). A recent study showed that intact F-actin dynamics and myosin II function are essential for the formation of NETs in response to different stimuli including Candida albicans. Neutrophils in patients with actin polymerization defects also failed to exhibit NETs, confirming this conclusion (21).



Rapid release of live neutrophils

Live neutrophils can generate NETs under some stimuli. Interestingly, these NETs contain mitochondrial DNA instead of nuclear DNA (16). The process can be very quick since neutrophils expel mitochondrial DNA and assemble NETs outside the cell. Both this approach and the NETosis approach rely on ROS (22). There is also a ROS-independent fast-release mechanism without neutrophil death. In some Gram-positive bacterial infections, the nuclear membranes of neutrophils are separated and nuclear DNA is extruded out of the cell through vesicles. The anuclear neutrophils are still capable of migration and phagocytosis (23, 24).




Induction of NETs in fungal infections

The induction of NETs is affected by a variety of inducing factors and the number of NETs produced is different. ROS (25), IL-8 (7), lipopolysaccharide (LPS) (7), complementary 5a (C5a) (16), phorbol-12-myristate-13-acetate (PMA) (7, 18), and glucose oxidase (GO) (25) are all inducers that can trigger the formation of NETs. And among them, ROS is one of the key factors that trigger the formation of NETs.

Fungal pathogens can also trigger the release of NETs. C. albicans is the most widely discussed fungal pathogen in the NETs release field (26). In addition, other Candida spp. (27, 28), Aspergillus fumigatus (8), Histoplasma capsulatum (29), Phialophora verrucose (30), Paracoccidioides brasiliensis (31), and Scedosporium apiospermum (32), have all been described as NETs release inducers. The common dermatophyte Trichophyton rubrum is also found to be a NETs inducer. Both conidia and hyphae of T. rubrum can induce NETs formation in a dose-dependent manner (33). Cryptococcus neoformans itself is not an inducing factor, but the capsular polysaccharide glucuronoxylomannogalactan (GXMGal) can induce the formation of NETs (34). Unfortunately, Candida auris, a recent emerging global public health threat, cannot induce the formation of NETs and is not effectively killed by neutrophils (35). Fungi come in a variety of forms, from small yeast to large hyphae and biofilms, which require neutrophils to respond in different ways to eliminate them. Both yeast and hyphal forms of C. albicans can activate NETs formation (26). However, the extracellular matrix of C. albicans biofilms does not trigger NETs, but instead impairs the NETs formation (36). Interestingly, recent studies have shown that the nucleic acids in the extracellular matrix of C. albicans biofilms can stimulate the release of NETs (37). A number of components in C. albicans have also been shown to stimulate NETs release, including dectin-2 (38), aspartic proteases, mannans, β-glucans (39), and farnesol (40).



Function of NETs in fungal infections

NETs are mixtures of nucleic acids, histones, granular proteins, and cytoplasmic proteins, including NE, myelperoxidase (MPO), lysozyme C, and gelatinase (20). These components lead to the release of chemokines, the production of cytokines, the promotion of inflammatory disease and, of course, the killing of microorganisms (20). The mixture can trap fungi inside its 3D network structure and cause damage to fungi through the components it releases. In recent years, studies on the effects of NETs on C. albicans, Aspergillus spp., and C. neoformans have made progress (Table 1).


Table 1 | Role of NETs in different fungal infections.




C. albicans

Opportunistic fungal pathogen C. albicans is a component of intestinal commensal microbiota that colonizes the intestines, skin, and oral mucosa of healthy humans (44). In immunocompromised populations, such as neutropenia patients, it can shift from colonization to invasion and spread in the body, causing systemic infection (45). Candida spp. are the most common pathogens of invasive fungal diseases (44, 46), in which C. albicans is the major cause for candidiasis (47). As a model organism, C. albicans is the first fungus to be shown to induce NETs in vitro (26).

On the one hand, the sensitivity of different morphologies of C. albicans to NETs immunoclearance is different. NETs have been shown to kill both yeast and hyphal forms of C. albicans (26). However, NETs cannot be produced upon C. albicans biofilms. Time-lapse imaging showed that neutrophils adhered only to hyphae and migrated on the biofilms (36). Another study showed that sub-inhibitory concentrations of echinocandins, an effective antibiofilm drug, promote the formation of NETs in C. albicans biofilms, including structures of DNA, histones, and antimicrobial proteins with antifungal activity (48). On the other hand, different isolates of C. albicans also modulate the function of NETs. By using a panel of clinical C. albicans strains, Madhu Shankar et al. found that the prototype strain SC5314 induced the most potent accumulation of ROS and NETs by neutrophils from all the isolates tested (49).

In response to microbial infections, neutrophils initiate NETosis via protein kinase C (PKC) and activate the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase signaling cascade, leading to the accumulation of ROS (39, 50). Studies have shown that C. albicans-induced NETs production requires PKC, and PKC inhibitor Gö6976 can block this process (51). Another important component of NETs that kills fungi is calprotectin. Lack of calprotectin in NETs resulted in a complete loss of antifungal activity in vitro (52).

NETs also unmask C. albicans and make it expose immunogenic epitopes to the host. NETs trigger fungal cell wall remodeling and enhance immune recognition by Dectin-1 β-glucan receptors. This process involves fungal MAPK pathways, which dynamically relocalize cell wall remodeling machinery including Chs3, Phr1 and Sur7 (53).



Aspergillus spp.

Aspergillus spp. are common spore-releasing environmental fungi. However, for immunocompromised individuals who are unable to adequately clear the spores from their lungs, they may develop invasive pulmonary aspergillosis (IPA), which is life-threatening (54). Two high-risk groups were patients with neutropenia or hematologic malignancy and patients with chronic granulomatosis (CGD) (55, 56).

Unlike C. albicans, Aspergillus spp. may be less susceptible to NETs. NETs did not kill either A. fumigatus or A. nidulans conidia (41, 57). They are more inclined to be engulfed by living neutrophils (8). Another study proves that adding DNase to neutrophils do not affect the killing efficiency of Aspergillus hyphae, which indicates that NETs formation does not contribute to this fungal killing process (42). NETs are more robust towards A. fumigatus hyphae than conidia, which is confirmed by both in vitro and in vivo experiments (8, 41).

Patients with CGDs usually exhibit deficient phagocyte NADPH oxidase function, which is essential in the formation of NETs (15). In a case report, CGD patients reconstructed the generation of NETs through gene therapy and restored neutrophil clearance of A. nidulans conidia and hyphae, which is associated with rapid cure of IPA (58). The authors soon verified this connection experimentally. Restoring NADPH function through gene complementation can restore the production of NETs in vitro (43). Further studies have shown that calprotectin plays a key role in human innate immunity against Aspergillus infection (43).

Some studies came to somewhat an opposite conclusion. On one hand, it is proved by confocal imaging that neutrophils from CGD patients can still form NETs under the stimulation of Aspergillus hyphae, although these cells with genetic immunodeficiencies have antifungal deficiency (42). The researchers also find that neutrophils from CGD patients cannot initiate NETs formation in response to PMA, which suggests different mechanisms between PMA and Aspergillus hyphae in inducing NETs formation (42). A relevant study shows that Aspergillus and β-glucan-induced NETs formation is regulated by PAD4 and CR3. The hyphae killing process, however, is only dependent on CR3 (59). On the other hand, it suggested that inhibition of NETs release might contribute to the treatment of patients with IPA (60). They found that in the IPA model, mice lacking PAD4 had a lower fungal burden in their lungs and less acute lung injury. This indicates that NETs release causes tissue damage and impairs fungal clearance in IPA mouse models (60).



C. neoformans

C. neoformans is also an opportunistic fungal pathogen with a small-size yeast form and a unique polysaccharide capsule. It is one of the most common pathogens for meningitis (61). Polysaccharide capsules are considered to be a key virulence factor (62). It comprises approximately 88% glucuronoxylomannan (GXM),10% GXMGal, and 2% mannoproteins (63, 64). Although wild-type C. neoformans and its GXM do not induce NETs, NET-enriched supernatants induced by a mutant acapsular strain exhibit fungicidal activity against wild-type strains. (34) (Figure 1)




Figure 1 | The formation of NETs and the fungal strategies against NETs. NETs can be produced though NETosis or rapid release from live cells. The NETosis process includes disassembly of nuclear envelope, chromatin decondensation, plasma membrane rupture and NETs release; whereas rapid release from live cells require cell degranulation and ejection of mitochondrial DNA, then the NETs will be assembled outside the cell. For fungi, they can resist NETs by cell wall components and secrete enzymes to help them escape the NETs.






Fungal strategies against NETs

Hosts can kill fungi by producing NETs, but the fungi won’t stand still. Fungal defense strategies against NETs are varied and can be generally divided into two categories: modulation of NETs formation and escape from NETs. On the one hand, fungi can modulate the formation of NETs through their own components, thus resisting or even inhibiting the fungicidal effects of NETs. This phenomenon is common in Aspergillus spp., C. albicans, and C. neoformans. On the other hand, fungi can release active proteins, usually enzymes that target nuclear acids, to help themselves escape NETs.


Modulation of NETs formation

Aspergillus spp. can use galactosaminogalactan (GAG) to enhance resistance to NETs. GAG is an exopolysaccharide produced by A. fumigatus and is associated with adherence and complete virulence. Enhancing GAG in less pathogenic A. nidulans at the genetic level can increase its virulence and resistance to NADPH oxidase-dependent NETs in vitro. It indicates that cell wall-bound GAG enhances virulence through mediating resistance to NETs (65). CcpA is another important protein to reduce recognition by the innate immune system. Lacking of CcpA causes higher activation of neutrophils and speeds up the oxidative burst progress, and A. fumigatus ΔccpA conidia shows highly attenuated virulence even in immunosuppressed mice (66).

C. albicans also has its unique ways to resist NETs. C. albicans biofilms of clinical isolates uniformly impair NETs release at different depths and architectures (67). Another way for C. albicans to modulate NETs formation is by arresting proteinous components of NETs, including elastase, myeloperoxidase, lactotransferrin, and histones. These NETs components are involved in cell surface contact with C. albicans. Adhesins on the surface of C. albicans, such as the agglutinin-like sequence protein family Als3, can adsorb NETs proteins and increase the pathogen’s potency in host cell destruction, suggesting that the efficiency of fungal entrapment might be altered (68).

C. neoformans appears to be quite “invisible” to NETs. The fungus itself and its major capsular polysaccharide glucuronoxylomannan (GXM) do not trigger NETs formation. Moreover, both inhibit the production of PMA-induced NETs. In addition, both GXM and GXMGal block the production of ROS through PMA-activated neutrophils (34).



Escape from NETs

C. albicans and C. glabrata can escape from being trapped in NETs through their 3’-nucleotidase/nuclease (3’NT/NU) activity. 3’NT/NU is an ectonucleotidase that hydrolyze AMP and nucleic acids. When NETs trap Candida cells, the cells promote NETs disruption and this process can be blocked by 3’NT/NU inhibitor ammonium tetrathiomolybdate (69).

Besides, C. albicans can escape NETs by secreting DNase. Strains that secrete more DNase showed greater resistance to neutrophil killing. And the antifungal activity of neutrophils decreases significantly after NETs being degraded by exogenous DNase I or catalase (70).




Outlook

It is like a seesaw battle between NETs and pathogenic fungi. NETs are activated when fungi invade the host, trapping the fungi and killing them. The fungi, in turn, find their ways to resist NETs’ fungicidal effect or escape traps.

Research on NETs has been a hotspot in recent years. NETs protect the host from infections by killing pathogens including bacteria, fungi, viruses, and parasites. However, in addition to antimicrobial effects, excess NETs increase pro-inflammatory responses and cause damage to surrounding tissues, which has negative effects in many infectious and non-infectious diseases. For example, dysfunction of NETs can damage host tissues, promote the development of autoimmunity and thrombosis (71). NETs are also involved in nearly all the inflammation-related diseases, including systemic lupus erythematosus (72), rheumatoid arthritis (72), atherosclerosis (73), diabetes (74), asthma (75), tumors (75), and wound healing (76). Since its discovery, people have been enthusiastic about this field, and there are still many unknowns to explore. Taking the antifungal activity as an example, the role of NETs in fungal infections is still unclear. What are the molecular mechanisms underlying the induction, formation, and antifungal processes of NETs? Why do different fungi, or even different strains of the same species induce NETs differently?

As our understanding of NETs’ underlying mechanisms increases, it may provide a useful tool for diagnosis and treatment of related diseases. On the one hand, we can identify new targets and design drugs that enhance the antifungal ability of NETs without causing tissue damage. On the other hand, ideal NETs release blockers may be discovered and used to avoid tissue damage without compromising antimicrobial effects. We can also use synergists to reduce immune escape or resistance of fungi to NETs. Another interesting idea is that, according to a recent study (77), extracellular traps can be trained as a memory response. There may one day be a vaccine to help increase the antimicrobial function of NETs in high-risk populations.
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Chronic mucocutaneous candidiasis (CMC) is characterized by recurrent or persistent infections with Candida of the skin, nails, and mucous membranes (e.g., mouth, esophagus, and vagina). Compared with that of other infectious diseases, the immune pathogenic mechanism of CMC is still poorly understood. We identified a signal transducer and activator of transcription 1 gain-of-function (c.Y289C) mutation in a CMC patient. Single-cell transcriptional profiling on peripheral blood mononuclear cells from this patient revealed decreases in immature B cells and monocytes. Further analysis revealed several differentially expressed genes related to immune regulation, including RGS1, TNFAIP3, S100A8/A9, and CTSS. In our review of the literature on signal transducer and activator of transcription 1 gain-of-function (c.Y289C) mutations, we identified seven cases in total. The median age of onset for CMC (n=4, data lacking for three cases) was 10.5 years (range: birth to 11 years), with an average onset age of 8 years. There were no reports linking tumors to the c.Y289C mutation, and the incidence of pre-existing clinical disease in patients with the c.Y289C mutation was similar to previous data.




Keywords: chronic mucocutaneous candidiasis (CMC), signal transducer and activator of transcription 1 (STAT1), heterozygous mutation, single-cell RNA sequencing (scRNAseq), immune mechanism



Introduction

Chronic mucocutaneous candidiasis (CMC) is characterized by recurrent or persistent infections of the skin, nails, and mucous membranes (e.g., mouth, esophagus, and vagina) caused by the fungal species, Candida (1). Most CMC cases are sporadic and secondary to other underlying diseases, such as HIV infection, leading to T cell immunodeficiency and diabetes, which are treated with immunosuppressive or steroid therapy. CMC rarely has a familial/hereditary origin and is mainly caused by congenital immunodeficiency, usually associated with autosomal dominant or recessive mutations in a single gene. The virulence genes linked with CMC include signal transducer and activator of transcription 1 (STAT1), signal transducer and activator of transcription 1 (STAT3), IL-17F, IL-17RA/RC, ACT1 (TRAF3IP2), Caspase recruitment domain protein 9 (CARD9), retinoic acid-related orphan nuclear receptor C (RORC), and autoimmune regulator (AIRE), among which STAT1 gain-of-function (GOF) mutations account for half of all cases.

In this study, we report a patient with CMC, for whom we identified a STAT1 GOF (c.Y289C) mutation. We applied single-cell RNA Sequencing analysis to unveil changes in peripheral blood mononuclear cells (PBMCs). Because of the rarity of the c.Y289C mutation and the lack of existing data, we hope that this article, and the incorporated literature review, will offer insight into the clinical features of CMC caused by this mutation.



Materials and methods


PBMC collection

We collected 5 ml peripheral blood from the CMC patient. By using a standard density gradient centrifugation with Ficoll Paque solution, PBMCs were freshly isolated from EDTA anticoagulated venous blood and cryopreserved for long-term storage and the subsequent generation of a single-cell transcriptome library.



Whole exome sequencing

In order to eliminate the influence of sequencing errors on the results, it is necessary to perform quality control on the original sequencing data to obtain clean reads. The preprocessing software is fastp (2), and the quality filtering criteria are as follows: (1) remove the linker sequence. (2) Remove reads with N (non-AGCT) bases greater than or equal to 5 (3). Perform a sliding window with four bases as the size of Windows, and cut off the reads of which average base quality value is less than 20 (4). After the above filtering, remove reads whose length is less than 75 bp or whose average base quality value is less than 15.

The genomic DNA in the sample was extracted, and the library was constructed after the electrophoresis test was qualified. Qualified DNA samples were first randomly broken into 150 bp - 220 bp fragments by Covaris, and the Agilent SureSelect Human All Exon V6 Kit was used for library construction and capture. The DNA fragments go through the steps of end repair, adding ployA tails, adding sequencing adapters, purification, magnetic bead capture, PCR amplification, etc., and finally complete the library construction.

BWA (3) was used to align the Clean Reads to the reference genome (reference genome version was GRCh37.p13). After the alignment results were formatted by SAMtools (4), Picard was used to remove redundancy, and Qualimap software was used to compare the results for analysis. SNP and InDel detection was performed using the Haplotypecaller module of the GATK4 (5) software based on the alignment of the samples to the reference genome. Before detecting SNPs and InDels, the base quality is recalibrated using the BaseRecalibrator module of the GATK4 software based on known human SNP and InDel databases to improve the accuracy of variant detection. In order to reduce the error rate of SNP and InDel detection, the standard of QD >= 2.0 was used for filtering, and only the mutation sites that met this condition were retained. QD is the ratio of variance quality (Quality) divided by coverage depth (Depth), which is actually the variance quality value per unit depth. Most of the false positive variances’ QD values ​​are less than 2. SNP and InDel detection results were annotated to Refseq, Thousand Genes, EXAC, esp6500, gnomAD, SIFT, clinvar, PolyPhen, MutationTaster, COSMIC (6), gwasCatalog, OMIM and other databases using Annovar (7) software. We used CNVkit (8) software to detect CNV of the samples and employ Lumpy (9) software to detect SV information on the samples.



Single-cell RNA-seq

According to the manufacturer’s protocol, Single-cell RNA-seq libraries were prepared using a Chromium Single cell 3′Reagent kit, version 3. Briefly, the beads with cell barcode and cells are wrapped in nanoliter-scale droplets, the droplets containing cells are collected, and then the cells are lysed in the droplets, so that the mRNA in the cells is combined with the cell barcode on the bead to form single cell gel beads in emulsions (GEMs). After generation of GEMs, each cDNA was generated through reverse transcription and added with a cell barcoding sequence and Unique Molecular Identifier (UMI). Then, libraries were constructed and sequenced on the Illumina sequencing platform (Illumina, San Diego, CA).



Single-cell RNA seq data processing

The Cell Ranger software pipeline (version 3.1.0) provided by 10×Genomics was used to demultiplex cellular barcodes, map reads to the genome and transcriptome using the STAR aligner, and down-sample reads as required to generate normalized aggregate data across samples, producing a matrix of gene counts versus cells. We processed the unique molecular identifier (UMI) count matrix using the R package Seurat (10) (version 3.0). To remove low quality cells and likely multiplet captures, which is a major concern in microdroplet-based experiments, we apply a criteria to filter out cells with UMI/gene numbers out of the limit of mean value +/- 2 fold of standard deviations assuming a Guassian distribution of each cells’ UMI/gene numbers. Following visual inspection of the distribution of cells by the fraction of mitochondrial genes expressed, we further discarded low-quality cells where a certain percentage of counts belonged to mitochondrial genes. Library size normalization was performed in Seurat on the filtered matrix to obtain the normalized count.

Top variable genes across single cells were identified using the method described in Macosko et al. (11). Briefly, the average expression and dispersion were calculated for each gene, genes were subsequently placed into several bins based on expression. Principal component analysis (PCA) was performed to reduce the dimensionality on the log transformed gene-barcode matrices of top variable genes. Cells were clustered based on a graph-based clustering approach, and were visualized in 2-dimension using tSNE. Likelihood ratio test that simultaneously test for changes in mean expression and in the percentage of expressed cells was used to identify significantly differentially expressed genes between clusters. Here, we use the R package SingleR (12), a novel computational method for unbiased cell type recognition of scRNA-seq to infer the cell of origin of each of the single cells independently and identify cell types.

Differentially expressed genes (DEGs) were identified using the Seurat (10)package. P value < 0.05 and |log2foldchange| > 1 (or |log2foldchange| > 0.58) was set as the threshold for significantly differential expression. GO enrichment and KEGG pathway enrichment analysis of DEGs were respectively performed using R based on the hypergeometric distribution.




Results


Clinical description of the patient

The CMC patient was a 12-year-old male, residing in China, who had been hospitalized twice with a diagnosis of Henoch–Schonlein purpura. He had suffered with mycotic stomatitis since September 2020, and a fungal infection of the thumb on his right hand since January 2021 (Figure 1A). After visiting the local children’s hospital, the patient was treated with silver ions spray, and the treatment was interrupted a few weeks later with tiny effective against thrush. In May 2021, the patient visited our hospital, and dermoscopy and fungal fluorescent staining of the nail cleared the Candida infection (Figures 1C, D). Laboratory tests showed that the levels of serum immunoglobulins (IgG, IgA, IgM, and IgE) and antibodies related to autoimmune diseases were normal, but the level of C4 was slightly high (0.458 g/L, normal range 0.16–0.38 g/L) and positivity to anti-EBV-CAIgG suggested previous Epstein-Barr virus (EBV) infection. Serum CD8+ T cells were increased (35.3%, normal range 18.1%–29.6%) and CD4/CD8 cells were decreased (1.00%, normal range 1.57%–2.93%), which was indicative of abnormal immune and inflammatory responses. Antimicrobial susceptibility tests showed that fungi from three infection sites were sensitive to amphotericin B, fluorocytosine, itraconazole, voriconazole, and fluconazole. The patient was prescribed fluconazole, at 50 mg per day. The white pseudomembrane in the oral cavity disappeared after five days (Figure 1B), and the Candida infection of the nails recovered over a longer time period. Combined with the patient’s previous history of Henoch–Schonlein purpura and persistent superficial Candida infections, the preliminary diagnosis was CMC (1, 13, 14).




