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Immunobiological Activity of Synthetically Prepared Immunodominant Galactomannosides Structurally Mimicking Aspergillus Galactomannan
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The study is oriented at the in vitro evaluation of the immunobiological activity and efficacy of synthetically prepared isomeric pentasaccharides representing fragments of Aspergillus fumigatus cell-wall galactomannan and containing β-(1→5)-linked tetragalactofuranoside chain attached to O-6 (GM-1) or O-3 (GM-2) of a spacer-armed mannopyranoside residue. These compounds were studied as biotinylated conjugates which both demonstrated immunomodulatory activities on the RAW 264.7 cell line murine macrophages as in vitro innate immunity cell model. Immunobiological studies revealed time- and concentration-dependent efficient immunomodulation. The proliferation of RAW 264.7 macrophages was induced at higher concentration (100 µg/mL) of studied glycoconjugates and longer exposure (48 h), with more pronounced efficacy for GM-1. The increase of proliferation followed the previous increase of IL-2 production. The cytokine profile of the macrophages treated with the glycoconjugates was predominantly pro-inflammatory Th1 type with significant increase of TNFα, IL-6, and IL-12 release for both glycoconjugates. The RAW 264.7 macrophages production of free radicals was not significantly affected by glycoconjugates stimulation. The phagocytic activity of RAW 264.7 cells was reduced following GM-1 treatment and was significantly increased after 24 h stimulation with GM-2, contrary to 48 h stimulation. Moreover, the synthetically prepared galactomannoside derivatives have been evaluated as efficient serodiagnostic antigens recognized by specific Ig isotypes, and significant presence of specific IgM antibodies in serum of patients suffering from vulvovaginitis was observed.
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INTRODUCTION

Throughout the past decades, the incidence of opportunistic systemic fungal infections has a significant rise due to increased numbers of immunocompromised adult and pediatric individuals. Candida species are the most common ubiquitous medically important opportunistic fungi followed by Aspergillus species (1–3). Invasive aspergillosis is the second most frequent systemic fungal infection with increasing incidence over the last 20 years (4). Aspergillus spp. principally affect the lungs causing the four main Aspergillus-related syndromes: (i) allergic bronchopulmonary aspergillosis, (ii) chronic necrotizing Aspergillus pneumonia (also termed chronic necrotizing pulmonary aspergillosis), (iii) aspergilloma, and (iv) invasive aspergillosis. Hematogenous dissemination of Aspergillus beyond the lungs has been documented in patients who are severely immunocompromised (5). Within an 1 year period (from 2016 until present), the 1.47-fold increase in Aspergillus spp. in clinical isolates from upper airways and 1.8-fold increase in Aspergillus spp. clinical isolates from the lower respiratory tract have been documented. Moreover, the cutaneous aspergilli isolates increased 2.15 times within this period (raw data were obtained and analyzed with permission of MEDIREX Inc., HPL Mycology Labs., Slovakia).

Invasive aspergillosis has become the major cause of morbidity and mortality in immunocompromised patients with mortality rates as high as 90%. Almost 61% of patients with invasive aspergillosis have an underlying hematologic disease or have undergone bone marrow transplantation (6). Risk factors for the development of invasive aspergillosis include prolonged or repeated episodes of severe neutropenia, transplantation of solid organs or receipt of an allogenic stem cell transplant, grade III or IV graft-vs.-host disease, prolonged use of corticosteroid therapy, treatment with T-cell immunosuppressants, and inherited severe immunodeficiency (7–12). Etiological agent of more than 90% of invasive mycoses caused by Aspergilli is an Aspergillus fumigatus (A. fumigatus) (13). The treatment of invasive fungal infections failed in nearly 50% cases of invasive aspergillosis (14). Furthermore, resistant Aspergillus infections are frequently encountered in the antifungal drug-naïve patient as a result of increasing incidence of environmental A. fumigatus isolates harboring azole resistance mechanisms. In vivo selection of acquired resistance during medical treatment is increasingly more accounted in the patients with chronic forms of aspergillosis on the long-term azole treatment (15).

The anti-Aspergillus host immune defense is mediated by a complex of responses of the innate immune system phagocytic cells, resident alveolar macrophages, which ingest and kill Aspergillus conidia. Next, polymorphonuclear leukocytes destroy germinating Aspergillus hyphae, which escaped from macrophages. Neutrophils participate in the adaptive T helper cell response that in turn modulates antifungal activity, enhancing the phagocyte effector cell function