Figure 1 | Clinical features, Laboratory tests and genetic tests of a CMC patient. (A) Picture of fungal infection in the patient’s oral mucosa and scalp at the first visit. (B) Picture of the patient’s oral mucosa and scalp after fluconazole treatment. (C) Dermoscope used for the nail. (D) Fungal fluorescent staining of the nail: fungal hyphae showed by strong blue fluorescence (×1). (E) Pedigree of a patient’s family with segregation of the p.Y289C mutant allele. The patient is denoted by a black symbol. (F) Sequencing profiles demonstrating the heterozygous STAT1 c.A866G:p.Tyr289Cys mutation in the patient.





Identification of a homozygous STAT1 GOF mutation

Because the patient’s parents were not consanguineous and there were no similar cases in the family history, we suspected that the patient may have a de novo mutation or recessive homozygosity, and the peripheral blood of the patient and his parents was extracted for next-generation sequencing. Whole-exome sequencing revealed a heterozygous mutation in the STAT1 gene leading to an amino acid substitution of cystine for tyrosine (c.866A > G; p.Y289C). This mutation occurred de novo in the patient—neither of his parents carried the variant (Figure 1E). Database searches identified previous reports of the same mutation site linked to disease (15, 16). The whole-exome sequencing data were verified by Sanger sequencing, which confirmed the site of the mutation (Figure 1F).

STAT1 GOF mutations are usually autosomal dominant, and such mutations usually impair dephosphorylation or hyperphosphorylation of STAT1 in the nucleus, mostly by affecting the coiled-coil domain (CCD) and the DNA-binding domain (DBD). A systematic analysis of a large sample showed that STAT1 GOF mutations located in the DBD may have more severe clinical manifestations (17). Fortunately, the patient’s mutation was located in the CCD and clinical manifestations have been limited to local rather than systemic fungal infection to date.



Single-cell transcriptomics highlight a shift in immune cell population in CMC

We isolated PBMCs from the patient’s blood sample obtained at the stage of clinical rescue. With the patient’s sample, 11,430 single cells were captured, compared with 10,191 single cells for the healthy control sample. After quality control by Seurat, transcriptomes of 7,393 and 9,186 single cells from the patient and healthy control, respectively, were acquired. Total cells were classified into 10 different types from cluster 1 to cluster 10 by unbiased clustering (Figure 2). Based on the expression of known marker genes, the cell lineages of monocytes, T cells, natural killer (NK) cells, and B cells were identified (Figures 3A–D; Supplementary Figure 1). T cells were divided into five populations and B cells were divided into two populations, i.e., immature B cells and naive B cells (Figures 3E, F). The healthy control had more immature B cells, whereas the patients had more naive B cells. In addition to the central memory CD4+ T cells, four other types of T cells in the patient were more prevalent than those in the control. Compared with those of the healthy control, the PBMCs of the patient displayed decreased monocytes and increased NK cells.




Figure 2 | Single cell RNA-seq study design and initial cell grouping. (A) Scheme of the scRNA-seq study design. (B) The tSNE projection of 9,168 single PBMCs from patient and 7,393 single PBMCs from healthy control, showing the formation of 10 main clusters. Each dot corresponds to one single cell, colored according to cell cluster. (C) Global tSNE plots of merged patient and healthy control cells. Patient cells are colorized in the left panel, and healthy control cells are colorized in the right panel. Cell clusters and their respective colors are labeled on the right. (D) Distribution of the abundance of each cell in each cell cluster in the patient and healthy control datasets. (E) The re-clustered tSNE projection of PBMCs from patient’s samples and healthy control’s samples. The samples are labeled with different colors for each cell. (F) Bar plot highlighting the cell abundances across clusters (n=10) for patient and healthy control. UMI, Unique Molecular Identifiers.






Figure 3 | Correlation analysis between cell populations and identification of cell types. (A) Heat map representing Pearson correlation between clusters based on overall scRNA-seq dataset. Red and blue colors, indicate positive and negative correlation, respectively. (B) Distinct gene signatures (top 10 differentially expressed genes; bimod test) of 10 clusters. (C) Violin plot showing expression levels of Top 10 Marker gene in cell cluster 1. (D) The tSNE plots of PBMCs from the two datasets. Cell subtypes (T cell, monocyte, NK cell, B cell) are labeled with different colors. (E) The above picture show tSNE plots of T cells from the two datasets, and the following picture show distribution of the abundance of each cell in each cell cluster. T cell subtypes are labeled with different colors. (F) The above picture show tSNE plots of B cells from two datasets, and the following picture show distribution of the abundance of each cell in each cell cluster. Cell subtypes (naïve B cell and immature B cell) are labeled with different colors.



A heat map is used to illustrate highly expressed marker genes in each cluster (Figure 3B), and violin plots show the expression of several widely used marker genes in each cluster (Figure 3C). GO and KEGG enrichment analyses were performed to explore the biological processes of the differentially expressed genes (DEGs) in PBMCs between the patient and healthy control (Figures 4B–E). Pathway enrichment analysis revealed the downregulated DEGs with enrichment of terms such as peptide antigen assembly with MHC class II protein complex, neutrophil degranulation, immune response, and lysosome (Figure 4B), whereas upregulated DEGs were enriched in cytoplasmic translation, translation, cytosolic large ribosomal submit, cytoplasmic side of rough endoplasmic reticulum membrane, polysomal ribosome, and structural constituent of ribosome (Figure 4C). The roles of these genes require further investigation.




Figure 4 | Screening and functional analysis of differentially expressed genes. (A) Heat map showing gene expression of the top 25 markers upstream or downstream (rows) detected in different cell populations from patient and healthy control (columns). (B, C) Selected Gene Ontology terms. Benjamini and Hochberg-corrected -log10 p values from hypergeometric tests. (D) The most enriched KEGG terms are ordered on the y-axis. X-axis represents the enrichment score in enriched KEGG terms. Sizes of the dots represent the number of genes included in each KEGG term. The color gradient of dots represents the adjusted P-values of each enriched KEGG term. (E) KEGG pathway enrichment analysis of DEGs. KEGG, Kyoto encyclopedia of genes and genomes; DEG, differentially expressed gene.



Next, we sought to discover the immune molecular signatures associated with CMC by comparing DEGs between the CMC patient and healthy control (Figures 4A and 5). Compared with that in the PBMCs of the control, the regulator of G protein signaling 1 (RGS1) in the PBMCs of the patient was significantly upregulated. RGS1 plays an important role in regulating the localization of lymphocytes and monocytes/macrophages, and can also regulate B cell homing to lymph nodes through chemokine signaling. Rgs1-/- mice spontaneously form germinal centers in the spleen, and the immune response was more robust and durable (18, 19). Inhibition of RGS1 in a mouse tumor model promoted the infiltration of effector T cells, further illustrating the effect of RGS1 on lymphocyte migration (20). There is a STAT1 binding site upstream of the transcription initiation site of RGS1, and activation of the INF–STAT1 pathway allows STAT1 to bind to the promoter of RGS1 to induce the transcription of RGS1. Researchers found that in CTL and Th1 cells high activity of STAT1 activates RGS1 transcription. Binding of RGS1 to G protein-coupled receptor accelerates the hydrolysis of GTP to GDP and then inactivates downstream signaling pathways, thereby inhibiting chemokine receptor function and resulting in reduced cell migration and survival (20, 21).




Figure 5 | Picture of PPIN. PPIN was constructed by all the 45 DEGs using STRING database The nodes meant proteins; the edges meant the interaction of proteins; green circles meant down-regulated DEGs and red circles meant up-regulated DEGs. PPIN, protein-protein interaction network; DEG, differentially expressed gene; STRING, search tool for the retrieval of interacting genes.



The expression of tumor necrosis factor alpha-induced protein 3 (TNFAIP3) in patient is significantly upregulated. TNFAIP3, also known as A20, is a ubiquitin-editing enzyme that suppresses inflammation by deubiquitinating TRAF6, and suppresses immune responses by blocking the NF-κB signaling pathway (22). A20 has the potential to suppress innate immunity, because A20-/- bone marrow-derived macrophages exhibit excessive LPS-induced NF-κB and cytokine responses (23), and A20 can inhibit a subset of Toll-like receptor signaling and signaling triggered by the intracellular microbial sensor N2 (23, 24). Impaired A20 function may lead to autoimmune diseases. Previous studies have shown that A20 expression is lower in the PBMCs of patients with haploinsufficiency of A20 (HA20), which is typically manifested as Behçet’s-like disease. In vitro experiments in PBMCs of HA20 patients have shown that A20 not only inhibits inflammation through the NF-kB pathway, but also inhibits the STAT1 and IFN-γ pathways (25). In addition, A20 plays a negative regulatory role in the secretion of IL-17 by Th17 cells (26), so TNFAIP3 may be a potential pathogenic mechanism involved in CMC, although research is needed to investigate this.

S100A8 (MRP8) and S100A9 (MRP14), members of the S100 family of Ca2+-binding proteins, are constitutively expressed and secreted in neutrophils and monocytes, and are involved in innate immunity and the induction of inflammatory cytokines, reactive oxygen species, and nitric oxide to regulate inflammatory responses. As members of the antimicrobial peptides, S100A8 and S100A9 have antimicrobial properties and are chemotactic for neutrophils and monocyte-macrophages (27–29). Treatment with S100A8/A9 heterodimer increases the phagocytic capacity of human monocyte-derived macrophages and modulates phenotypic changes of macrophages (30). Moreover, type 17 immunity regulates S100A8 and S100A9 expression. IL-22 and IL-17A or IL-17F synergistically induce the expression of β-defensin 2 and S100A9, and enhance the expression of S100A8 additionally (31).

Compared with that in the healthy control, the expression of cathepsin S (CTSS) in our CMC patient was significantly downregulated. CTSS is mainly expressed in antigen-presenting cells such as B cells, macrophages, and dendritic cells, and it regulates antigen processing and presentation, as well as the T cell-mediated immunity response (32). The decreased expression of CTSS would affect the activity of proteases and related enzymatic immune responses. Exogenous antigens are taken up by antigen-presenting cells and degraded into short peptides suitable for MHC class II molecules. CTSS is mainly involved in the degradation of the invariant chain (Ii) in the MHC II-Ii complex, exposing the antigen peptide binding sites of MHC class II molecules and allowing for the binding of antigenic peptides, with the newly formed complexes being presented on the surface of CD4+ T cells (33–35).



Review of the literature

We performed a literature review of articles published in English involving the STAT1 GOF mutation (c.Y289C). We used the following keywords to search electronic databases (Pubmed, Embase, Web of Science): “STAT1”, “Signal Transducer and Activator of Transcription 1”, “GOF”, and “gain of function”. We screened abstracts and full texts to identify all suitable articles. To be eligible for inclusion, case reports and studies had to describe the STAT1 GOF mutation (c.Y289C) carriers that had undergone genetic analysis. We reviewed articles cited in the literature to ensure the accuracy of the retrieved texts. Finally, two articles were included in the study (Table 1).


Table 1 | Clinical characteristics of seven patients with STAT1 mutations (p.Y289C) located in CCD.



A total of seven patients (four males, three females) with the STAT1 GOF (c.Y289C) mutation were included in the selected studies (male/female ratio: 1.33). The median age of the seven patients at the time of the study was 14 years (range: 5–30 years), with an average age of 17.9 years. The median age at CMC onset (n=4, data lacking for three cases) was 10.5 years (range: birth to 11 years), while the median age at CMC onset in STAT1 GOF mutation carriers in the latest published systematic review (n=96, data lacking for 346 cases) was 1.0 (range: birth to 30 years) (36). Overall, the c.Y289C mutation appeared to be associated with later onset of CMC, which may explain why one of the 8-year-old male mutation carriers had not yet developed CMC. Viral and bacterial infections were common clinical manifestations in six patients who had developed CMC, with 66.7% (n=4) presenting viral infections and 50% (n=3) presenting bacterial infections, which was similar to a previous study (36). In addition, 33.3% (n=2) exhibited autoimmune predisposition (atopy, Henoch–Schonlein purpura), 16.7% (n=1) had an aneurysm, and 16.7% (n=1) had Pneumocystis jirovecii pneumonia.




Discussion

In this study, we employed single-cell transcriptomic analysis to gain greater insight into the pathology of CMC than routine clinical tests, to explore potential genes of interest through the analysis of the DEGs of PBMCs, and to more comprehensively characterize the immune response in a CMC patient harboring a STAT1 GOF mutation. The single-cell analysis results generally reflected the patient’s immunodeficiency in antigen presentation and antibacterial effects, which was consistent with previous research.

Single-cell analysis revealed several DEGs related to immune regulation in this patient, including RGS1, TNFAIP3, S100A8/A9, and CTSS. By combining whole-exome sequencing and single-cell sequencing results, we observed marked upregulation of RGS1 transcript levels in our patient harboring the STAT1 GOF mutation. RGS1 is a member of the G protein signaling regulator (RGS) family. Previous studies have shown that activation of the INF–STAT1 pathway by some immune cells (such as CTL and Th1 cells) in the breast cancer tumor microenvironment can promote the upregulated transcription of RGS1. Chemokine receptors normally signal through intracellular G proteins, and RGS1 regulates T cell migration by attenuating chemokine-mediated signaling. However, the negative regulatory role of RGS1 stimulated by STAT1 during the immune response against fungal infection remains to be further studied.

CMC is clinically characterized by recurrent or persistent infections of the skin, nails, and mucous membranes with Candida (1). CMC usually presents with severe immunodeficiency of T cells, mainly associated with an impaired Th17 cell pathway. The STAT family regulates the transcription of multiple genes, leading to the increased production of IL-6, IL-10, IL-17A/17F, IL-22, transforming growth factor β, and monocyte chemoattractant protein 1, and the decreased production of tumor necrosis factor (TNF) α, IL-12, and IFN-γ (37). The STAT1 GOF mutation leads to the impaired dephosphorylation or hyperphosphorylation of STAT1 in the nucleus. Most of the mutation sites are located in the CCD and DBD of the nucleus, with a few being located in the SH2 domain. The reason why the STAT1 GOF mutation is not conducive to Th17 cell production and the IL-17 response, may be that it inhibits the downstream STAT3-mediated gene expression of Th17 cell growth and development, such as the STAT3 signaling pathway activated by IL-6, IL-21, and IL-23 (38), whereas, IFN-α, IFN-β, and IL-27 responses inhibit Th17 cell development (39, 40).

STAT1 GOF mutations not only cause infection but also cause other non-infectious symptoms, such as deep fungal diseases such as coccidioidomycosis and histoplasmosis, an increased susceptibility to bacterial sinus and lung infections, mycobacteria infection, and herpes virus infection (41–43). The STAT1 GOF mutation is also commonly associated with autoimmune diseases, such as autoimmune thyroid disease, autoimmune agranulocytosis, autoimmune hepatitis, vitiligo, type I diabetes, and systemic lupus erythematosus-like disease (13, 14).

In our review of the literature on STAT1 GOF (c.Y289C) mutations, we identified seven cases in total. With the exception of an 8-year-old boy who did not show CMC, approximately half of the remaining cases had bacterial and viral infections (such as CMV, HSV, and EBV). In previous STAT1 GOF studies, high rates of bacterial (74%) and viral (38%) infection were detected, with common viral infectious agents being HSV, varicella-zoster virus, CMV, and EBV (15, 36). Two patients showed autoimmune tendencies, one patient had an invasive infection, and one had an aneurysm. There were no reports linking tumor development to the c.Y289C mutation. Except for the older age of initial onset of CMC, the incidence of pre-existing clinical disease in c.Y289C mutants was similar to previous data (36). Overall, patients with STAT1 GOF (c.Y289C) mutations showed lower mortality and lower probability of failure to thrive (approximately 13.3% and 15.4% for STAT1 GOF, respectively) (36).

The molecular mechanism of STAT1 hyperphosphorylation was previously thought to be nuclear dephosphorylation injury (44). Because increased STAT1 protein levels and increased mRNA expression were observed in CMC patients, Bernasconi et al. suggested that the increased STAT1 phosphorylation levels resulted from impaired dephosphorylation on the one hand and increased total STAT1 protein levels on the other hand (45). Tamaura et al. demonstrated the high levels of STAT1 mRNA and protein expression in a mouse model knocked in with the R274Q mutation (46). Unlike some previous studies, however, we did not observe an increase in the protein level of STAT1 in our patient compared with the level in the healthy control.

Clinical diagnosis of CMC is usually based on clinical symptoms, and smear and in vitro culturing of Candida, but can also be based on gene sequencing analysis. In a large cohort study (n=273), CD8+ T cell counts were found to be normal in 83% of patients with STAT1 GOF mutations, decreased in 16%, and increased in only 1%. Memory B cells were reduced in 49% of the 53 patients tested, yet the results of the current study were insufficient to explain the rare elevation of CD8+ T cells in this patient. In fact, immunological laboratory findings are insufficient to diagnose the functional deficit in most patients. Although the patient’s monocyte count was within the normal range on laboratory tests, we noted a marked decrease in single-cell results compared with those of healthy controls. Studies suggest that STAT1 may be involved in the polarization of classical monocytes that drive the inflammatory response upon microbial infection. Recently, researchers observed an increase in phosphorylated STAT1 and total STAT1 levels in LPS-depleted monocytes, and further studies suggest that TRAM-mediated STAT1 activation leads to monocyte exhaustion (47)

At present, the first-line drugs for the treatment and prevention of CMC are azole antifungal drugs, among which fluconazole is the typical representative, followed by itraconazole and posaconazole. The recommended dose of fluconazole is 100–200 mg per day, and the dose can be increased to 800 mg per day for systemic infections and reduced to 6–12 mg/kg per day for children (48). In previous studies, the outcomes with fluconazole treatment were excellent in patients without other non-infectious diseases such as autoimmunity disease, aneurysm, or cancer. However, the susceptibility of Candida to fluconazole decreases with the duration of treatment, so it is necessary to isolate the strains regularly for drug susceptibility testing (49). Most patients with STAT1 GOF mutations require long-term local or systemic antifungal therapy, of which approximately 39% of patients with long-term antifungal therapy develop resistance to at least one antifungal agent, and patients require second- and third-line therapy, such as voriconazole, echinocandin, terbinafine, and liposomal amphotericin B (15).

Granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) can promote Th17 differentiation and are second-line treatments for severe and invasive fungal infections in CMC (50). In 1995, Shahar et al. first reported that a CMC patient with a STAT1 GOF mutation obtained significant clinical benefit after receiving GM-CSF treatment (51).

In addition, some CMC patients can be treated with oral tyrosine kinase (JAK) inhibitors, such as the JAK1 and JAK2 inhibitor ruxolitinib. By targeting the JAK/STAT axis, JAK inhibitors are promising drug candidates in the treatment of STAT1 GOF or STAT 3 GOF mutations. Ruxolitinib inhibits the hyper-responsiveness of STAT1 to ligand stimulation, triggers Th1 and follicular T helper cell immune responses (52), and partially restores NK cell differentiation and function (16). A patient with a STAT1 GOF mutation showed significant improvement following administration of baricitinib and IL-17A production by PBMCs was partially restored (53).

In vitro studies on histone deacetylase inhibitors demonstrated their potential for clinical treatment of CMC. STAT1 acetylation counteracts IFN-induced STAT1 phosphorylation, nuclear translocation, DNA binding, and target gene expression (54).

At present, hematopoietic stem cell transplantation is the only method that can completely cure severe or refractory CMC, but there are associated risks, such as uncontrollable infection, graft-versus-host reactions, and death after secondary transplantation failure (17, 55). It is the responsibility of clinicians to judge whether patients are suitable for bone marrow transplantation and the optimal time for transplantation.

A limitation of this study is the small number of CMC cases, and future studies with a larger sample size are needed to reduce bias and reveal discrepancies between patients. Because CMC incorporates a wide spectrum of diseases and involves a range of pathogenic gene mutations (such as mutations in STAT1, STAT3, IL-17F, IL-17RA/RC, ACT1, and RORC), single-cell transcriptomic studies with more samples classified according to different mutated genes would be more meaningful, as well as sampling before and after GM-CSF treatment in patients. In addition, data based solely on bioinformatic technology need to be subsequently verified by cell or animal experiments.

In summary, we depicted the PBMC landscape in a CMC patient with a STAT1 GOF mutation. Our study established the feasibility of single-cell RNA-Seq technology as a strategy to investigate immune pathogenic responses in CMC.
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Invasive mucormycosis (IM) is a life-threatening infection caused by the fungal order Mucorales, its diagnosis is often delayed, and mortality rates range from 40-80% due to its rapid progression. Individuals suffering from hematological malignancies, diabetes mellitus, organ transplantations, and most recently COVID-19 are particularly susceptible to infection by Mucorales. Given the increase in the occurrence of these diseases, mucormycosis has emerged as one of the most common fungal infections in the last years. However, little is known about the host immune response to Mucorales. Therefore, we characterized the interaction among L. corymbifera—one of the most common causative agents of IM—and human monocytes, which are specialized phagocytes that play an instrumental role in the modulation of the inflammatory response against several pathogenic fungi. This study covered four relevant aspects of the host-pathogen interaction: i) The recognition of L. corymbifera by human monocytes. ii) The intracellular fate of L. corymbifera. iii) The inflammatory response by human monocytes against the most common causative agents of mucormycosis. iv) The main activated Pattern-Recognition Receptors (PRRs) inflammatory signaling cascades in response to L. corymbifera. Here, we demonstrate that L. corymbifera exhibits resistance to intracellular killing over 24 hours, does not germinate, and inflicts minimal damage to the host cell. Nonetheless, viable fungal spores of L. corymbifera induced early production of the pro-inflammatory cytokine IL-1β, and late release of TNF-α and IL-6 by human monocytes. Moreover, we revealed that IL-1β production predominantly depends on Toll-like receptors (TLRs) priming, especially via TLR4, while TNF-α is secreted via C-type lectin receptors (CTLs), and IL-6 is produced by synergistic activation of TLRs and CTLs. All these signaling pathways lead to the activation of NF-kB, a transcription factor that not only regulates the inflammatory response but also the apoptotic fate of monocytes during infection with L. corymbifera. Collectively, our findings provide new insights into the host-pathogen interactions, which may serve for future therapies to enhance the host inflammatory response to L. corymbifera.
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Introduction

During the last years, the number of mucormycosis cases has increased (1–3) along with the predisposing risk factors such as hematological malignancies, diabetes, organ transplantations, and corticosteroid therapies (3–5). Mucormycosis, an infection caused by the fungal order of Mucorales, is characterized by a fast invasion of blood vessels, thrombosis, and tissue necrosis. The outcome of this infection commonly results in high mortality rates due to the rapid destruction of tissue, difficult early diagnosis, and resistance to antifungal agents (6–8). Within the Mucorales, Lichtheimia species are among the most important causative agents together with Rhizopus and Mucor species (3, 5, 9). These molds are currently emerging as opportunistic fungi and exhibit devastating results in immunocompromised patients (10), but also immunocompetent patients can suffer from Farmer’s lung disease, a form of hypersensitivity pneumonitis resulting from recurrent exposure to moldy plant materials (11). After inhalation by humans, the dormant sporangiospores (here assigned as resting spores) of Mucorales encounter several interactions with the host’s adaptive and innate immune system of which just a few have been studied as drivers of pathogenesis [as reviewed by (2, 12, 13)]. Hence, we found it highly relevant to understand their interaction with the host-immune cells and the mechanism that triggers antifungal alarm systems, such as the inflammatory response.

Antifungal immunity requires strict regulation among different cellular processes to eliminate the fungus and protect the organism from collateral damages (14). In that regard, specialized proteins known as cytokines and chemokines promote a balanced communication among several cellular types, modulate phagocyte recruitment, antigen presentation, activation, and immune cell maturation as well as activation and resolution of the inflammatory response, which includes clearance of the pathogen and tissue repair (14, 15). Besides other professional phagocytes, monocytes are instrumental in the modulation of the inflammatory response against several pathogenic fungi (16–18). These immune cells circulate in the bloodstream and migrate into infected tissue attracted by chemokines, where they differentiate into macrophages or dendritic cells (16, 19, 20). Furthermore, monocytes are the main source of IL-1β in humans, a cytokine involved in the initiation of immune responses, induction of further pro-inflammatory proteins, hematopoiesis, differentiation of TH17 cells, development of IL-10, and a typical marker of inflammasome activation (15, 21–23). Additionally, monocytes produce TNF-α and IL-6 which are pro-inflammatory cytokines that mediate host-apoptosis and inflammation as well as trafficking of leukocytes, production of acute-phase proteins, T-cell proliferation, B-cell differentiation, and survival (24, 25).

To initiate the inflammatory response against pathogenic fungi, immune cells recognize cell-wall constituents known as Pathogen-Associated Molecular Patterns (PAMPs), such as cell-wall proteins, glucans, chitin, and lipids, or endogenous signals known as damage-associated molecular patterns (DAMPs) (26, 27). This fungal recognition is mediated by Pattern-Recognition Receptors (PRRs), which are specialized cell-surface receptors triggering pathogen-killing and inflammatory signaling cascades upon stimulation (14, 15, 27). Furthermore, PRRs are classified into several families including Toll-like receptors (TLRs), C-type lectin receptors (CLRs), and NOD-like receptors (NLRs) which modulate several inflammatory signaling pathways resulting in cytokine production (28, 29). For this reason, unraveling the recognition mechanism and the modulation of the inflammatory response against Lichtheimia corymbifera could provide novel insights for diagnostics biomarkers and therapies. Therefore, in this study we focused on three relevant aspects of the host response against this fungus: i) characterization of L. corymbifera recognition by human monocytes. ii) Comparing the pro-inflammatory cytokine profile among the most causative agents of mucormycosis. iii) Determining predominant PRRs axes that prime the inflammatory response against L. corymbifera and its connection to the innate apoptotic immunity. We did not further characterize the host-pathogen interaction with Rhizopus and Mucor species since this subject has been previously described (30–34).



Materials and methods


Ethics statement

Human blood was obtained from the Institute for Transfusion Medicine, Jena University Hospital, after written informed consent of the healthy donors in accordance with ethics committee approval 4357-03/15 and with the Declaration of Helsinki 1975, as revised in 2008. Mice experiments were approved by Thueringer Landesamt für Verbraucherschutz (breeding license 02-052/16).



Fungal strains, cultivation, and spore treatments

The most virulent strains of L. corymbifera JMRC: FSU:009682 (original strain nos.: CBS 429.75, ATCC 46771), and the least virulent JMRC: FSU:0010164, Mucor lusitanicus (formerly: M. circinelloides f. lusitanicus) JMRC: FSU:005859 (original strain no.: CBS 277.49), and Rhizopus arrhizus var. arrhizus (formerly: R. delemar) JMRC: FSU:008743 (original strain no.: 99-880) were grown in Potato Dextrose Agar for seven days at 37° C. Spores were harvested by using sterile phosphate-buffered saline (PBS, 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.76 mM KH2PO4, pH 7.4). To inactivate spores, 4% formaldehyde (PFA) was used for 30 min at a concentration of 1x107 spores/mL. Finally, spores were counted in a Thoma hemocytometer and adjusted to the desired concentration in RPMI 1640 supplemented with fetal bovine serum (FBS) (Gibco).



Purification, cultivation, and infection of human cells

Peripheral Blood Mononuclear Cells (PBMC) were isolated from healthy donors’ buffy coats by a density gradient centrifugation using Histopaque-1077 (Sigma Aldrich). Consequently, human monocytes were positively selected from PBMC using CD14 MicroBeads coupled to a magnetic cell sorting system (Miltenyi Biotec). Isolated human monocytes were seeded into twenty-four-well plates at a density of 1x106 cells per well and cultured in RPMI-1640 (Lonza) supplemented with 10% heat-inactivated FBS (Gibco) for two hours at 37 °C and 5% CO2. Resting monocytes were infected with L. corymbifera spores at a multiplicity of infection (MOI) of 5 at the corresponding times.



Phagocytosis quantification by flow cytometry

The method was adapted from Hartung et al. (Cytometry A. 2019 Mar;95(3):332-338). Briefly, erythrocytes were depleted from healthy donors’ blood by osmotic shock using an Erythrocyte Lysis Buffer (0.15 M NH4Cl; 10 mM NH4Cl; 0.1 mM EDTA). Human leukocytes were seeded in a 24-well plate at a density of 1x106 cells per well and cultured in RPMI 1640 (Lonza) supplemented with 10% heat-inactivated FBS (Gibco). The obtained leukocytes were incubated with fluorescein isothiocyanate (FITC)-labeled (100µg/mL) spores at MOI 5 for 30, 60, and 120 minutes at 37 °C and 5% CO2. Consequently, leukocytes were harvested with PBS-2mM EDTA and stained with anti-CD45-BUV395 (Biosciences), anti-CD15-BV605 (Biolegend), anti-CD14-PECy7 (Biolegend), and anti-FITC-APC (Invitrogen) for 20 minutes at room temperature (RT). Phagocytosis was assessed by using an LSR Fortessa (Becton Dickinson) flow cytometer and data were analyzed with FlowJo v10.6.2 software.



Cell viability analysis

Isolated CD14+ monocytes were incubated with L. corymbifera spores over 24 hours in a 24-well plate with RPMI-FBS supplemented medium at 37°C, 5% CO2. Non-phagocytosed spores were stained with Calcofluor-white (CFW) (10 mg/mL, Sigma) for 20 min. After harvesting the cells with PBS-2mM EDTA, the monocytes were lysed with radioimmunoprecipitation assay buffer (RIPA) (200 mM NaCl; 50 mM Tris-HCl, 4 mM EDTA, 1% Deoxychocolate, 1% Triton X-100 and 0.1% w/v SDS) for 40 min on ice. Phagocytosed and adherent spores were centrifuged at 3000 rpm, treated with DNAases (500 mg/mL) for 15 minutes at 37°C, and stained with Propidium Iodide (PI) (Biolegend) for viability measurements. Monocytes were assessed in a separate sample and stained with the Fixable Viability Dye - eFluor™ 780 APC-Cy7 (Thermo Scientific). Viability was quantified by using an LSR Fortessa (Becton Dickinson) flow cytometer and the data were analyzed with FlowJo v10.6.2 software.



Fluorescence microscopic monitoring of the intracellular fate of L. corymbifera in monocytes

Human monocytes (1x106/well) on a 12-mm-diameter coverslip were infected with FITC-labeled spores at MOI 5 for 2 hours. Non-phagocytosed spores were removed with PBS. To monitor the diameter of internalized spores, the cells were incubated for 1, 2, 4, 6, and 16 hours in RPMI medium (Lonza) supplemented with 10% heat-inactivated FBS (Gibco) at 37 °C and 5% CO2. Cells were carefully washed with PBS and counterstained with CFW (100 µg/mL, Thermo Scientific) for 20 minutes at RT. The interaction between monocytes and spores was fixed with 4% formaldehyde for 10 minutes and ProLong Gold Antifade Mountant (Thermo Scientific) was used for microscopy preparations. Microscopic observations were performed using a Zeiss LSM 780 confocal microscope, and the diameter of the internalized spores was measured by ImageJ software.



Inhibition of Pattern Recognition Receptors

Human monocytes were positively selected by using CD14 microbeads coupled to a magnetic cell sorting system (Miltenyi Biotec). The isolated cells were incubated in a 24-well plate at 37 °C and 5% CO2, and stimulated for three hours with specific inhibitors reported in previous studies: 5 µM Interleukin-1 Receptor-Associated Kinase (IRAK) inhibitor (CAS 509093-47-4, Merck), 5 µM Spleen tyrosine kinase (Syk) inhibitor (ER 27319 maleate, R&D systems), 10 µM NF-KB inhibitor (Bay11-7082, In vivogen), 10 µg/mL human TLR2 Neutralizing antibody (Ab) (PAb-hTLR2, In vivogen), and 5 µM TLR4 inhibitor (CLI-095, In vivogen) (35–38). Inhibition of IRAK, Syk, and the nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) was performed at a density of 1x106 cells/well in 1 mL of RPMI medium supplemented with 10% v/v FBS, while TLRs at a density of 5x105 cells/well in 0,5 mL of total volume. Subsequently, the monocytes were infected with the mucoralean fungi at MOI 5 for sixteen hours. Then, the supernatants were collected and the secreted cytokines were determined by ELISA MAX™ Deluxe kit (Biolegend). PAM3CSKA (In vivoGen) and ultrapure Lipopolysaccharide (LPS) (In vivoGen) were used as agonists for TLR axis activation, while Mannan (Sigma Aldrich) was used for CTL activation.



Cell damage and cytokine measurement

Isolated monocytes were cultured in a 24-well plate at a density of 1x106 per well and incubated with freshly harvested spores at MOI 5 for 6 and 16 hours in 1mL of RPMI (Lonza) supplemented with 10% heat-inactivated FBS (Gibco) at 37 °C and 5% CO2. The percentage of damage in monocyte was measured by Lactate Dehydrogenase (LDH) activity following instructions from the cytotoxic detection kit plus LDH (Roche), whereas human IL-1β, TNF-α, IL-6, and IL-10 production were assessed by using ELISA MAX™ Deluxe kit according to the manufacturer’ instructions (Biolegend).



Induction and analysis of apoptosis in human monocytes

First, monocytes were infected for one hour as previously described. To induce apoptosis, monocytes were treated with staurosporine (STS) to a final concentration of 3.5 µM (Applichem) for three hours. Subsequently, cells were harvested and transferred into a cone-bottom 96-well plate and resuspended in PBS containing calcium and magnesium. To differentiate apoptotic stages and necrosis, monocytes were stained with 1:40 Annexin V conjugated with Pacific Blue (Invitrogen) and 1:2000 eBioscience™ Fixable Viability Dye eFluor™ 780 (Invitrogen) for 20 min at RT. Cells were analyzed using an LSR Fortessa BD flow cytometer and percentages of apoptosis were calculated with FlowJo v10.6.2 software.



Detection of Caspase 3 and BCL-2 by western blotting

Human monocytes were lysed using RIPA buffer (see 1.5) for 40 minutes to obtain whole-cell proteins. 50 µg of total proteins were run on an SDS PAGE gel, transferred to a polyvinylidene difluoride (PVDF) blotting membrane, and incubated with human Caspase-3 mouse mAb (3G2, Cell signaling technology) overnight, and BCL-2 mouse mAb (#15071, Cell signaling technology) for 16 hours. A goat anti-mouse horseradish peroxidase (HRP, Abcam) was then incubated at RT for one hour, followed by incubation with Immobilon Western HRP Substrate (Millipore), and detection by the chemiluminescence reader Octopus QPLEX from Dye AGNOSTICS NH.



Murine Bone Marrow-Derived Monocytes co-infection

Bone marrow from the femur of MyD88 -/- mice was isolated and differentiated into BMDMs according to (39). 7x105 differentiated monocytes were cultivated in RPMI-1640 supplemented with 10% heat-inactivated FBS in a 24-well plate and infected with 7-days old, harvested spores at MOI 5 for 16 hours at 37°C and 5% CO2. Post-infection, the supernatant was collected and the IL-1β production was assessed by using ELISA MAX™ Deluxe kit according to the manufacturer’s instructions (Biolegend).



Statistical analysis

D’Agostino & Pearson test was performed to determine normal distribution for samples with n ≥6, and Shapiro- Wilk test for n< 6. Values normally distributed were analyzed by using a one-way ANOVA with Sidak’s multiple comparisons test, and by Krustal-Wallis for non-normally distributed data, while differences among two different groups were assessed by paired t-test. All tests were performed in GraphPad Prism software version 6. A p-value <0.05 was considered significant and marked in graphs with the following symbols: *p, 0.05, **p, 0.01, and ***p, 0.001.




Results


L. corymbifera spores are efficiently recognized by human monocytes and neutrophils

Phagocytosis evasion mechanisms contribute to fungal pathogenicity and prevent optimal host-immune response (40). Monocytes and neutrophils range among the professional phagocytes controlling the early stages of fungal infections (16, 41). Therefore, we evaluated the recognition efficacy of L. corymbifera spores by human monocytes and neutrophils, as well as the intracellular fate in human monocytes (Figure 1, S2). During the initial thirty minutes of infection (Figure 1A), we found (84,08 ± 5,48) phagocytosis percentage of L. corymbifera resting spores (alive) by human monocytes and (87,03 ± 7,54) percentage by neutrophils. Moreover, we killed L. corymbifera spores with formaldehyde to determine if fungal viability contribute to the recognition of L. corymbifera. Although phagocytosis was initially slightly decreased with killed spores (Figures 1B, C), we did not find significant differences compared to viable spores (Figure 1B, C). Independently of the treatment, all spores were similarly recognized at 120 minutes of infection and reach a phagocytic saturated stage (Figure 1B, C). These results indicate that monocytes and neutrophils efficiently recognize L. corymbifera spores.




Figure 1 | Recognition and intracellular fate of L. corymbifera dormant sporangiospores, here designated as resting spores. (A) Phagocytosis of resting spores by primary monocytes and neutrophils. (B, C) Phagocytosis of alive and killed fungal spores by monocytes and neutrophils. (D) Intracellular growth of L. corymbifera after phagocytosis by primary human monocytes. Fungal spores were pre-stained with FITC and counterstained with calcofluor white (CFW) after phagocytosis to differentiate attached spores (blue) from internalized spores (green). (E) Diameter quantification of internalized spores (n=80/experiment). (F) Percentage of monocytes’ LDH release after infection with L. corymbifera. (G) Viability of phagocytosed spores. Symbols and bars represent the mean ± SD of at least three independent experiments. Differences among groups were assessed by unpaired t test or one-way ANOVA. *p < 0,05; ***p <0,001. ns indicates not significant.





L. corymbifera spores exhibit long term survival within human monocytes

After engulfment, some pathogenic fungi use diverse mechanisms to avoid intracellular killing including inhibition of phagolysosome formation or lytic escape. This might result in further spread of the fungus and a worse outcome of the infection (30, 42). To evaluate the intracellular fate of L. corymbifera, we monitored its growth after phagocytosis by human monocytes (Figure 1D). Hence, we incubated FITC-labeled spores of L. corymbifera with monocytes, followed by counterstaining with CFW to distinguish adherent spores (blue) from internalized spores (green), which increased their diameter over sixteen hours of infection, but did not germinate (Figure 1E), contrary to viable spores cultured under the same conditions but in absence of the phagocytes (Figure S1, left). Moreover, to confirm the intracellular inhibition of L. corymbifera growth, we evaluated the host-cell membrane integrity. For that purpose, we measured the percentage of LDH released from primary monocytes and the monocytic cell line MM6 after exposure to the fungus (Figure 1F). After sixteen hours, we observed only a slight increase in LDH release from the infected primary monocytes (13,3 ± 14,37) and the monocytic cell line MM6 (5,74 ± 6,979), indicating that most monocytes remained viable after infection with L. corymbifera. To confirm these observations, we stained infected monocytes with Fixable Viability Dye eFluor™ 780 and observed that (91,13 ± 9,413) percent of the phagocytes were viable even after twenty-four hours of infection (Figure S3B). Finally, we evaluated the viability of phagocytosed spores by counterstaining non-phagocytosed spores with CFW and using PI to measure viability (Figure S3A). We observed that 91,52 ± 6,255 percent of phagocytosed spores were still alive after 24 hours of engulfment (Figure 1G). Altogether, our results indicate that internalized spores of L. corymbifera remain alive within human monocytes over 24 hours, do not germinate, and inflict minimal damage to the host cell.



L. corymbifera viable spores trigger a pro-inflammatory response by human monocytes

Our previous results indicate that most monocytes remain viable during infection with L. corymbifera while restraining the intracellular growth of the fungus. Hence, we wondered whether monocytes could contain the fungal infection while alerting further immune cells via cytokine production. Therefore, we quantified the production of the pro-inflammatory cytokines IL-1β, TNF-α, IL-6, and the anti-inflammatory cytokine IL-10 during exposure to L. corymbifera (Figure 2). We observed that after sixteen hours of infection monocytes produced a significant amount of IL-1β, TNF-α, IL-6 and IL-10 in response to viable fungal spores (Figures 2B, D, F, H). While IL-1β, was the only cytokine significantly released after six hours of exposure to the pathogen, in comparison to monocytes without stimuli (Figure 2A). Then, we evaluated whether fungal viability could influence the production of these cytokines. For this purpose, we measured cytokine release after infection with PFA-inactivated spores. We observed that cytokine production was significantly impaired after incubation with killed spores, which suggests that activation of the monocytes’ inflammatory response to L. corymbifera requires metabolically active spores.




Figure 2 | Alive resting spores of L corymbifera trigger early inflammatory responses by human monocytes. Pro-inflammatory cytokine release after six (A, C, E) and sixteen (B, D, F) hours of infection with L. corymbifera. (G, H) Anti-inflammatory cytokine production after infection with L. corymbifera. Bars represent means ± SD of data obtained from three independent experiments, each with one or two different donors, which are represented by dots. Differences among groups were assessed by one-way ANOVA for normally distributed data and Krustal-Wallis for non-normally distributed. *p< 0,05; ***p<0,001. S. proteins indicate surface proteins. ns indicates not significant.





The virulent strain of L. corymbifera generates a broader inflammatory response in human monocytes, compared to the reference strains of R. delemar and M. circinelloides

Most of the reported cases of mucormycosis are caused by Rhizopus delemar, Mucor circinelloides, and Lichtheimia corymbifera species (5, 9). Although infection by these Mucorales shares similar characteristics, previous studies reported unique features that may determine the pathogenicity of each species (43). Hence, we evaluated whether monocytes produce a particular inflammatory response against the most virulent strain of L. corymbifera JMRC : FSU:09682 and the clinical reference strains of R. delemar 99-880 and M. circinelloides CBS277.49. For that purpose, we quantified the production of IL-1β, TNF-α, IL-6, and IL-10 after sixteen hours of exposure to the fungi (Figure 3). Despite a broad variation among the donors, we found that M. circinelloides and L. corymbifera induced significant production of IL-1β, contrary to R. delemar which triggered a non-significant but higher release of the cytokine compared to mock-treated monocytes (Figure 3A). Moreover, all mucoralean species produced a significant amount of TNF-α compared to the mock-treated monocytes, being M. circinelloides the lowest inducer of this cytokine (Figure 3B). L. corymbifera and M. circinelloides exerted production of the pro-inflammatory cytokine IL-6 (Figure 3C), and only L. corymbifera prompted a significant anti-inflammatory response via IL-10 production (Figure 3D). Altogether, these results suggest that the mucoralean strains used in this study promote a common signaling inflammatory cascade that results in TNF-α production. However, they may conserve particular traits, such as fungal cell-wall constituents (44), that promote differentcytokines profile. Nonetheless, to consider virulence variability within each species, more strains should be assessed in future studies.




Figure 3 | Resting spores of the virulent strain of L corymbifera induce a higher production of TNF-α, IL-6, and IL-10 compared tothe clinical reference strains R. delemar and M. circinelloides. (A–C) Monocytes’ pro-inflammatory cytokine and (D) anti-inflammatory IL-10 release after sixteen hours of exposure to alive spores of the most common pathogenic Mucorales. Lines represent the mean of data obtained from six independent experiments, each with two or three different donors, which are represented by symbols. Differences among groups were assessed by one-way ANOVA for normally distributed data and Krustal-Wallis for non-normally distributed. *p< 0,05; **p<0,01; ***p<0,001. L corymbifera (L.cor), R. delemar (R. del), M. circinelloides (M.cir).





IL-1β production in response to L. corymbifera predominantly dependent on TLR priming

Cytokines are synthesized upon activation of PRRs through different downstream signaling cascades. These signaling pathways are determined by the type of fungal PAMPs that triggers either the CTLs, TLRs, or both of them for a cooperative amplification of fungal recognition and resolution of the infection (23, 28, 29, 45). Certainly, when evaluating pro-inflammatory cytokine production in response to mucoralean fungi, we observed that each downstream mediator, the Tyrosine-protein kinase (SYK)—a central mediator of the CTLs axis— and the Interleukin-1 Receptor-Associated-Kinase (IRAK), a central effector molecule of TLRs, regulate the inflammatory response by human monocytes. However, TNF-α production against R. delemar was reduced after SYK inhibition (Figure 4A) and increased after IRAK inhibition (Figure 4B), while TNF-α production against L. corymbifera was significantly impaired after SYK inhibition (Figure 4A) but not to IRAK inhibition. In the case IL-6 production in response to M. circillenoides, was significantly reduced to IRAK inhibition but not to SYK inhibition. Furthermore, IL-1β production in response to L. corymbifera significantly decreased only after the inhibition of IRAK (Figure 4B), but not to SYK (Figure 4A), These results suggest a predominant dependency on TLR priming to produce IL-1β in response to L. corymbifera infection. To confirm this, we infected BMDMs from mice lacking the adaptor protein MyD88, which regulates the downstream signaling cascade of TLRs, including IRAK (46). As a result, we observed that MyD88 -/- monocytes failed to induce IL-1β after infection with L. corymbifera in contrast to WT monocytes (Figure 5). Interestingly, our previous results showed that IL-1β was induced in response to L. corymbifera during the early and late stages of the infection (Figures 2A, B). Moreover, parallel testing of the inhibitors of TLRs, CTLs, and NF-KB revealed no increase in pro-inflammatory cytokine production which provides evidence for a working experimental system (Figure S4). Therefore, our results suggest that IL-1β production in response to L. corymbifera could be predominantly triggered by TLR priming.




Figure 4 | IL-1β production in response to L corymbifera is predominantly primed via the IRAK signaling pathway in human monocytes. Downstream mediators of TLRs and CTLs were inhibited for three hours before infection with the mucoralean fungi. (A) Pro-inflammatory cytokines concentrations after inhibition of the Tyrosine-protein kinase (Syk) or (B) the Interleukin-1 Receptor-Associated-Kinase-1/4 (IRAK), During IRAK inhibition PAM3CSKA was used as a specific ligand, whereas mannan was used during Syk inhibition. Dots and lines represent paired values of every single donor. Data was obtained from three independent experiments, each with two or three different donors, and differences among groups were assessed by paired t-test. *p< 0,05; **p<0,01; ***p<0,001. ns indicates not significant. L corymbifera (L. cor), R. delemar (R. del), M. circinelloides (M. cir).






Figure 5 | Bone marrow-derived monocytes (BMDM) from MyD88-/- mice failed to induce IL-1β release in response to L corymbifera. BMDM lacking the adaptor molecule MyD88 were incubated with the mucoralean fungi for sixteen hours. Subsequently, the production of IL-1β was quantified by ELISA. Lines represent the mean of data obtained in two independent experiments, each with three different mice, which are represented with symbols. Differences among groups were assessed by Krustal-Wallis as non-normally distributed data. **p<0,01.





Inhibition of TLR4 reduced the inflammatory response by monocytes against Mucorales

Since the axis of TLRs seems to play an important role in the host-inflammatory response against Mucorales, we evaluated the particular contribution of the receptors TLR2 and TLR4 (Figure 6), which are known to mediate antifungal immunity against other fungi, such as C. albicans and C. neoformans (28, 29, 47, 48). In the case of Mucorales, we observed that TLR2 inhibition did not influence cytokine production in response to Mucorales fungi (Figure 6A). On the other hand, TLR4 inhibition promoted a significant reduction of IL-1β after infection with L. corymbifera and M. circinelloides and TNF-α in response to M. circinelloides. (Figure 6B), which suggests a predominant role of TLR4 in the activation of the monocyte inflammatory response against these Mucorales, more probably by recognition of a polysaccharide such as a glucan given that it is the major component of the spore cell wall in M. circinelloides and play an important role in the immune response against Rhizopus by dendritic cells (49, 50). Furthermore, we observed β-1,3-glucans in the early stages of L. corymbifera germination (Figure S5).




Figure 6 | TLR4 contributes to the activation of the inflammatory response by primary human monocytes againstL corymbifera and M. circinelloides. Neutralizing TLR2-antibody and TLR4 inhibitor were incubated for three hours before infection with the Mucorales. (A) Pro-inflammatory cytokines concentrations after inhibition of TLR2 or (B) TLR4. PAM3CSKA was used as a specific ligand for TLR2 activation and LPS forTLR4 activation. Dots and lines represent paired values of every single donor. Data were obtained from three independent experiments, each with two or three different donors, and differences among groups were assessed by paired t-test. *p< 0,05; **p<0,01. ns indicates not significant. L corymbifera (L. cor), R. delemar (R. del), M. circinelloides (M. cir).





Inhibition of NF-kB decreases IL-1β, TNF-α, and IL-6 production in response to L. corymbifera

Previous studies described the transcription factor NF-kB as a pivotal mediator of the inflammatory response. During infection, immune cell recognition of diverse PAMPs and DAMPs by PRRs activates the NF-kB canonical pathway and induces the transcription of pro-inflammatory genes encoding inflammatory mediators (51). Thus, we evaluated the contribution of the NF-kB canonical signaling pathway to the induction of pro-inflammatory cytokines by preventing its translocation into the nucleus with the inhibitor BAY11-7082 (Figure 7, Figure S4). Certainly, IL-1β, TNF-α, and IL-6 production were significantly reduced after inhibition of NF-kB when infected with L. corymbifera (Figure 7), suggesting the existence of a downstream convergence for these cytokines signaling pathways. Furthermore, inhibition of the canonical NF-kB pathway did not completely abolish IL-1β release in contrast to TNF-α and IL-6 production (Figure 7), suggesting that inflammasome-independent mechanism, as previously described by (52) could be contributing to process pro-IL-1b into IL-1β by human monocytes in response to L. corymbifera.




Figure 7 | NF-kB is a central mediator of the inflammatory response during infection with L. corymbifera. Monocytes were incubated for three hours with the NF-KB inhibitor (Bay11-7087), before infection with L. corymbifera for sixteen hours. Pro-inflammatory cytokines were measured by ELISA. Dots and lines represent paired values of every single donor. Data were obtained from three independent experiments, each with two or three different donors, and differences among groups were assessed by paired t-test. *p< 0,05; **p<0,01. L corymbifera (L. cor).





NF-kB modulates monocytes apoptosis during infection with L. corymbifera

The downstream signaling and release of IL-1β by primary monocytes depend on the intensity of the pro-inflammatory stimuli. Whereas only TLR4 activation induces slow IL-1β release, simultaneous stimulation of several TLRs promotes faster IL-1β secretion and high levels of Reactive Oxygen Species (ROS), which are instrumental for antifungal immunity (23, 27, 40). Accordingly, single monocyte stimulation induces apoptosis, while diverse stimuli trigger pyroptosis (23). Our previous results suggest that L. corymbifera have a long-term intracellular survival (Figures 1F, H), do not cause significant damage in monocytes (Figure 1G and Figure S2C), and induce the early release of IL-1β (Figures 2A, B) predominantly primed by TLR4 activation (Figure 6B). All these findings led us to evaluate whether L. corymbifera could influence the monocyte’s apoptotic response. For that purpose, we infected human monocytes with spores and induced apoptosis with STS, a well-known chemical inducer of apoptosis by activation of caspase-3 (53, 54) (Figure 9). Surprisingly, L. corymbifera did not induce apoptosis in monocytes but did significantly reduce early apoptosis in the cells treated with STS when fully alive.(Figures 8A, B, Figure S6), similar to our results of IL-1β production (Figures 2A, B), suggesting that intracellular viability of L. corymbifera spores could have an influence on both, the inflammatory response and the apoptotic fate of monocytes. We further exposed human monocytes to the NF-kB inhibitor BAY11-7082, as well as L. corymbifera spores, and evaluated the expression of the pro-caspase 3, which is cleaved during apoptosis, and the anti-apoptotic protein BCL-2, which exerts a survival response to several apoptotic stimuli. As a result, the pro-caspase 3 protein expression decreased in the presence of the inhibitor but not of the spores (Figure 8C), whereas BCL-2 protein expression increased after exposure to spores, as well as BAY11-7082. These results together suggest that L. corymbifera spores do not induce apoptosis but a survival response in monocytes which might impact on the release of cytokines and the outcome of the infection.




Figure 8 | Viable spores of L corymbifera reduce early apoptosis in monocytes and trigger survival response in human monocytes. (A, B). After phagocytosis of fungal spores, human monocytes were exposed to staurosporine (STS), a kinase inhibitor that induces apoptosis. Subsequently, monocyte apoptotic stages were evaluated by flow cytometry. (C) Detection of pro-caspase 3 (Pro-cas3) and the anti-apoptotic protein BCL-2 after exposure to Bay11-7087, an NF-KB inhibitor, and/or resting spores of L corymbifera. Bars represent means ± SD of data obtained from at least three independent experiments. Differences among groups were assessed by one-way ANOVA. *p< 0,05. ns indicates not significant.






Discussion

Fungal clearance predominantly depends on the recognition and intracellular killing of pathogens by professional phagocytes. However, some pathogenic fungi such as A. fumigatus, C. neoformans, and C. albicans have developed different strategies to evade immune detection either via modification in their cell-wall constituents or secretion of inhibitory fungal molecules (28, 40, 55–59). In contrast to the previous pathogenic fungi, the most virulent strain of L. corymbifera (FSU: 009682) did not exhibit avoidance of immune detection by monocytes and neutrophils since its sporangiospores were rapidly and efficiently phagocytized by both cell types (Figure 1A), which suggests the presence of highly immunogenic molecules in its cell wall, such as β-1,3-glucans, as shown in L. corymbifera germlings (Figure S5), or unmasked chitosan after removal of glucans (60). However, recognition of an attenuated strain of L. corymbifera (FSU:10164) was reduced approximately by half when compared to the virulent strain (Figure S1B), indicating possible differences in the cell wall composition of each strain, which could influence on their virulence. Nonetheless, given the clinical relevance of L. corymbifera (FSU: 009682), we studied the monocyte response to this particular strain.

In contrast to several pathogenic fungi that avoid intracellular killing by lysing the host’s cells (28, 40), L. corymbifera did not cause significant damage in phagocytic monocytes (Figure 1F) and did not impair their viability over 24 hours of infection (Figure S3B), which was unexpected considering that several clinical cases of mucormycosis reported rapid destruction of tissue and necrosis, as well as the epithelial and endothelial damage caused by other mucoralean fungi upon intracellular growth (1, 6, 30, 61, 62). Moreover, L. corymbifera spores did not exhibit intracellular germination and remained alive after 24 hours of phagocytosis by human monocytes (Figures 1D, E, G), suggesting that the fungus inhibits the intracellular enzymatic degradation, which occurs in the phagolysosome after activation of specific PRRs and recruitment of specific phagosome proteins (28, 63).

In addition to pathogen recognition and clearance, the immune response also involves the production of cytokines (14, 15). These proteins induce inflammation as an “alarm system” to amplify the antifungal response and recruit several phagocytes to the site of infection, (14, 64). For instance, IL-1β promotes further inflammatory proteins, hematopoiesis, differentiation of TH cells as well as resolution of the inflammation via IL-10 induction (15, 21–23), whereas TNF-α mediates the host-apoptotic responses and the inflammatory response, and IL-6 promotes trafficking of leukocytes, production of acute-phase proteins, cell proliferation, and survival (24, 25). In this study, we observed that upon phagocytosis of L. corymbifera, human monocytes released IL-1β during the first hours of infection, while TNF-α and IL-6 were significantly released in later stages of the infection (Figure 2). Our observations suggest that IL-1β has an important role in antifungal immunity against L. corymbifera by promoting an early response in monocytes, which may alert other immune cells and induce further pro-inflammatory cytokines as observed in previous studies (22, 23, 36, 65). Interestingly, only viable spores of L. corymbifera induced pro-inflammatory cytokines compared to killed spores. This finding suggests that inflammatory response to the fungus may rely on a dynamic fungal cellular process, such as re-arrangement of the fungal cell wall or secretion of fungal molecules, as previously observed in R. delemar with the secretion of the ricin-like toxin Mucoricin (66).

During fungal infection, any delay in the activation of the inflammatory response and recruitment of phagocytes to the site of infection could promote faster fungal dissemination and destruction of the tissue (67, 68). Following this, previous studies reported that patients with invasive pulmonary mucormycosis presented extensive angioinvasion but a limited or moderate inflammatory response (69–71). Therefore, we investigated if the production of inflammatory cytokine was repressed in human monocytes exposed to common pathogenic mucoralean fungi. Interestingly, we observed that virulent strain of L. corymbifera induced a broader inflammatory response in human monocytes compared to the reference strains, Rhizopus delemar 99-880 and Mucor circinelloides CBS277.49, which are the most reported strains in previous host-pathogen interaction studies (30, 34, 72–75)(Figure 3). For this reason, we postulate that the virulent strain of L. corymbifera is a good candidate to elucidate molecular mechanisms, such as priming of PRRs and cytokine signaling pathways activated during infection with Mucorales, since it may possess unique traits, either cell-wall constituents or secreted fungal molecules that promote a faster and broader inflammatory response compared to the other strains.

In this study, we provide new insights into candidate signaling pathways involved in the inflammatory response against Mucorales by evaluating the production of common pro-inflammatory cytokines upon inhibition of the main PRRs’ downstream mediators, such as the Tyrosine-protein kinase (SYK) that modulates the CTLs signaling pathway, or the Interleukin-1 Receptor-Associated Kinase (IRAK) that mediates signaling from most of the TLRs (26, 28, 29). We observed that both, SYK and IRAK inhibition resulted in a significant reduction of IL-6 and TNF-α release during infection in response to the mucoralean species (Figures 4A, B), which is in agreement with previous studies that reported cooperation between CTLs and TLRs to amplify the inflammatory immune response (28, 45, 76). However, we observed that production of IL-6 and TNF-α depending on a single-axis activation via CTLs, or TLRs relies on the type of mucoralean fungi. As an example, we observed a predominant modulation of IL-6 via TLRs after infection with M. circinelloides, and TNF-α production via CTLs after infection with R. delemar (Figure 4A). Curiously, TNF-α expression in response to R. delemar was increased after IRAK inhibition. Given that the inhibitor alone did not influence its production (Figure S4B), we hypothesize that TNF-α is overproduced via CTLs as a compensatory effect. Interestingly, the use of TNF antagonists as treatment for autoimmune diseases has been associated with an increased incidence of fungal infections (77, 78). IL-1β production in response to L. corymbifera was significantly reduced only after IRAK inhibition (Figure 4B), suggesting a specific route to produce this particular cytokine. This finding may provide new insights for future therapies since IL-1β is produced early in response to L. corymbifera. Thus, a balanced enhancement of this cytokine may promote higher phagocyte recruitment and prevent further fungal invasion. Nonetheless, potential benefits must be weighed against possible complications to avoid detrimental hyperinflammatory responses.

Among the TLRs, TLR2 and TLR4 have been extensively studied in the immune response against other pathogenic fungi. These receptors recognize specific fungal PAMPs, such as α-1,4-glucans, Glucuronoxylomannans, and Phospholipomannans in the case of the TLR2; and O-linked mannans and Rhamnomannansin in the case of TLR4 (28, 29, 47, 48), which later on leads to the nuclear translocation of the central regulator NF-κB (51, 79). In that regard, we observed that TLR4 inhibition reduced the production of TNF-α in response to M. circinelloides and IL-1β secretion after exposure to L. corymbifera and M. circinelloides (Figure 6B), suggesting that TLR4 has a predominant role in the activation of these signaling pathways. Furthermore, TLR2 inhibition did not affect the pro-inflammatory cytokine production after exposure to the Mucorales. A previous study by Chamilos et al. showed that exposure to R. delemar induced tlr2 expression (80). However, the authors measured the mRNA levels in human polymorphonuclear cells instead of total proteins in monocytes as we described here, potentially explaining the discrepancy between studies. Moreover, we observed that NF-κB inhibition reduced IL-1β production and completely abolished TNF-α and IL-6 (Figure 7), suggesting that IL-1β production partially depends on the activation of the transcription factor, while TNF-α and IL-6 pathways converge downstream in NF-κB. Altogether, our findings suggest that each mucoralean species possesses unique cell-wall constituents that may activate different TLRs and CLRs and induce the production of particular pro-inflammatory cytokines, most of them regulated by NF-κB. Hence, future studies should focus on the identification of these specific receptors and their ligands.

Previous studies described a close connection between cell death mechanisms and inflammation during infection, in which the type of activated caspases, produced cytokines, and intensity of the initial pro-inflammatory stimuli determine the nature of the subsequent inflammatory mechanism and the types of programmed cell death (79, 81). As an example, apoptotic responses induce the production of IL-1β, while necroptosis causes the release of IL-1α, in both cases, the cytokines lead to the activation of downstream inflammatory central regulators, such as the transcription factor NF-κB (23, 51, 79). In that regard, we observed that alive spores of L. corymbifera reduced early apoptosis in human monocytes contrary to killed spores (Figure 8A), suggesting that the apoptotic fate of monocytes could depend on a dynamic fungal process, similar to our previous observations of IL-1β secretion in response to L. corymbifera (Figure 2B). Furthermore, we confirmed a connection between the apoptotic and inflammatory responses after detecting pro-caspase 3 expression—a hallmark of apoptosis—in response to the fungus and the NF-KB inhibitor, Bay11-7087. Here, exposure to the fungal spores did not reduce the expression of pro-caspase 3 contrary to the Bay11-7087 treatment that completely abolished the signal (Figure 8C). Moreover, monocytes infected with the fungus increased their expression of the anti-apoptotic protein BCL-2 similarly to those exposed to Bay11-7087, suggesting that L. corymbifera may influence the apoptotic fate of monocytes by promoting their survival via NF-KB modulation. Therefore, we hypothesize that several immune responses to L. corymbifera such as cell death and inflammation could be modulated by the family of inducible transcription factors NF-κB.



Conclusion

Collectively our findings highlight a long-term survival of L. corymbifera within human monocytes, as well as resistance to intracellular killing. This trait may confer the fungus a temporal niche to escape the host immune response. Hence, we believe that further immunotherapy-based strategies are needed to enhance the intracellular degradation of the pathogen. In this study, we found that IL-1β plays an instrumental role in antifungal immunity against L. corymbifera by promoting an early inflammatory response by monocytes (Figure 9). Interestingly, IL-1β is well-known for its key role in the activation and amplification of inflammatory signaling cascades, recruitment of other immune cells to the site of infection, and enhancement of intracellular killing. Here, we provide a predominant route for the production of IL-1β via activation of the TLRs-IRAK-NF-κB axis in response to L. corymbifera, from which TLR4 is a major PRR involved in the recognition of the fungus. Furthermore, we describe the regulation of TNF-α by the CTLs axis, and IL-6 modulation by both, TLRs and CTLs (Figure 9). Altogether, our findings may serve as background to further studies on the inflammatory response driven by the interaction among specific mucoralean ligands and TLR4.




Figure 9 | Mechanism of the monocyte inflammatory response against the pathogenic fungus L. corymbifera. (Left panel) Main findings of the initial host-pathogen interactions between human monocytes and L. corymbifera spores over infection. Clockwise, 1) Recognition of the fungal spores within the first hours of infection. 2,3) intracellular growth inhibition and fungal survival after 24 hours post-infection. 4) Minimal damage to the host by the fungus. (Right panel) Monocytic pro-inflammatory cytokine activation in response to L. corymbifera. The production of the pro-inflammatory cytokine IL-1β is predominantly induced by TLRs (blue arrows), especially via TLR4. Whereas, TNF-α release is mediated by CTLs (red arrows), and IL-6 by synergistic activation of CTLs and TLRs (blue arrows). These signaling pathways are regulated by the transcription factor NF-κB, which also modulates the apoptotic fate of infected human monocytes by promoting the expression of the anti-apoptotic protein BCL-2 (green arrow).
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Supplementary Figure 1 | L. corymbifera spores do not germinate after fixation with paraformaldehyde (PF) (A). L. corymbifera treated-spores after sixteen hours of incubation in RPMI-FCS supplemented medium. Scale bar 20 µm. (B) Phagocytosis percentages by primary human monocytes and neutrophils of a virulent (FSU: 9682) and an attenuated (FSU: 10164) strain of L. corymbifera. Symbols and bars represent means ± SD of four independent experiments.

Supplementary Figure 2 | Gating strategy to quantify percentages of phagocytosis. Isolated human leukocytes were incubated with FITC-labeled spores over 180 minutes, followed by identification with CD45+, while monocytes were gated from CD14+ and neutrophils from CD15+ populations. Phagocytosed spores were identified as FITC+/APC-anti FITC- and adherent spores as FITC+/APC-anti FITC+. Numbers in the gating represent percentages of each population from one typical experiment.

Supplementary Figure 3 | Cell viability during fungal infection. (A) Gating strategy to determine the viability of phagocytosed spores after 24 hours of co-infection. Calcofluor white (CFW) was used to discriminate between phagocytosed and adherent spores, and Propidium Iodide (PI) for their viability. (B) Viability of human monocytes over 24 hours of infection with L corymbifera spores. Percentages of viability were determined by staining with Fixable Viability Dye - eFluor™ 780 APC-Cy7 and analyzed by flow cytometry. Bars represent means ± SD of at least three independent experiments.

Supplementary Figure 4 | Inhibitors of TLRs, CLRs, and NF-KB do not increase pro-inflammatory cytokine production in absence of spores. Human monocytes were incubated for sixteen hours with the Interleukin-1 Receptor-Associated-Kinase-1/4 inhibitor (IRAK inh.), the Tyrosine-protein kinase inhibitor (Syk inh.), and the NF-KB inhibitor (Bay11-7087). (A) IL-1β, (B) TNF-α, and (C) IL-6 production after incubation with the inhibitors were measured by ELISA. Bars represent means ± SD of data obtained from at least three independent experiments, each with two or three different donors.

Supplementary Figure 5 | The initial stage of germination exposed 1,3-β-glucans of L. corymbifera. Resting spores of L. corymbifera were grown in RPMI cell-culture medium for four hours at 37°C. Germlings and resting spores of L. corymbifera were incubated with 1,3- β- glucans, anti-mouse IgG: Alexa 488, and visualized by Confocal Laser Scanning Microscopy. Scale bar represents 10µm distance.

Supplementary Figure 6 | Gating strategy to determine apoptosis in human primary monocytes. Annexin V conjugated to Pacific Blue was used to identify apoptotic monocytes and Fixable Viability Dye eFluor™ 780-APC-Cy7 to discriminate between late apoptotic and necrotic cells. Viable cells were identified as Pacific Blue -/APC-Cy7 -, early apoptotic cells as Pacific Blue +/APC-Cy7 -, late apoptotic cells as Pacific Blue +/APC-Cy7 +, and necrotic cells as Pacific Blue -/APC-Cy7 +. Numbers in the gating represent percentages of each population from one typical experiment.
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Sporotrichosis has multiple clinical manifestations, and its cutaneous-disseminated form is uncommon and, in most cases, related to immunosuppressive conditions. We report the case of a 47-year-old male patient who presented with multiple cutaneous nodules and ulcers on the left upper limb and the right thigh, with no other comorbidities. Until the diagnosis was confirmed, the patient was initially given empiric antifungal treatment with itraconazole, which showed unsatisfactory results at a local hospital. Then, he was treated with voriconazole, which led to the slow improvement of his skin lesions. At one point during the voriconazole treatment course, the patient briefly self-discontinued voriconazole for economic reasons, and the lesions recurred and worsened. The patient was finally diagnosed with cutaneous-disseminated sporotrichosis based on the isolation and identification of Sporothrix globosa. Susceptibility testing revealed that the isolate was resistant to itraconazole, fluconazole, voriconazole, terbinafine, and amphotericin. Considering the patient's poor financial condition, potassium iodide was administered. After 1-month of therapy with potassium iodide, he reported rapid improvement of his skin lesions. The patient continued potassium iodide treatment for another 5 months until the full resolution of lesions was achieved.

KEYWORDS
 cutaneous disseminated sporotrichosis, Sporothrix globosa, potassium iodide, itraconazole, voriconazole (VCZ)


Introduction

Sporotrichosis is a sub-acute to chronic subcutaneous mycosis caused by the ubiquitous, thermodimorphic fungus, Sporothrix complex (Valeriano et al., 2020). It occurs worldwide, predominantly in tropical and subtropical countries, such as Mexico, Central America, South America, and Africa (Barros et al., 2011). According to the immune status of the host, the load and location of the inoculation, and the thermal tolerance of the strain, sporotrichosis presents a series of clinical manifestations, which are clinically categorized into fixed cutaneous, lymphocutaneous, cutaneous-disseminated, and extracutaneous forms (Bonifaz and Tirado-Sánchez, 2017). Lymphocutaneous sporotrichosis is the most common form, while the cutaneous-disseminated form is uncommon and is mostly related to immunosuppressed individuals (Severo et al., 1999; Bonifaz and Vazquez-Gonzalez, 2010). Herein, a rare case of cutaneous-disseminated sporotrichosis in an immunocompetent man is presented.



Case presentation

A 47-year-old male patient presented to our hospital with multiple cutaneous nodules and ulcers on the left upper limb and the right thigh. He worked as a farmer in a rural region and had no pathological history. The lesions initially appeared 4 years ago on his middle finger of the left hand, where trauma occurred when he cut yak meat, and then, it gradually spread to the rest of his left upper limb and the right thigh. Over the past 4 years, he was hospitalized two times at a local hospital for presumed cutaneous invasive fungal infection and non-tuberculous Mycobacterium infection and had received empiric treatment with itraconazole, rifampicin, and levofloxacin for nearly 2 years with no obvious improvement. Then, the patient presented to the infection department of the West China Hospital and was hospitalized.

Blood investigations revealed an elevated erythrocyte sedimentation rate of 24 mm/h, an absolute CD3 lymphocyte count of 937 cell/μl, and an absolute CD8 lymphocyte count of 237 cell/μl. Absolute CD4 lymphocyte count, white blood cell count, and neutrophil percentage were normal. TB interferon-gamma release assay (TB-IGRA) was positive. Other blood investigations, including liver function, renal function, HIV, and viral hepatitis screening, were normal. Ultrasonography of the abdomen was also normal. Chest computed tomography (CT) revealed several sub-centimeter pulmonary nodules without lymphadenopathy. The culture of skin species for bacteria revealed Staphylococcus epidermidis, while that for fungi and mycobacteria was negative. Silver methenamine stain from biopsy tissue revealed several suspicious fungal spores. Detection of the skin tissue by the next-generation sequencing (NGS) was negative for bacteria, viruses, fungi, and mycobacteria.

Before empiric antifungal treatment, the patient was referred to the dermatology clinic for screening for cutaneous fungal infection. Physical examination revealed large scattered verrucous and ulcerated nodules with overlying necrotic eschar on the left upper limb. Further examination of the trunk and extremities revealed scattered crusted papules and plaques on the right thigh (Figure 1). After skin tissue culture for fungi was performed in the dermatology clinic, the patient was discharged and started on empiric oral voriconazole 400 mg daily. The fungal culture on sabouraud dextrose agar (SDA) at 28°C for 10 days grew into grayish-white colonies (Figure 2A). Microscopic examination with slide culture and scanning electron microscope observations of the colony indicated the morphology of Sporothrix spp. (Figures 2B,C). The strain was identified as Sporothrix globosa by calmodulin gene (CAL) sequence analysis.


[image: Figure 1]
FIGURE 1
 Multiple cutaneous lesions caused by Sporothrix globosa. A 47-year-old man with multiple verrucous and ulcerated nodules with overlying necrotic eschar on left upper limb, scattered crusted papules and plaques on right thigh.



[image: Figure 2]
FIGURE 2
 (A) Culture of Sporothrix globosa (Sabouraud dextrose agar, 28°C) grew grayish white colonies. (B,C) Slide culture and scanning electron microscope observations revealed thin hyphae and denticle microconidia like “daisy flowers”.


Based on the aforementioned evidence, a diagnosis of cutaneous-disseminated sporotrichosis was finally established, but the patient had not shown up for follow-up but continued antifungal therapy with voriconazole at a local hospital. During a telephone follow-up, the patient reported a slow improvement after voriconazole treatment. After 8 months of antifungal treatment, the patient self-discontinued voriconazole due to financial constraints, and the lesions recurred and worsened (Figure 3). He visited our dermatology clinic again for further treatment. An antifungal susceptibility test was performed by using the E-test (BIO KONT, China), which revealed that the isolate in this case was resistant to itraconazole, fluconazole, voriconazole, terbinafine, and amphotericin. Meanwhile, considering the patient's poor financial condition, a 10% solution of potassium iodide was administered. After 1-month of therapy with potassium iodide, there was a rapid improvement in his skin lesions. He continued potassium iodide treatment for another 5 months until there was a complete resolution of lesions (Figure 4). There was no recurrence at the 6-month follow-up.


[image: Figure 3]
FIGURE 3
 After self-discontinuation of voriconazole, the existing lesions (verrucous and ulcerated nodules on the left upper limb, and papules and plaques on the right thigh) recurred and worsened, extending to the right leg with crusted plaque.
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FIGURE 4
 After 6-month therapy of potassium iodide, the patient achieved complete remission with only scarring remaining.




Discussion

Cutaneous-disseminated sporotrichosis (CDS) is characterized by multiple skin lesions at non-contiguous sites without extracutaneous involvement. Lesions of the fixed and lymphocutaneous forms may coexist in the same patient (Barros et al., 2011). The entity identified in this patient is a rare form of sporotrichosis, which only accounts for <1.75–8% of cases of Sporothrix infections (Song et al., 2013; Garcia et al., 2021). In China, the incidence of CDS is even lower. The cutaneous-disseminated form represented only 0.34% (14/4,969) of all sporotrichosis cases in a large-scale clinical epidemiological investigation of sporotrichosis reported from China (Lv et al., 2022).

CDS in most cases affffects immunodefificient individuals, frequently related to patients with HIV, hematologic cancer, diabetes mellitus, steroid treatment, chronic alcoholism, malnutrition, those who are pregnant and had undergone transplantation (Bonifaz and Tirado-Sánchez, 2017). There are few reports of immunocompetent individuals with disseminated lesions (Almeida-Paes et al., 2014), as in this patient. Dissemination in immunocompetent hosts has been linked to cat scratches, which cause multi-site repeat inoculations (Barros et al., 2011; Bonifaz and Tirado-Sánchez, 2017).

A literature search was performed in the PubMed database using the item “disseminated cutaneous sporotrichosis” for cases reported from January 2002 to June 2022 (Table 1). Of the 52 published cases of CDS found from the review, 35% were women and 65% were men, with an average age of 45.7 years (range 5–76 years). Among them, 28 patients were from Brazil, eight from the United States, five from Mexico, four from Malaysia, and two from China. HIV, diabetes, alcoholism, and a history of cat contact are the common predisposing factors. In the review, 22 published cases of CDS occur in hosts without obvious immunocompromised conditions.


TABLE 1 Summary of reports on CDS in immunosuppressed and immunocompetent patients.

[image: Table 1]

Diagnosis of cutaneous-disseminated sporotrichosis is challenging due to its diverse clinical manifestations. The condition can affect any part of the body surface, presenting cutaneous features that include numerous ulcerated nodules and verrucous plaques (Saeed et al., 2019). This polymorphic presentation is distinct from the classic “sporotrichoid” appearance of the most common lymphocutaneous form of sporotrichosis. CDS can extend to mucous membranes, bones, joints, various organs, and systems and rapidly progress to fungemia (Bonifaz and Tirado-Sánchez, 2017).

Diagnosis of CDS is often delayed or misdiagnosed because its diverse clinical symptoms are easily confused with other conditions such as PG, Sweet's syndrome, tuberculosis, sarcoidosis, and other mycotic or parasitic infections, including cutaneous leishmaniasis (Saeed et al., 2019). Culture from tissue fragments, exudative lesions, scales, sputum, and blood remains a gold standard for diagnosis. Culture using sabouraud dextrose agar, incubated at 25–30°C, is a standard technique applied in most cases, but it is time-consuming (Barros et al., 2011). The histopathologic features of granulomatous inflammation with cigar-shaped organisms and asteroid bodies are supportive but have low sensitivity (Barros et al., 2011).

Itraconazole and amphotericin B are the most useful therapies for patients with CDS, as in the current review (Saeed et al., 2019; Valeriano et al., 2020). In refractory cases, different combination therapies can be considered. Potassium iodide, an inexpensive and fairly safe preparation, has been found to be consistently effective against Sporothrix. Potassium iodide and itraconazole in combination with thermotherapy are preferred therapeutic options in cutaneous-disseminated cases of sporotrichosis (Valeriano et al., 2020). The treatment with potassium iodide alone or combined with hyperthermia has also been reported in CDS, as in our case and the four published cases described in the review (Benvegnú et al., 2017; Rueda et al., 2018; Takazawa et al., 2018; Martínez-Herrera et al., 2021).

In summary, CDS is an uncommon clinical form of infection caused by Sporothrix, and it is even rarer in immunocompetent hosts. Due to the increased incidence of the condition, it is significant to maintain a high degree of suspicion in the presence of lesions similar to that reported here. A fungal culture is crucial to confirm the diagnosis of CDS. Although itraconazole and amphotericin B have been recommended for CDS, potassium iodide is a safe and effective alternative.
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Fungal sepsis remains a major health threat with high mortality, where the adrenal gland stress response has been rarely reported. Candida albicans (C.albicans) is the most common opportunistic fungal pathogen of life-threatening disseminated candidiasis and fungal sepsis. In the present study, we performed single-cell RNA sequencing (scRNA-Seq) using the 10x Genomics platform to analyze the changes in murine adrenal transcriptome following systemic C.albicans infection. A total of 16 021 cells were categorized into 18 transcriptionally distinct clusters, representing adrenocortical cells, endothelial cells, various immune cells, mesenchymal cells, smooth muscle cells, adrenal capsule, chromaffin cells, neurons and glials. As the main cell component in the adrenal gland responsible for steroidogenesis, the adrenocortical cells dramatically diminished and were further grouped into 10 subclusters, which differently distributed in the infected and uninfected samples. Pseudo-time analysis revealed transitions of the adrenocortical cells from the initial normal states to active or dysfunctional states following systemic C.albicans infection via two trajectory paths. Endothelial cells in the highly vascularized organ of adrenal gland further proliferated following infection, with the upregulation of genes positively regulating angiogenesis and downregulation of protective genes of endothelial cells. Immune cells were also excessively infiltrated in adrenal glands of C.albicans-infected mice. Macrophages dominated the immune microenvironments in murine adrenal glands both before and after C.albicans infection, mediating the crosstalk among the steroid-producing cells, endothelial cells and immune cells within the adrenal gland. NLR family, pyrin domain containing 3 (NLRP3, encoded by Nlrp3) and complement receptor 3 (CR3, encoded by Itgam) were found to be significantly upregulated on the adrenal macrophages upon systemic C.albicans infection and might play critical roles in mediating the myeloid response. Meanwhile, the number and strength of the interactions between the infiltrating immune cells and adrenal resident cells were unveiled by cell-cell communication analysis to be dramatically increased after systemic C.albicans infection, indicating that the immune-adrenal crosstalk might contribute to the compromised functions of adrenal cells. Overall, our comprehensive picture of the murine adrenal gland microenvironment in systemic C.albicans infection provides deeper insights into the immune-adrenal cell communications during fungal sepsis.
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Introduction

Systemic fungal infection remains a major health threat leading to high morbidity and mortality rates in immunocompromised patients, including those who are receiving immune-suppressive drug treatment or chemotherapy, or with pre-existing infections or malignant diseases (1, 2). Candida albicans (C. albicans) is the most common opportunistic fungal pathogen that can cause life-threatening disseminated candidiasis and fugal sepsis (3). There are an estimated 400,000 Candida bloodstream infections each year worldwide, with a mortality rate of up to 50% (4).

The adrenal gland is a key component of the body stress system that can be affected by microbial infections. It is a part of the hypothalamic pituitary-adrenal (HPA) axis and the sympathetic adrenal medullary (SAM) system (5). Accordingly, the adrenal gland integrates two distinct anatomical regions, the steroid hormone-producing cortex which is regulated by the adrenocorticotropic hormone (ACTH), and the catecholamine-producing medulla which is under the control of the sympathetic nervous system (SNS) (6). The cortex comprises three separate zones, zona glomerulosa (zG), zona fasciculata (zF), and zona reticularis (zR). The syntheses of mineralocorticoids, glucocorticoids and adrenal androgens occur in the three cortical zones, respectively, each using specific enzymes. The chromaffin cells residing in the medulla secrete catecholamines (7). During stress, these hormones impact tremendously the functioning of all tissues, glands, and organs to help the body to restore homeostasis (8). However, around 20% of critically ill patients will develop some form of the adrenal gland insufficiency (AI), which may increase up to 60% in patients with septic shock, further raising the risk of mortality due to sepsis (5, 9, 10).

Sepsis, including fungal sepsis, is one of the extreme examples of severe, sustained physical stress caused by dysregulated systemic host inflammatory responses to microbial infections, leading to life-threatening multiorgan dysfunction (4, 5). A fast adrenal response is critical to survive this adverse condition (11). The adrenal gland microenvironment, where multiple direct and paracrine interactions among different cell types take place, influences the progression of sepsis and is influenced in turn (5, 12).

Over the past few years, some studies have been focusing on various aspects of the adrenal dysregulation induced by bacterial sepsis (5, 8, 12). A positive correlation was observed between the severity of sepsis and the degree of adrenal damage characterized by hemorrhages, apoptosis, immune cell infiltration, and lower response to ACTH test (13). And the sepsis-induced alteration in the adrenal microenvironment could directly influence the adrenal cells’ functions (12, 14). The adrenal recruitment of populations of immune cells and the immune-adrenal crosstalk in LPS-induced systemic inflammatory response syndrome (SIRS) or sepsis were also reported (5, 8, 12).

However, the adrenal gland stress response during fungal sepsis has been rarely reported. Therefore, we aimed to depict the landscape of the adrenal gland microenvironment in response to systemic fungal infections. As C. albicans is one of the most common pathogens of nosocomial bloodstream infections, in the present study, we constructed a murine model of systemic C. albicans infection and performed single-cell RNA sequencing (scRNA-Seq) using the 10x Genomics platform to better understand the complex adrenal microenvironment and the changes induced by C. albicans infection. Bioinformatics analyses identified seventeen cell types belonging to adrenocortical cells, adrenomedullary cells, endothelial cells, immune cells, and stromal cells. Significant shifts in the cell proportions and functions, as well as increased immune-adrenal communications after C. albicans infection were deduced from the single-cell transcriptomic information. Our study will provide a comprehensive picture of the murine adrenal gland microenvironment and bring deeper insights into the immune-adrenal crosstalk during fungal sepsis.



Methods


Murine model of systemic Candida albicans infection

Thirty 8-week-old female C57BL/6 mice weighing 20 ± 1g were randomly divided into two equal groups. All animals were housed under specific pathogen-free conditions. The reference strain C. albicans SC5314 was used for the systemic infection in a murine model. An inoculum of yeast cells was prepared at a concentration of 4 × 106/mL in Normal saline (0.9% NaCl) and injected via the lateral tail vein into 8-week-old female Balb/c mice (0.1 mL per mouse, n=15). Control mice received only saline. At 48h after C. albicans infection, mice were sacrificed, blood were removed and both adrenal glands were collected for single-cell isolation or hematoxylin and eosin (H&E) staining. The kidneys and the adrenal glands were aseptically removed, weighed and homogenized in water, plated on yeast extract peptone dextrose (YPD) plates after serial dilutions, incubated at 30°C for 2 days, and colony forming units (CFU) were counted. Fungal burden was represented as CFU per gram of tissue. The animal work were approved by the Ethics Committee for Animal Use of the Peking University Health Science Center (Beijing, China), under the protocol number LA2020108.



Histopathological analysis

Formalin-fixed and paraffin-embedded (FFPE) adrenal gland blocks were prepared, cut into 5 µm thick sections, baked onto slides at 60°C for 1 h, and then deparaffinized. Slides from the infected and control animal were stained with hematoxylin and eosin (H&E) or periodic acid-schiffs (PAS) following standard procedures and scanned by a NanoZoomer microscopic slide scanner (Hamamatsu Photonics, Hamamatsu, Japan).



Single-cell isolation and transcriptome sequencing

Fresh adrenal gland tissues from each group were pooled and washed twice in ice-cold RPMI 1640 medium (GIBCO) containing 0.04% BSA (GIBCO), briefly chopped and then digested using collagenase I (0.2%; TermoFisher Scientific) at 37°C for 30 min, mixed upside down every 5-10 min, and then filtered through a 40-μm nylon mesh (BD). After centrifugation at 300 g, 4°C for 5 min, the cell pellet was resuspended in RPMI 1640/10% fetal bovine serum (FBS; GIBCO). After lysing the red blood cells with Red Blood Cell Lysis Solution (MACS) and removing dead cells with Dead Cell Removal Kit (MACS), the cells were counted and assessed for viability using Trypan blue staining on a Luna cell counter. Subsequently, single cells were captured and barcoded cDNA libraries were generated using the Chromium Next GEM Single Cell 3ʹGEM, Library & Gel Bead Kit v3.1 (10X Genomics) (15). After passing quality tests, all single-cell cDNA libraries (paired-end) were sequenced to 50,000 reads per cell on an Illumina Nova 6000 PE150.



Data processing and cell clustering

Raw reads generated in high-throughput sequencing are processed with the CellRanger Single Cell software suite (https://support.10xgenomics.com) to conduct the preliminary quality control and obtain the absolute number of each transcript in a single cell. The low-quality cells were further filtered by using Seurat software package (16) based on the criteria of high-quality cells that the gene numbers and UMI of each cell are within the range of mean value ± twofold of the median absolute deviations (MAD), and the mitochondrial transcripts accounting for less than 20% of total counts. Double cells were removed by using DoubletFinder software (17). The batch effects were overcome by performing the mutual nearest neighbors (MNN) with the R package bachelor (18). The FindVariableGenes function in Seurat package was used to screen highly variable genes (HVGs). The expression profile of hypervariable genes was used for principal component analysis (PCA) for cell clustering, and the results were visualized in 2-dimensions by UMAP (nonlinear dimensionality reduction). The marker genes that are differentially up-regulated in each cell cluster relative to other cell groups were identified by using the FindAllMarkers function in Seurat package (16) and visualized by VlnPlot and FeaturePlot functions. The cell clusters were then annotated using SingleR package (18) based on ImmGen reference data set (19). To further refine the automated annotation, significantly upregulated transcripts and well-established cell type-specific markers curated from the literature (20–22) were cross-referenced (Table S1).



Differentially expressed genes and pathway enrichment analysis

The FindMarkers function in Seurat package (16) was used to screen the differentially expressed genes (DEGs). Genes exhibiting fold changes (FC) ≥ 1.5 with P-values < 0.05 between cases and controls were defined as DEGs. The DEGs with log FC < 0 were considered as down-regulated genes, while the DEGs with log FC > 0 were considered as up-regulated genes. Gene Ontology (GO) (molecular function) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of the DEGs were carried out using R based on the hypergeometric distribution test. Gene Set Variation Analysis (GSVA) (23) was performed using standard settings, as implemented in the GSVA package.



Pseudo‐time analysis

Cells within the adrenocortical cluster were selected for pseudo-time analysis using the Monocle2 package (24). The importCDS function was employed to convert the raw counts from Seurat object into CellDataSet object. The differentialGeneTest function was used to derive DEGs from each cluster and genes with q-value < 1e-5 were selected to order the cells in pseudo-time analysis. Cell ordering was performed on these genes with orderCells function in an unsupervised manner with default parameters. The cell trajectories were then constructed after dimensionality reduction with the reduceDimension function. Differentially expressed genes were tracked over pseudo‐time by using the plot_genes_in_pseudo-time function.



Cell-cell communication analysis

The CellPhoneDB (v2.0) was employed for cell-cell interaction analysis as described previously (25). Enriched receptor-ligand interactions were derived between two cell types where the ligand was expressed by one cell type and the corresponding ligand was expressed by the other cell type. Igraph and Circlize softwares were employed to show the networks of cell‐to‐cell communication.




Results


Systemic C. albicans infection induced remarkable pathological changes in murine adrenal glands

C. albicans is the major pathogen of nosocomial bloodstream infections in critically ill patients that leads to fungal sepsis with substantial morbidity and mortality. To depict the landscape of the adrenal gland microenvironment in response to systemic fungal infections, we performed single-cell RNA sequencing (scRNA-seq) using a murine model of systemic C. albicans infection. Female C57BL/6 mice were inoculated with 4 × 105 C. albicans cells/mouse via the lateral tail vein and euthanized at 48 h post infection when the infected animals lost about 15% of their body weights as compared with uninfected controls (Figure 1A). As the primary target organ of C. albicans, the kidneys from infected mice were shown to contain a mass of hyphae by PAS staining (Figure 1B), with the average fungal burden being about 2.6 × 105 CFU per gram of tissue (Figure 1C), which confirmed that all of the infected animals developed disseminated candidiasis. Adrenal glands were obtained at necropsy and one from each group was randomly selected as a representative for H&E and PAS staining. As shown in Figure 1D, remarkable pathological changes were found in the sections from the infected mouse, where the boundary between the adrenal cortex and medulla became entirely blurred, and diffuse mild hemorrhage was seen throughout. At high magnification, necrotic/apoptotic cells were observed in the cortex and immune cells were found to be heavily infiltrated. However, the adrenal glands were not the host sites of C. albicans as showed by PAS staining (Figure 1E) and CFU counts (Figure 1C).




Figure 1 | Murine model of systemic C. albicans and the histopathological changes in the adrenal glands. Female C57BL/6 mice (n=15) were inoculated with 4 × 105 (C) albicans cells/mouse via the lateral tail vein. (A) The body weights of the infected animals and uninfected controls (Ctrl) before sacrifice at 48 h post infection. ****P<0.0001. (B) Representative PAS and H&E staining of kidneys from infected mice at 48 h post-infection. The pink filamentous stainings by PAS indicated the hyphae in the tissue. Magnification 400×. (C) The average fungal burdens in the kidneys and the adrenal glands of the infected animals and uninfected controls (Ctrl) were counted. ****P<0.0001. (D) H&E staining of the adrenal gland sections from the infected mouse and control. The boundary between the adrenal cortex and medulla became entirely blurred. The examples of hemorrhages, necrotic/apoptotic cells, and infiltrated immune cells were indicated by red, yellow, and black arrows, respectively. (E) PAS staining of the adrenal gland showed no obvious hyphae. Magnification 100× and 400×.





Single‐cell transcriptomic atlas unveiled diverse cell types in murine adrenal glands

We isolated single cells from the adrenal homogenates of mice at 48 h post infection and uninfected controls, and processed samples for scRNA-seq using the 10× Genomics Chromium platform. The whole workflow is shown in Figure 2A. After initial quality control with Cell Ranger and removing low-quality cells with Seurat, single-cell transcriptomes of a total of 16 021 cells (infected group 9 847 and uninfected control 6 174) were acquired (Table S2). All the scRNA-Seq data are deposited in the interactive cell browser https://ngdc.cncb.ac.cn/gsa. Based on hypervariably expressed genes, 18 transcriptionally distinct clusters of cells were identified by performing PCA dimensionality reduction and UMAP visualization (Figures 2B). The clusters were sequentially numbered according to the cell counts from more to less. Each cluster was then compared to the others to find unique gene signatures (Table S3) and the top 10 significantly up-regulated genes of each cluster were shown in the heatmap (Figure 2C). Well-established markers for known adrenal cell types were taken into account to annotate the cell clusters (Figure 2D).




Figure 2 | Single-cell RNA-seq analysis of the murine adrenal glands following systemic C. albicans. (A) Schematic of the single-cell RNA sequencing (scRNA-seq) workflow. (B) UMAP was used to clustering the cells in murine adrenal glands. Samples were pooled from 15 mice per group for analysis. Cell types were determined by using SingleR package based on immgenreference data set and well-established cell type-specific markers. (C) Heatmap showing expression of enriched markers genes for each cell type in scRNA-seq. (D) Bubble plot of the specific marker genes used for annotation of each cell type. (E) UMAP plots showing the cell clusters in the adrenal glands from the infected mice (bottom) and uninfected controls (top). And the proportion of each cell type in each group was shown in (F).



The genes related to steroid hormone biosynthesis, Fdx1, Cyp11b1, Cyp11a1, Meg3 and Mgarp were highly expressed in the cluster 1 (C1), implying that this cluster contained adrenocortical cells (Figures S1A). The endothelial markers Esam, Eng, and Cdh5 were significantly enriched in the C2, defining them as endothelial cells (Figures S1B). High expression levels of Cd68, Csf1r, and C1qc defined C3 cells as macrophages (Figure S1C). The mesenchymal markers, Dcn, Pdgfra, and Pdgfrb were found abundant in C4, supporting they were mesenchymal cells (Figure S1D). C5 was identified as NK cells for the high expression of Klrd1, Klre1, and Nkg7 (Figure S1E). C6 was marked by Ms4a1, Cd79b, and Cd19 as B cells (Figure S1F). C7 was identified by the markers of dendritic cells including Flt3, Xcr1, and Cd209 (Figure S1G). C8 was determined to be monocytes due to the high expression of Plac8, Lyz2, Ly6c2 and Cd14 (Figure S1H). C9 expressed high levels of S100a8, S100a9 and Ly6g, and was thus recognized as neutrophils (Figure S1I). C10 and C11 were CD4+ and CD8+ T cells, respectively, because they highly expressed Cd3d, Cd3e, and Cd3g, as well as the corresponding markers, Cd4 and Cd8a (Figure S1J). C12 expressed high levels of erythroid markers, Alas2 and Hbb-bt (Figure S1K). C13 was considered as smooth muscle cells for the high levels of well-known markers, including Acta2, Myl9, and Myh11 (Figure S1L). C14 was identified by Gli1 and Rspo3, markers expressed in the adrenal capsule (Figure S1M). C15 showed high levels of both CD3 markers, Cd3d, Cd3e, and Cd3g, and NK markers Nkg7, and was identified as NKT cells. Neuron marker Cryab and glial markers S100b, Nes, Gfap, and Sox10 were found enriched in C16 (Figure S1N). Chromaffin markers including Chgb, Chga, and Npy defined C17 as chromaffin cells (Figure S1O). And C18 was judged as a small group of mixed cells because they showed unspecific expression of multiple cell markers.

These results revealed that the murine adrenal gland microenvironment was highly heterogeneous and composed of diverse cell types. Following systemic C. albicans infection, the proportions of most cell types were largely changed as compared to the control group (Figures 2E, F), which might lead to the structural and functional damage of the adrenal gland.



Adrenocortical cells dramatically diminished and underwent dysfunction during candidiasis

As the main cell component in the adrenal gland responsible for steroidogenesis, adrenocortical cells constituted a vast majority (nearly 90%) of the total populations identified by scRNA-seq under the normal condition, while this proportion declined sharply to 28.8% after Systemic C. albicans infection (Figure 2E, F). Additionally, the distribution of this cell cluster on the UMAP plot changed dramatically, which prompted us to further divide them into 10 subclusters (Adrenocortical cluster ACC1 to ACC10) based on single‐cell gene expression profiles using UMAP (Figure 3A). As compared to the uninfected control, where AACs 2, 3, 4, and 5 made up the majority of the adrenocortical cells, infected adrenal cortex were dominated by AACs 1, 7, 8, 9, and 10 (Figure 3B).




Figure 3 |     Subclusters and pseudo-time trajectory of adrenocortical cells in C. albicans-infected mice and uninfected controls. (A) Adrenocortical cells from both groups were pooled and subjected to subclustering on the UMAP plot. (B) The different distributions of the adrenocortical subclusters (ACCs) originating either from infected or uninfected animals shown by UMAP plots. (C) Heatmap of the expression patterns of the steroidogenesis associated genes across the 10 AACs. (D) The transitions of adrenocortical cells during candidiasis progression along the pseudo-time trajectory, shown by ACCs (left) and groups (right). (E) The pseudo-time trajectory in case the transition states corresponding to ACC3 and ACC4 were designated as the beginning. (F) Expression pattern of Star along the pseudo-time trajectory. Each point indicates the log-normalized expression level in a single cell. (G) Heatmap of different modules of DEGs along the pseudo-time trajectory. Representative significantly enriched GO and KEGG functional processes were shown.



The expression patterns of the steroidogenesis associated genes (7, 8) across the 10 AACs was then analyzed to functionally annotate the adrenocortical subsets (Figure 3C), and pseudo‐time reconstruction was carried out to explore the transitions of adrenocortical cells during candidiasis progression (Figure 3D and S2A). The percentage of the subclusters that were more enriched in the infected sample increased along the trajectory, validating the reliability of the trajectory analysis and determined the beginning of the trajectory path (Figure 3E). Expression levels of Star that encodes steroidogenic acute regulatory protein (StAR) that is involved in the cholesterol intracellular transport to initiate steroidogenesis (26) were found to coincide well with the transition states of adrenocortical cells (Figure 3F). The adrenocortical transition was initiated from ACC3 and ACC4 (low levels of Star) which represented the normal states with low to moderate levels of the steroidogenesis (Figures 3C, D). Through the intermediate states of ACC2, ACC5, and ACC6 (low to high levels of Star) that were characterized by the elevated levels of steroidogenesis, some cells finally reached the active steroid-producing states of ACC6 (high levels of Star, Cyp11a1, Cyp11b1, Cyp11b2, and Cyp17a1 for corticosterone and aldosterone synthesis), ACC7 (high levels of Star, Cyp11a1, and Cyp11b2 for aldosterone synthesis) and ACC10 (high levels of Star, Cyp17a1, and Cyb5a for androgen synthesis) (trajectory path 1) (7); while the other cells went through the intermediate active state of ACC6 and got to the incompetent states of ACC1, ACC8 and ACC9 (low levels of Star), characterized by very low levels of steroid biosynthesis (trajectory path 2) (Figures 3C, D and S2A).

We next investigated the dynamic transcriptional changes associated with transitional states and observed four different gene expression modules (Figure 3G and Table S4). GO and KEGG analyses (Figures S2B–E) of these dynamically expressed genes indicated that the expression of genes enriched in mitochondrial respiratory chain, cell cycle, and apoptotic process fluctuated, and finally dropped along trajectory path 1 while increased at the termination of trajectory path 2 (modules 1 and 2), suggesting that the cell fate of path 2 might be undergoing proliferation with attenuated steroidogenesis (27, 28) or apoptosis due to the alterations of mitochondrial oxidative phosphorylation or cell cycle progress (29). Wnt and Hedgehog signaling pathways were also enriched in module 3, which might be crucial for proper development and regeneration of the adrenal glands (30, 31). Genes of module 3 were involved in regulation of transcription and aldosterone and cortisol synthesis and secretion, which increased during candidiasis in both paths. Genes of module 4 increased first and then decreased in both paths and were enriched into vesicle-mediated protein transport and proteolysis. These results revealed that the regulation of protein expression at the transcription and post-transcription levels is critical for the adrenal response to C. albicans infection.

Overall, the adrenocortical cells dramatically diminished in number with functions partially impaired in the context of systemic C. albicans infection, which might be due to the increased cell death triggered by the inflammatory microenvironment in the infected adrenal glands.



Endothelial cells massively proliferated following systemic C. albicans infection

The adrenal gland is a highly vascularized organ with a large number of endothelial cells lying closely to the steroid-producing cells in the adrenal cortex (32). As illustrated in Figures 2E, F, the endothelial cells were even more abundant after systemic C. albicans infection, consistent with the proliferative vasculature observed in the murine adrenal gland slices from the infected animals (Figure 1D). The DEGs were then identified (Table S5) to decipher the functional changes of the endothelial cells and a heatmap of the top 20 DEGs was generated (Figure 4A). GO and KEGG enrichment analyses of the DEGs revealed that upon C. albicans infection, endothelial cells were enriched for genes associated with oxidation-reduction process, lipid metabolic process, signal transduction and cell growth and death, which were involved most in infectious diseases (Figures 4B, C). Among the top 20 upregulated genes, there were the genes positively regulating endothelial cell proliferation and angiogenesis, such as Lrg1(32) and Egfl7 (33, 34); the genes positively regulating MAPK cascade, such as Gadd45g(35) and Insr(36); the genes positively regulating cell migration and/or adhesion, such as Insr(37) and Tgm2(38); and Il33 that positively regulates the secretion of immunoglobulin and chemokines and promotes macrophage activation (39). On the other hand, many of the top 20 downregulated genes were involved in the lipid metabolic process, including several aldo-keto reductase family members, such as Akr1b7, Akr1c18, Akr1cl, and Akr1d1, which may protect endothelial cells against damage elicited by lipid peroxidation (40). Cpe that encodes Carboxypeptidase E, a negative regulator of the Wnt signaling pathway (39), was also significantly downregulated. These results suggested that the adrenal vessels grew dramatically following systemic C. albicans infection, which might result from the enhanced adrenal blood flow induced by a number of neural and hormonal mechanisms (32) and raised chances for paracrine interactions among the different cell types within the adrenal gland. However, the endothelial function might be impaired under the oxidative stress caused by the infection.




Figure 4 | DEGs in endothelial cells following systemic C. albicans. (A) Heatmap of the top 20 DEGs between the infected and uninfected groups. (B) GO and (C) KEGG enrichment analyses of the DEGs.





Immune cells were excessively infiltrated in adrenal gland following systemic C. albicans infection

It has been documented that in the adrenal gland microenvironment under normal conditions, there are various immune cells such as macrophages, monocytes, dendritic cells, mast cells, and lymphocytes located in direct contact with adrenocortical, chromaffin and endothelial cells (41–44). They mainly participate in host defense mechanisms. In agreement with the reports, we observed a variety of immune cells including macrophages, NK cells, B cells, DCs, monocytes, neutrophils, CD4+ and CD8+ T cells, and NKT cells in murine adrenal gland by scRNA-seq (Figure 2B). In uninfected samples, the resident immune cells accounted for about 5% of all sequenced cells, of which over 70% were macrophages. Systemic C. albicans infection resulted in remarkable increases of all populations of immune cells within adrenal gland. The proportion of immune cells surged to almost 30% of the total adrenal cells, with macrophages remaining the majority. The percentage of neutrophils showed the largest increase of 4.8-fold, followed by CD8+ T, CD4+ T and NK cells, whose proportions increased 2.20, 1.96, and 1.95-fold, respectively (Figures 2E, F and 5A).




Figure 5 | Infiltration of immune cells in the adrenal glands following systemic C. albicans infection and functional analysis of adrenal macrophages. (A) The proportions of immune cells within adrenal glands. (B) Heatmap of the top 20 DEGs in adrenal macrophages between the infected and control groups. (C) KEGG and (D) GO enrichment analyses of the DEGs in adrenal macrophages. (E) Heatmap showing the expressions of PRR genes involved in anti-fungal immunity and the related key signaling molecules in adrenal macrophages of infected mice and uninfected controls.



We then analyzed the DEGs in macrophages to understand their functions in adrenal gland inflammation during candidiasis (Table S6). A heatmap of the top 20 DEGs was shown in Figure 5B. GO and KEGG analyses indicated that the antigen processing and presentation via MHC class II, phagocytosis, and NAPDH oxidase mediated superoxide generation were the most enriched processes and functions involving the upregulated genes (Figures 5C, D). Consistently, MHCII-related genes H2-Ab1, H2-DMa, H2-DMb1, and H2-Eb1, as well as genes that play essential roles in MHC class II-peptide complex formation such as Ctss and Ifi30(45, 46) were found among the significantly upregulated genes in macrophages recruited to the adrenal gland upon C. albicans infection. NADPH oxidase complex components such as Cyba, Cybb, Ncf1, Ncf4, and Ncf2, complement components C1qa/b/c, and Fcer1g that positively regulates phagocytosis were also upregulated (Figure 5B). These observations suggested that these adrenal macrophages may be involved in antigen presentation, phagocytosis and ROS production in the adrenal gland microenvironment in response to systemic C. albicans infection. Pla2g7 and ll1b that encode pro-inflammatory mediators PAF-AH and IL-1β, respectively were also upregulated. Notably, IL-1β can stimulate adrenal hormone production (47, 48), and PAF-AH is a booster of vascular inflammation (49), implying that the adrenal macrophages may mediate the crosstalk among the steroid-producing cells, endothelial cells and immune cells within the adrenal gland.

On the other hand, the expressions of genes encoding the pattern recognition receptors (PRRs) and the related key signaling molecules that are involved in innate antifungal recognition in macrophage were specifically analyzed (50). The comparison between the infected sample and uninfected control demonstrated that most of the PRR genes such as Clec4n, Clec4e, Tlr2, Tlr6, Nlrp3 and Mrc1, as well as the downstream signaling molecules including Syk, Card9, Bcl10, Malt1, and Myd88 that play critical roles in anti-fungal immunity were upregulated in adrenal macrophages upon C. albicans infection (Figure 5E and Figure S3). NLR family, pyrin domain containing 3 (NLRP3, encoded by Nlrp3) was found to be the most significantly increased PRR on the macrophages, which recognizes C. albicans hyphae in mice (50). And ASC encoded by Pycard that forms the inflammasome with NLRP3 (51) was consistently upregulated. In addition to PRRs, complement receptor 3 (CR3, encoded by Itgam) which recognizes non-opsonized C. albicans(50) was also remarkably elevated. Therefore, it could be speculated that NLRP3 and CR3 are critical for mediating the myeloid response in the adrenal gland during candidiasis.



Immune-adrenal interactions increased after systemic C. albicans infection

Since the immune-endocrine interaction has been extensively studied in the circumstance of bacterial sepsis, we characterized the intercellular receptor-ligand pairs and molecular interactions among the various immune cells and adrenal resident cells following disseminated fungal infection by the CellPhoneDB algorithm (25). We found that both the numbers and the strength of the interactions between the infiltrating immune cells and adrenal resident cells were dramatically increased upon C. albicans infection (Figures 6A, B). Diverse receptor-ligand interplays were identified and the communication relationships at each signaling pathway level were visualized in form of heatmap by Cellchat (Figure 6C). Specifically, MIF signaling pathway (Mif, Cd74, Cxcr4, Cd44, Cxcr2) was found to most widely participate in the interactions among adrenocortical cells, glial/neuron cells and various immune cells. Collagen signaling pathway (Col1a1, Col1a2, Col4a1, Col4a2, Col6a1, Cd44, Sdc4, Itga1, Itga9, Itgb1, Col9a2, Itga2, Itgav, and Itgb8) contributed extensively to the interactions where adrenal cells including adrenocortical cells, endothelial cells, and glial/neuron cells produced ligands and immune cells expressed the corresponding receptors. Complement pathway (C3, C4a, C3ar1, Itgam, Itgax, and Itgb2) played roles in interactions between adrenocortical cells and immune cells. NOTCH pathway (Dll4, Notch1, Notch2, Notch4, and Dlk1) was significantly involved in the interactions between chromaffin cells and other cells. The communications between macrophages and adrenal cells as well as other immune cells involved TGFβ (Tgfb1, Tgfbr1, Tgfb2, and Tgfbr2), TNF (Tnf, Tnfrsf1a, and Tnfrsf1b), and VCAM (Itga4, Itga9, Itgb1, Itgb7, and Vcam1) pathways. These results indicate that the crosstalk between the immune and adrenal cells via diverse receptor-ligand signaling pathways may exert complex impacts on the adrenal insufficiency during candidiasis.




Figure 6 | Cell-cell communication network analysis of multiple cellular connections in murine adrenal glands after systemic C. albicans infection. (A) The numbers and (B) the strength of the cellular interactions network in C. albicans infection and control groups. The nodes represent different cell types. The connecting line indicates the interaction between cell types, which color is the same as that of the ligand cell, and the arrow points to the receptor cells. The thickness of the line indicates the degree the number or strength of interactions. (C) Heatmaps showing the communication relationships at representative signaling pathways, with the X-axis and Y-axis representing the receptor cell and the ligand cell types, respectively. The top and right colored bars represent the sum of received and sent signals in each cell type, respectively.






Discussion

Single-cell RNA sequencing of the murine adrenal gland has been carried out very limitedly to map the normal mouse adrenal gland (20) or the developing adrenal gland to elucidate the cell origin and risk stratification of neuroblastoma (21, 22). As the pivotal component of the body’s stress system, the adrenal gland’s responses to severe pathological conditions e.g. sepsis should be more noteworthy. Over the last decades, fungal sepsis has emerged as a growing threat to human health with C. albicans being the most common pathogen in most clinical settings (52). Therefore, we were prompted to construct a single-cell resolution transcriptomic atlas of the murine adrenal glands following systemic C. albicans infection in the present study.

By cross-referencing the marker genes identified by the FindAllMarkers function in Seurat package and the established cell type-specific markers presented by the above studies (20–22), we annotated the 18 transcriptionally distinct clusters as adrenocortical cells, endothelial cells, various immune cells, mesenchymal cells, smooth muscle cells, adrenal capsule, chromaffin cells, neurons and glials, respectively, essentially consistent with the previous reports. Additionally, by identifying highly expressed genes that are differentially up-regulated in each cell cluster relative to other clusters, we might provide some new potential marker genes for cell populations in murine adrenal gland. For example, tetraspantransmembrane protein Cmtm5 (chemokine-like factor-like MARVEL-transmembrane domain containing protein 5) was found to rank first among the predominantly expressed genes in glial cells that used to be defined by S100b, Nes, GFAP, and Sox10 (Figure 2C and S1N) (21, 22). It has been reported that CMTM5 is highly enriched in oligodendrocytes and central nervous system (CNS) myelin, and is involved in the function of oligodendrocytes to maintain the integrity of CNS axons (53). Our data suggested for the first time that Cmtm5 might also be used as a novel marker for glial cells in murine adrenal gland.

Rapid activation of the adrenal gland steroid production is a fundamental component of the stress response and is of utmost importance to survive sepsis. Both adrenal gland hyperactivation and insufficiency can be life-threatening (5, 12). The adrenal cortex is responsible for the biosynthesis of steroid hormones, including mineralocorticoids, glucocorticoids, and adrenal androgens, each in separate adrenal cortical zones using specific enzymes. They are Cyp11b2 essential for aldosterone production in zG, Cyp11b1 and Cyp17a1 essential for cortisol production in zF, and Cyp17a1 and Cyb5a essential for androgen production in zR (7). But above all, the steroidogenic acute regulatory protein (StAR) that is induced by ACTH stimulation (54) mediates the rate-limiting step in steroid biosynthesis, by transferring cholesterol, the substrate for all steroid hormones, from the outer to the inner mitochondrial membrane (26). Expression levels of Star were found to be most consistent with the trajectory of adrenocortical cells, which demonstrated two fates of these cells following systemic C. albicans infection. Some cells were activated for steroidogenesis, and the others were incompetent. Interestingly, from the expression heatmap of the steroidogenesis associated genes across the 10 subclusters of adrenocortical cells (ACCs), we could see that the three types of steroid-producing cells were mixed at the initial and intermediate states and could not be separated by subclustering based on gene expression pattern, as the ACCs 2-6 exhibited composite expressions of the signature enzyme genes. This might be explained by and in turn support the idea that steroidogenic cells of the different adrenocortical zones are thought to have a clonally-related origin (55) or be maintained by stem cell populations that share a common developmental origin (56). However, at the termination, cells producing different hormones were substantially assigned to different subclusters, such as ACC7 (high levels of Cyp11b2 specific for aldosterone synthesis) and ACC10 (high levels of Cyp17a1 and Cyb5a specific for androgen synthesis). Therefore, we could conclude that the massive changes in the transcriptome of adrenocortical cells were taken place during stress conditions, which made functionally different cells be distinguished apart.

By investigating the dynamic transcriptional changes associated with transitional states, we found that the signaling pathways including mitochondrial respiratory chain (module 1), cell cycle, and apoptotic process (module 2)were differentially regulated between the two trajectory paths; and that genes involved in aldosterone and cortisol synthesis and secretion increased during candidiasis in both paths (module3). The synchronous increase in the expression of both the steroidogenic enzymes and the mitochondrial oxidative phosphorylation system subunits induced by ACTH in adrenocortical cells might meet the metabolic needs of steroid hormone production (57). On the other hand, mitochondrial respiratory chain could modulate apoptosis in a context-dependent manner (29). There are also reports that adrenocortical cell proliferation during regeneration or following stimulations is accompanied by impaired steroidogenesis (27, 28, 58). It could be speculated that the mechanism underlying the adrenal malfunction might involve the asynchronous regulations of the steroidogenic and energy producing signaling pathways, and the cell apoptosis due to the dysregulated mitochondrial oxidative phosphorylation and cell cycle progress, and the lack of steroidogenic enzymes in a population of proliferative cells in the adrenal cortex.

The high vascularization in the adrenal gland supports the direct and paracrine interactions between different cell types within the adrenal gland microenvironment, but also increases its vulnerability for endothelial dysfunction and hemorrhage (32). We found that the endothelial cells remarkably increased in C. albicans infected-adrenal glands, with the genes positively regulating endothelial cell proliferation and angiogenesis upregulated, such as leucine-rich alpha-2-glycoprotein 1 (Lrg1). It was uncovered from diseased retinal microvessels and found to be mitogenic to endothelial cells and promote angiogenesis by modulating endothelial TGF-β signaling (59). Another upregulated gene, epidermal growth factor-like domain 7 (Egfl7) was also reported to mediate endothelial sprouting and the promotion of angiogenesis (33, 34). At the same time, some endothelium protective factors were found downregulated, including several aldo-keto reductase family members, such as Akr1b7, Akr1c18, Akr1cl, and Akr1d1, which may protect endothelial cells against damage elicited by lipid peroxidation (40). These findings suggested that the adrenal vascular hyperplasia occurred following systemic C. albicans infection, while the endothelial function might be impaired. As dysfunction of endothelial system is a hallmark of sepsis often leading to multiple organ damage, the genes mentioned above might be used as promising therapeutic target for controlling pathogenic angiogenesis and endothelial dysfunction during sepsis.

By scRNA-seq, we observed various immune cells in normal murine adrenal glands, including macrophages, NK cells, B cells, DCs, monocytes, neutrophils, CD4+ and CD8+ T cells, and NKT cells, with macrophages being the majority. Interestingly, a small cluster of erythroid cells were identified only after systemic C. albicans infection, which are immature erythrocytes with immunomodulatory functions produced by extramedullary erythropoiesis during anemia, pregnancy, or infections (60, 61). A recent study revealed that CD71+ erythroid cells were expanded in sepsis and can serve as independent predictors of the development of nosocomial infections and 30-day mortality (62). Their functions in adrenal glands during fugal sepsis will be of interest. However, mast cells that was reported to reside in adrenal glands (12) were undetectable in our study, probably due to their scarcity or intolerance to the single-cell isolation procedure. Although scRNA-seq provides the opportunity to identify rare cells and get insight into their functions, there is still room for improvement.

During bacterial sepsis, the adrenal glands are heavily infiltrated by circulating immune cells (5, 12). Consistently, our findings demonstrated that systemic C. albicans infection also triggered excessive infiltration of various populations of immune cells into adrenal gland. The percentage of neutrophils increased the most, while macrophages still makes up the vast majority of the immune cells. The functions of neutrophils are often impaired during sepsis. This results in their increased migration into random organs where they mediate tissue destruction and endothelial damage by increased ROS production, NETs formation and release of the active content of their granules (63, 64). In our study, the neutrophils were too rare in the uninfected sample to perform the DEG analysis. The effects of neutrophil accumulation in the adrenal gland during fungal sepsis need to be further elucidated.

Our data showed that macrophages dominated the immune microenvironment in murine adrenal glands. NLRP3 (NLR family, pyrin domain containing 3) was found to be the most significantly upregulated PRR on the macrophage after infection, which recognizes C. albicans hyphae in mice (50) and forms NLRP3 inflammasome with ASC (apoptosis-associated speck-like protein) to controls caspase-1 mediated cleavage of pro-IL1β (65). Therefore, it could be speculated that NLRP3 is critical for mediating the myeloid response in the adrenal gland during candidiasis. CR3 (complement receptor 3) which recognizes non-opsonized C. albicans(50) was also remarkably elevated. It can also mediate adhesion of inflammatory cells to the vascular endothelium, which might contribute to the accumulation of the macrophages within the infected adrenal glands (66). However, its upregulation has not been reported in the adrenal glands undergoing bacterial sepsis, so it might play some unique role in fugal sepsis. The C-type lectin receptors (CLR)-Syk adaptor CARD9, which has been shown to be crucial for antifungal immunity, was upregulated as well. CARD9 has been reported to be required for microglial pro-IL-1β transcription, inflammasome activation, and CXCL1 production which recruited CXCR2-expressing neutrophils in the fungal-infected brain (67, 68). In line with that, Cxcl1 was also increased in adrenal macrophages following C. albicans infection, which might contribute to neutrophil recruitment to the adrenal microenvironment.

To elucidate the functional changes of the adrenal macrophages following systemic C. albicans infection, DEGs were analyzed. The antigen processing and presentation via MHC class II and phagocytosis were the most enriched processes and functions involving the upregulated DEGs, suggesting that these adrenal macrophages may engulf the infectious agents, bundle them inside the cell with MHCII, and then present them to the nearest lymph nodes (69). The upregulation of genes enriched in NAPDH oxidase mediated superoxide generation suggested an increased production of ROS that might contribute to the adrenal damage (70).

Moreover, the complement components C1qa/b/c and pro-inflammatory mediators PAF-AH and IL-1β were also found overexpressed by adrenal macrophages upon C. albicans infection. C1q is the defining component of the classical pathway of complement cascade, which is crucially involved in the pathogenesis of sepsis. Especially, the complement anaphylatoxin C5a leads to adverse effects and induces apoptosis in adrenomedullary cells during sepsis (71, 72). C1q has also been described to bind to apoptotic cells and opsonize the cell debris for effective phagocytosis (73). PAF-AH is a booster of vascular inflammation (49). IL-1β has been well documented to be capable of stimulating adrenal hormone production and inducing apoptosis in adrenocortical cells (47, 48). These secretory products enable the adrenal macrophages to mediate the crosstalk among the hormone-producing cells, endothelial cells and immune cells within the adrenal gland. On the other side, IL33 was found to be upregulated in the endothelial cells. It may function as an alarmin that acts on the immune system after endothelial cell damage during infection. Once passively released during cell necrosis or tissues destruction, it can promote the activation of many immune cells including macrophage (74). The immunomodulatory effects of adrenal hormones have also been well documented. For instance, glucocorticoids could exert both inflammatory and anti-inflammatory actions (5, 75). These findings suggested that there were complex communications between immune cells and other cell types in the adrenal gland microenvironment during systemic C. albicans infection.

Although the immune-endocrine interaction has been extensively studied for decades (6), there is still no single-cell resolution interaction map. By dissecting the receptor-ligand interaction network, we identified several signaling pathways central to the immune-adrenal crosstalk. For instance, Macrophage migration inhibitory factor (MIF) and its receptors CD74, CXCR4, CD44 and CXCR2 were found to be widely involved in the interactions among various types of cells in the adrenal gland. MIF is an important constituent of the host response to stress and infection and is the first mediator. It is released from adrenocortical cells and immune cells upon stimulation with glucocorticoids, and acts to counter-regulate the inhibitory effect of glucocorticoids on inflammatory cytokine production (76). Complement pathway (C3, C4a, C3ar1, Itgam, Itgax, and Itgb2) also played roles in interactions between adrenocortical cells and immune cells. C3 was detected to be highly expressed by adrenocortical cells, which matched the upregulation of the iC3b receptor CR3 (CD11b/CD18) on macrophages after C. albicans infection. Their binding can facilitate phagocytosis, oxidative burst, and downstream inflammation (77). These immune-adrenal crosstalk would exacerbate the adrenal gland inflammation and contribute to adrenal exhaustion characterized by decreased adrenal steroidogenesis.

Collectively, we present here a comprehensive picture of the murine adrenal gland microenvironment during systemic C. albicans infection by single-cell RNA transcriptomics analysis. Dramatic changes in the numbers, proportions and functions of multiple cell types in adrenal gland were identified and the immune-adrenal communication networks were dissected. Thus, our study provides deeper insights into the adrenal gland stress response during fungal sepsis.
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Species Morphology  Antifungal activity = Reference

of NETs
C. albicans yeast +++ (26)
hyphae +++ (26)
A. fumigatus conidia + (41)
hyphae + (41, 42)
A. nidulans conidia + (43)
hyphae + (43)
C. neoformans yeast +++ (34)
T. rubrum conidia ++ (33)
hyphae +++ (33)
C. auris yeast - (35)

+++, strong fungicidal activity; ++, moderate antifungal activity; +, weak inhibition
activity; -, no antifungal activity.
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Variable®

Age, years

Male

Predisposing conditions

Blood CrAg test”

CSF laboratory findings
Intracranial pressure, cmH,0O
Leucocytes count, x10%/L
Glucose, mmol/L
Protein, g/dL
CrAg®
CSF smear
CSF or brain tissue culture®

CSF fungal burden, CFU/mL®

Multi-site infection

Blood culture"

Abnormal mental status

2-week mortality

Cryptococcal Meningitis (n = 104)

6 (36 - 59)

72 (69.2)

55 (52.9)
1280 (10 - >2560)

255 (149 - >30.0)
63 (24 - 153)
17 (<11 - 2.4)
1.2 (06 - 1.5)

1280 (160 - > 2560)

73 (70.2)
88 (84.6)
9800 (285 — 182500)
44 (42.3)
24 (238)
34 (327)
8(7.7)

CSF, cerebrospinal fluid; CrAg, cryptococcal antigen; CFU, colony forming unit.

“Data are n (%) or median (IQR).

Pulmonary Cryptococcosis (n = 30)

48 (41 - 57)
20 (66.7)
10 (33.3)

10 (0 - 320)

14.5 (9.3 - 194)
2(1-3)
3.1(28 - 3.5)
03 (0.2 - 0.5)
0

© ©o ©o ©o © o o

"Blood CrAg test was performed in 99 (95.2%) cryptococcal meningitis patients and 28 (93.3%) pulmonary cryptococcosis patients.
“CSF CrAg test was performed in 102 (98.1%) patients, with all positive results.

dCryptococcus were isolated from CSF in 87 (83.7%) patients and from brain tissue in 1 (1.0%) patient.

“Quantitative CSF cultures were done for 61 cryptococcal meningitis patients, 50 of which were cultured positive.
"Blood culture was performed in 101 (97.1%) patients.

P Value

0.392
0.825
0.059
0.000

0.000
0.000
0.000
0.000
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Variable®

Age, years
Male
Predisposing conditions
Symptoms at presentation
Fever
Headache
Vomiting
Epilepsy
Cranial nerve palsies
CSF laboratory findings
Intracranial pressure >30 cmH,O
Leucocytes count, x10%/L
Glucose <1.1 mmol/L
Protein, g/dL
CSF smear
CSF or brain tissue culture
CrAg >1:1280
Blood laboratory findings
Blood culture
CrAg 21:1280
CRP >8.20 mg/L
Cranial MRI
Parenchymal lesions
Focal cerebral ischemia
Granulomatous lesion
Meningeal enhancements
Ventriculomegaly
CSF fungal burden, CFU/mL"
Multi-site infection
Time to diagnosis, days
Amphotericin B -based therapy
PCA
PC-1 score
PC-4 score

Non-severe Group (n = 70)

45 (35-55)
48/70 (68.6)
36/70 (51.4)

48/70 (68.6)
66/70 (94.3)
30/70 (42.9)
10/70 (14.3)
26/70 (37.1)

26/68 (38.2)
72.0 (24.8-155.5)
18/70 (25.7)
1.0 (0.6-1.4)
47/70 (67.1)
56/70 (80.0)
33/70 (47.1)

11/69 (15.9)
39/69 (56.5)
26/67 (38.8)

48/61 (78.7)
45/61 (73.8)
6/61 (9.8)
33/61 (54.1)
5/61 (8.2)
1,300 (23-11,525)
24/70 (34.3)
30 (14-61)
59/70 (84.3)

0.0 (-0.4-0.1)
-0.3 (-0.7-0.2)

Univariate Analysis

44 (36-57)
24/34 (70.6)
19/34 (55.9)

28/34 (824)
34/34 (100.0)
34/34 (67.6)
12/34 (35.3)
15/34 (44.1)

18/33 (54.5)
64.0 (24.0-166.3)
14/34 (412)
1.2 (0.8-2.3)
26/34 (76.5)
32/34 (94.1)
22/32 (68.8)

13/32 (40.6)
19/31 (61.3)
19/28 (67.9)

26/33 (78.8)
26/33 (78.8)
2/33 (6.1)
19/33 (57.6)
14/33 (42.4)
200,000 (1,025-825,000)
20/34 (58.8)
33 (20-73)
28/34 (82.4)

0.1 (-0.2-0.5)
0.4 (-0.1-0.9)

Severe Group (n = 34)

P Value

0.992
0.834
0.682

0.137
0301
0.018
0.014
0.495

0.121
0.758
0.109
0310
0.329
0.061
0.042

0.007
0.655
0.010

0.991
0.589
0.708
0.746
0.000
0.002
0.018
0.386
0.803

0.000
0.000

Multivariate Analysis®

OR (95% CI) P Value

NS
NS

NS
NS

3.17 (1.03-9.74) 0.044

NS
NS
NS

2.78 (1.14-6.78) 0.025
2,60 (1.31-5.12) 0.006

CSF, cerebrospinal fluid; CrAg, cryptococcal antigen; CRP, C-reactive protein; MRI, magnetic resonance imaging; CFU, colony forming unit; PCA, principal component analysis; OR, odds
ratio; CI, confidence interval; NS, not significant.

"Data are n (%) or median (IQR). Missing data not provided by the sites are indicated by the denominators in each variable.

"Quantitative CSF cultures were done for 44 patients in non-severe group and 17 patients in severe group.

“Logistic regression model was used to identify independent factors for severity using variables with a value of P < 0.05 in the univariate analysis.
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Variable

CSF WBC
CSF glucose
CSF protein
CSF CrAg

PC-1
Pearson’s r
0.091
-0.296
0.362
0.247

P Value

0.357
0.002
0.000
0.013

PC-2

Pearson’s r

0.501
0.108
0.425
-0.250

P Value

0.000
0.274
0.000
0.012

PC-3

Pearson’s r

0.048
0.116
0.004
-0.046

P Value

0.630
0.241
0.964
0.649

PC-4

Pearson’s r

0.084
-0.213
0.178
0.131

P Value

0.397
0.030
0.071
0.194
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B. pseudomallei Characteristics Source/Description Antibiotics supplemented Reterences

H777 Clinical isolate, moderate biofilm Blood from melioidosis patient, Thailand None (20)
producer
M10 Biofilm defect mutant of H777 Tn5-0T182 mutagenesis used to inactivate  Tetracycline 50 pg/mL (20)
bpslo618

(a sugar transferase gene)

C17 Biofilm complemented of M10 Function of bpsl0618 restored Tetracycline 50 pg/mL Chloramphenicol (14)
30 ug/mL
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Morphotype of NETs formed Bp H777 Bp M10 Bp C17

Aggregated 29/48 (60%) 11/40 (27%) 14/41 (34%)
Cloudy 11/48 (23%) 3/40 (8%) 6/41 (15%)
Spiky 8/48 (17%) 26/40 (65%) 21/41 (51%)

The data are from 3 independent experiments (n=40).
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Drugs

VRC

POS

AMB

KET

TER

FLC

ITC

MFG

RVVC
vvC

Ranges

<0.0313-1
<0.0313-0.5
<0.0313-0.5
<0.0313-2
lto8
1to 8
<0.0313-1
<0.0313-1
4->16
1->16
<0.125-8
<0.125-16
0.0313-0.5
<0.0313-8
0.016-0.125
0.016-0.0625

S, susceptible; SDD, susceptible-dose dependent; R, resistant.

MIC50/9D

0.0313/0.25
0.0313/0.125
0.0313/0.25
0.0313/0.25
2to4
4to8
0.0625/0.5
0.0625/0.5
>16/>16
>16/>16
0.5/4
1to2
0.0625/0.5
0.0625/2
0.016/0.0313
0.016/0.0313

MIC (png/ml)
GM

0.095
0.075
0.063
0.055
2619
3.924
0.105
0.116

0.52
0.583
0.107
0.125

0.02
0.019

$%

89
90.7

100
97.3

1.3
66.7
73.4

83.3
92
61.1
64
100
100

SDD%

5:5;
93

27.8
213

389
213

R%

55
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Drugs MIC (pg/mL)

C. glabrata (n=3) C. tropicalis (n=2)
VRC 0.125 00313 0.0625 0.0625 0.0313
POS 1 00313 0.0313 0.0313 <0.0313
AMB 4 4 4 2 8
KET 0.125 0.0625 025 0.25 0.0313
TER >16 >16 >16 >16 >16
FLC 8 1 1 025 0.125
ITC 2 025 0.0313 0.0313 0.0313

MFG 0.0625 0.016 0.0313 0.0625 0.016
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Drug

VRC
POS
KET
AMB
TER
FLC
ITC
MFG

"Not applicable.

S, susceptible; SDD, susceptible-dose dependent; R, resistant.

Ranges (ug/mL)

0.0313-16
0.0313-16
0.0313-16
0.0313-16
0.0313-16
0.125-64
0.0313-16
0.016-8

MIC time

48h
48h
24h
24h
24h
24h
48h
24h

SDD

0.25-0.5
a
0.25-0.5

4
0.25-0.5
0.5

. albicans MIC (ug/mL)

v

C. glabrata MIC (ug/mL)

<0.06

SDD

264

20.25
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Risk factors /Underlying diseases

Treatment

Unknown

Antibiotics

discomfort after sexual practices
genitals itching Candidal balanoposthitis
redundant prepuce

chlamydia and mycoplasma infections
family history

tinea pedis

other internal medicine

Nifuratel
Nysfungin
Clotrimazole
Fluconazole
Miconazole
itraconazole
griseofulvin

Others

RVVC

3 (15%)
4(20%)
1(5%)
4(20%)
1(5%)
2 (10%)
1(5%)
5 (25%)
RVVC
10 (50%)
7 (35%)
5 (25%)
2 (10%)
2 (10%)
1(5%)
5 (25%)

9 (11.8%)
2 (2.6%)
3 (3.9%)
8 (10.5%)
4(53%)
3(3.9%)
4(53%)
4(53%)
13 (17.1%)
vve
15 (19.7%)
16 (21.1%)
12 (15.8%)
4(5.3%)
2 (2.6%)
1(1.3%)

9 (11.8%)

0.969
0.017
0.295

0.585

0.593

0.005
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BMU_04928

Total num (>500 bp)
Total length (bp)
N50 length (bp)
N90 length (bp)
Max length (bp)
Min length (bp)
Sequence GC%
BMU_00512

Total num (>500 bp)
Total length (bp)
N50 length (bp)
N90 length (bp)
Max length (bp)
Min length (bp)
Sequence GC%

All gene (#):

Pan gene (#):

Core gene(#):
Dispensable gene(#):

Strain specific genes:

Similarity: 99.95%.

Scattold

58
34,207,930
952,828
271,107
3,541,721
55,978
53.58
Scaffold

55
34,034,191
1,197,130
243.659
2,431,464
50.078
53.57
19636
10907
7965
2942

Species ID
BMU_00512
BMU_04928

Contig

126
34,202,081
435,036
159,600
2,028,093
2,600
53.58
Contig

74
34,034,001
886.145
208.497
2,287,921
2.971
53.57

Number (#):
1418
1528
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Time

2017

2022

2022

2022

2022

2021

2021

2020

2020

2020

2020

2020

2020

2020

2020

2020

2019

2019

2018

2018

2018

2017

2017

2017

2017

2017

2017

2017

2017

2016

2016

2015

2015

2013

2013

2013

2012

2012

2012

2012

2012

2012

2012

2012

2011

2011

2011

2011

2006

2006

2003

2002

Country

Brazil

Brazil

Malaysia

Japan

PRC

Mexico

USA

Brazil

Brazil

Brazil

Brazil

Brazil

Brazil

Mexico

Brazil

Brazil

UsA

UsA

Peru

Brazil

Japan

USA

Brazil

Brazil

UsA

Brazil

Brazil

Brazil

Brazil

Brazil

Zambia

Brazil

Mexico

USA

Brazil

USA

Malaysia

Malaysia

Brazil

Brazil

Brazil

Brazil

Brazil

Brazil

PRC

Brazil

Malaysia

Mexico

Mexico

USA

Brazil

USA

Age/sex

45/male

52/male

50/male

76/male

55/female

21/male

37/female

41/female

43/male

61/female

26/female

64/male

46/female

45/male

38/female

56/male

62/male

35/female

42/male

13/female

47/male

57/female

39/female

47/male

65/female

34/male

35/male

25/male

43/male

59/female

27/female

5/male

68/male

41/male

39/female

53/male

61/male

71/female

59/male

27/male

46/female

26/male

47/male

44/male

36/male

52/male

70/female

36/male

74/male

40/male

24/male

72/male

Risk factor

Cat scratch

Minor occupational

injury

Gardening and contact

with cats

IgGd-related disease,

prednisolone therapy

Tuberculous peritonits

ND

Gardening, heart surgery

Kidney-pancreas

transplantation, diabetes

Renal-transplant-

recipient

Cat scratch and diabetes

mellitus

Cat bites

Type 1 diabetes

Cat scratch

Bucket striking

HIV infection, cats

contact

Alcoholism

Play golf

Cats contact, alcoholism,

diabetes

ND

ND

Ulcerative colitis

Asthma, an arthropod

bite

Seratched by cat

Alcoholism

Chronic lymphocytic
leukemia
Alcoholism, HIV, cat

contacts

HIV positive

HIV positive, direct

trauma

HIV positive, cat

contacts

Cat scratch

HIV positive

ND

Alcoholism

HIV, alcoholism,

cutaneous trauma

ND

Hepatitis C, alcoholism

ND

ND

HIV

HIV

HIV

HIV

HIV

HIV

Pleurisy

Alcoholic hepatopathy

Gardening, cat contacts

ND

ND

Blackberry picking

HIV, alcoholism

Diabetes

AMB, amphotericin B; ITZ, itraconazole; TRB, terbinafine; PSZ, posaconazol

Site of primary
lesion

Upper limbs

Hands, right forearm,

eyes, feet, legs, buttocks

Fac, trunk, extremities

Forearms, upper back

Knee, arms, lft leg,
hands, knees, left wrist
Chest, abdominal wall,

arms, forearms

Posterior aspect of right

elbow

Cutaneous, oral and

nasal mucosa

Nose, upper lips, scalp,
dorsum, oral and nasal
mucosa

Upper limbs, trunk, face

Arms, hands, fingers

Hands, arm, elbow

Back, left arm, face

Distal third of the right
leg, both lower legs

Hands, back, face

Leftwrist, face, scalp, left

arm, skin

Left lateral thigh, left
posterior thigh

Right forearm, legs,
contralateral arm,
abdomen

Face, limps, arms, legs

Throughout the body

Right lower leg, left

pretibial area

Left elbow, left upper

arm

Abdomen skin

Left leg, limbs, trunk,

abdomen, scalp

Lip, left nares, left check,
left arm, leg, upperback
Torso, face, chest,

extremities

Cutaneous,
osteoarticular, oral, nasal
mucosa, left eye
Cutaneous,
osteoarticular,
pulmonary, bone
‘marrow, lymph nodal,
eyes

Cutaneous,

osteoarticular, eyes

Face, left cervical, upper

limbs.

Nose, upper limbs, trunk

Face, gluteal region,

upper and lower limbs

Face, thorax, abdomen,
limbs, head

Left hand, other body

sites

Left foot, lower limb,
upper arm, groin,
abdomen, back

Chest, head, trunk, legs,

arms

Whole body

Face, upper limbs, lower

limbs.

Cutaneous, conjunctival

mucosa

Cutaneous,

meningoencephalitis

Cutaneous,
osteoarticular, oral, nasal
mucosa

Cutaneous,

‘meningoencephalitis

Cutaneous,

osteoarticular

Cutaneous (wide

spread), nasal mucosa

Left leg, trunk, limbs

Left thigh, the rest of his
body

Face, upper and lower
limbs
Dorsum and anterior

abdomen

Anterior right wrist

Trunk, upper

extremities, left arm

Leftleg, face, thorax,

arms

Left hand, abdomen, left

elbow

KI, potassium iodide;

Clinical
manifestations

Ulcerated nodules

Ulcerated nodules

Multiple nodules

Irregularly-shaped dark

red plaques, ulcers

Erythematous and
broken lesions
Multiple ulcerated

nodules

Multiple nodules,

arthralgias

ND

Ulcerated and crusted
nodules, molluscum-like
papales

Verrucous and ulcerated

plaques

Multiple nodules

Erythematous nodules

and ulcers

Ulcerated nodules,

Iymphangitis

Ulcers

Erythematous papules,

pustules, ulcers, crusts

Erythematous and

ulcerated nodules

Erythematous ulcers

Erythematous nodules,

ulcerations

Erythematous and
Verrucous papules,
plaques

Ulcerative lesions

Red nodules, ulcer

Uleers, fevers, chills,

fatigue

Multiple sites ulcers

Cutancous softened
nodules, subcutancous
masses

Vegetative plaque,
crusted papules, plaques
Annular brownish
papules, reddish shallow

ulcers

Diffuse, ulcerated, crusty

nodules

Diffuse, ulcerated, crusty

nodules

Diffuse, ulcerated, crusty

nodules

Ulcerated nodules,

Iymphadenopathy

Skin rash, papules,

ulcerated plaques

Nodular erythematous

skin lesions

NODULES, plaques

Nodules

Papules, nodules, ulcers

Erythematous, ulcers

Ulcers.

Ulcerated nodules and

plaques

Papules, nodules,
conjunctivitis

Plaque, papale

Plaque, papale

Large cystic masses

Plaque, papale, nodule

Plaque, papale, nodule

Nodules, abscesses,

ulcers.

Papules, nodules, ulcers,

‘molluscum-like lesions

Ulcerated nodules

Papular lesion, ulcers

Skin lymph nodes

Ulcers, lesions.

Lesions

Ulcer, nodules

D, no data available.

Diagnostic
method

Culture

Culture, PCR

Culture, histopathology
Culture, PCR,

histopathology

Culture, PCR,
histopathology

Culture, histopathology

Culture, PCR,
histopathology

Culture, PCR,
histopathology

Culture, PCR,
histopathology

Culture, histopathology

Culture, histopathology

Culture, histopathology

Culture, histopathology

Culture, PCR,

histopathology

Culture, PCR,
histopathology

Culture, histopathology

Culture, PCR,
histopathology

Culture

Culture, histopathology

Culture, PCR,
histopathology
Culture, histopathology
Culture, histopathology
Culture, PCR,
histopathology

Skin biopsy, mycological

‘examination
Culture, histopathology

Culture, histopathology

Culture, PCR

Culture, PCR

Culture, PCR

Culture

Histopathology

Culture, histopathology

Culture, histopathology

Culture, histopathology

Culture, serology

Culture, histopathology

Culture, histopathology

culture, histopathology

Culture

Culture

Biopsy

Culture, biopsy

Culture

Culture

Culture

Culture, histopathology

Culture, histopathology

Culture, PCR,

histopathology

Culture, histopathology

Culture, histopathology

Culture, histopathology

Culture

Pathogen

Sporothrix
globosa

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix
globosa

Sporothrix
globosa
Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

brasiliensis

Sporothrix

brasiliensis

Sporothrix

brasiliensis

Sporothrix

brasiliensis

Sporothrix

brasiliensis

Sporothrix

brasiliensis

Sporothrix

schenckii

Sporothrix

brasiliensis

Sporothrix

species.

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

brasiliensis

Sporothrix
globosa

Sporothrix

schenckii

Sporothrix

brasiliensis

Sporothrix

Sporothrix
schenckii

Sporothrix

Sporothrix

brasiliensis

Sporothrix

brasiliensis

Sporothrix

brasiliensis
Sporothrix
Sporothrix
schenckii

Sporothrix

schencl

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix
schenckii
Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Sporothrix

schenckii

Treatment Outcome

Tz

ITZ

AMB, ITZ

ITZ, TRB

Tz

KI

ITZ

AMB,
TRB

AMB-L +
17

AMB, ITZ

1Tz

ITZ, local

heat

1z

V2

AMB, ITZ

AMB, ITZ

AMB,
PSZITZ,
TRB
AMB,
PSZITZ

KI

1z

K1, local

heat

ITZ

AMB, ITZ

KI

PSZITZ

AMB, ITZ

AMB,ITZ

AMB|ITZ

AMB,TRB

ITZ

ITZ

AMB, ITZ

1z

ITZ

AMB, ITZ

ITZ

AMB, ITZ,

TRB

AMB, ITZ

ITZ

ITZAMB

ITZAMB

ITZ,AMB

ITCAMB

AMB

ND

AMB, ITZ

AMB, ITZ

AMB,ITZKI

jiv2

ITZ

1z

Improved

Cure

Unknown

Cure

Improved

Improved

ND

Cure

Death

Cure

Cure

Cure

Cure

Cure

Cure

Improved

Cure

Cure

Improved

Improved

Cure

Improved

Cure

Cure

Cure

Improved

Cure

Cure

Cure

Cure

Improved

Cure

Cure

ND

Improved

Improved

Death

Improved

Cure

Cure

Cure

Death

Cure

Cure

ND

Death

Cure

Cure

Unknown

Improved
(almost
healed)

Improved

Cure
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Characteristics Total (37) Death (17) P-Value
Median Age, years 39.0 (2.0-80.0) 56.0 (13.0-78.0)
<30years 14 (37.8%) 3 (21.4%)
>30years 23 (62.2%) 14 (60.9%) <0.05
Sex
Female 1 (29.7%) 5 (45.5%)
Male 26 (71.1%) 12 (46.1%) 969
Underlying condition
Transplantation 12 (32.4%) 10 (83.3%) <0.05
Renal transplant 1(2.7%) 1 (100.0%)
Lung transplant 1(2.7%) 1(100.0%)
Liver transplant 4 (10.8%) 3 (75.0%)
Cardiac transplant 1(2.7%) 1(100.0%)
Stem cell transplant 5 (13.5%) 4 (80.0%)
Candidiasis 2 (5.4%) 1 (50.0%)
Myasthenia gravis 1(2.7%) 0 (0%)
Leukemia 6 (16.2%) 3 (60.0%)
Anemia 2(5.4%) 0 (0%)
AIDS 2 (5.4%) 2 (100.0%)
Diabetes mellitus 2 (5.4%) 0 (0%)
Chronic ambulatory peritoneal dialysis 3(8.1%) 0 (0%)
Adenocarcinoma 1(2.7%) 1(100.0%)
Skin trauma 12.7%) 0 (0%)
Inherited CARD deficiency 1(2.7%) 0(0%)
Skin trauma/surgery/catheter-related® 22 (69.5%) 13 (69.1%)
Sign and symptoms at disease onset
Fever 20 1"
Skin papules 19 11
Abdominal pain 7 1
Headache 3 1
Diarrhea 3 1
Species
P. wickerhamii 25 (67.6%) 9 (36.0%)
P. zopfii 8(21.6%) 7 (87.5%) <0.05
Prototheca spp. (unidentified) 4 (10.8%) 1(25.0%)

Data are number/total number (%) unless indicated otherwise.
aNefined as the above causes of skin barrier destruction.
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100

MF163466 Prototheca zopfii
MF163467 Prototheca zopfii
MF163465 Prototheca zopfii
MF163464 Prototheca zopfii
MF163472 Prototheca zopfii
MF163471 Prototheca zopfii
MF163469 Prototheca zopfii
MF163470 Prototheca zopfii
MF163449 Prototheca blaschkeae
MF163451 Prototheca blaschkeae
MF163452 Prototheca blaschkeae
MF163450 Prototheca blaschkeae
MF163456 Prototheca ulmea
MF163455 Prototheca stagnorum

100

94

100
99

100

MG911719 Prototheca tumulicola
94 MF163453 Prototheca cutis
MF163454 Prototheca miyajii
MF163459 Prototheca wickerhamii
MF163461 Prototheca wickerhamii
MF163460 Prototheca wickerhamii

99

Prototheca zopfii

Prototheca blaschkeae

Prototheca ulmea

Prototheca stagnorum
Prototheca tumulicola

Prototheca cutis
Prototheca miyajii

Prototheca wickerhamii
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Patient Year Age Sex

20

21

22

23

24

25

26

27

28

31

32

33

34

36

36

37

1974

1978

1986

1990

1990

1991

1991

1992

1992

1992

1992

1996
1996

1997

1998

2002

2002

2004

2004

2004

2006

2007

2008

2008

2010

2011

2012

2013

2014

2014

2014

2015

2018

2018

2018

2019

2019

29

30

g

39

72

45

24

80

25

59
20

75

36

39

56

49

58

58

24

61

49

8

61

74

56

46
36

Male

Male

Female

Male

Male

Male

Male

Female

Male

Male

Female

Female
Male

Male

Male

Male

Male

Male

Male

Male

Male

Male

Male

Male

Female

Female

Male

Female

Female

Male

Female

Female

Male

Female

Male

Male

Male

Country

New
Zealand

UsA

Australia
UsA
USA
UsA
England

USA

Japan
Japan
USA

UsA
Japan

USA

Israel
USA
USA

USA

USA

Australia

USA
China
USA
India
England

Australia

Malaysia

Mexico

Singapore

USA
Australia
Japan
India
Turkey
Spain
Morocco

China

Underlying
condition

Healthy

Liver transplant

CAPD
Healthy
CAPD
Leukemia
CAPD

Diabetes meliitus

Anemia
Diabetes melitus
AIDS, Skin
trauma

Lung transplant

Anemia

Myasthenia
gravis

Candidiasis
Adenocarcinoma
Stem cel
transplant
Stem cel
transplant
ADS

Stem cell
transplant
Stem cell
transplant
Healthy

Liver transplant
Skin trauma

Leukemia

Cardiac
transplant

Renal transplant

Healthy

Liver transplant

Leukemia

Stem cell
transplant
Leukemia
Liver transplant

Inherited CARD9
deficiency

Leukemia
Candidiasis

Leukemia

Immunity state

Immunocompetent

Immunocompromised

Immunocompromised
Immunocompetent

Immunocompromised
Immunocompromised
Immunocompromised

Immunocompetent

Immunocompetent
Immunocompetent
Immunocompromised

Immunocompromised
Immunocompetent

Immunocomprormised

Immunocompromised
Immunocomprormised
Immunocompromised

Immunocompromised

Immunocompromised

Immunocompromised

Immunocompromised
Immunocompetent

Immunocompromised
Immunocompromised
Immunocompromised

Immunocompromised

Immunocompromised

Immunocompetent

Immunocompromised

Immunocompromised
Immunocomprormised
Immunocompromised
Immunocompromised
Immunocompromised
Immunocompromised
Immunocompromised

Immunocompromised

Neutropenia

No

NA

NA
No

N/A
NA
NA

No

NA
N/A
No

NA
NA

NA

N/A
NA
NA

NA

NA

NA

No
No
No
Yes
Yes

N/A

N/A

N/A

No

N/A
N/A
Yes
N/A
No

Yes
N/A

Yes

Infectious
site

Skin, blood,
liver

Skin

Peritoneum
Liver, gut
Peritoneum
Blood
Peritoneum

Nasopharynx,
esophagus

Gut, liver
Skin
Brain

Blood
Brain

Blood, skin

Gut
Lung
Blood

Blood, skin

Blood, skin

Blood, skin

Blood, skin,
lung, liver
Brain
Blood, skin
Skin, spleen

Blood, skin

Blood, skin

Blood

Skin

Blood, skin

Skin
Blood, skin
Skin

Blood, skin,
lung

Gut

Blood

Gut

Blood

Initial
symptom

Skin
papules,
jaundice,
diarthea
Skin papules

Abdominal
pain
‘Abdominal
pain, nausea
Abdominal
pain, Fever
Fever

Abdominal
pain
Nausea,
voniting

Fever
Skin papules

Fever,
headache
Fever
Fever,
headache
Skin
papules,
fever
Abdominal
pain
Fever

Fever

Skin
papules,
fever

Fever,
sweling of
skin

Skin
papules,
fever

Skin papules

Headache
Skin papules
Skin papules

Fever, skin
necrosis
Skin
papules,
fever
Fever

Skin
abscess,
fever

Skin
papules,
fever

Skin papules

Fever, skin
celuitis

Skin papules
Skin
papules,
chest pain
Abdorminal
pain,
diarthea
Fever
Abdorminal
pain diarthea
Skin papules
fever

Species

P
wickerhamii

P
wickerhamii

P
wickerhamii
P
wickerhamii
P
wickerhamil
P
wickerhamii
P
wickerhamii
P
wickerhamil

P
wickerhamii
P.
ickerhamii
P.
wickerhamii
P. zopfii
P.
wickerhamii
P
wickerhamii

Prototheca
spp.
Prototheca
spp.
Prototheca
spp.

P.
wickerhamii

P.
wickerhamii

P. zopfii

3
wickerhamii
P.
wickerhamii
P.
wickerhamii
P.
wickerhamii
P,
wickerhamii
P.
wickerhamii

P.
wickerhamii
Prototheca
spp.

P.
wickerhamii

P,
wickerhami
P. zopfii
P. zopfii
P. zopfii

P. zopfii

P. zopfii
B

wickerhamii
P. zopfii

Coinfection

NA

Candida albicans,
Proleus mirabills,
Klebsiella

NA

NA

N/A
Pseudomonas
aeruginosa

NA

Staphylococcus
aureus

NA
NA
Cryptococcus
neoformans
NA

NA

NA

Candida albicans
NA
NA

Kiebsiella
pneumoniae

NA

NA

NA

NA
Escherichia coli
NA
Enterococcus
faecium

NA

NA

Blastomyces
dermatitidis

NA

NA

NA

NA

Klebsiella

NA

NA

Candida albicans

NA

Sample

Skin

Skin

Dialysate

Stool

Dialysate

Blood

Dialysate
Esophageal and
Nasopharyngeal
lesion

Stool

Skin

CSF
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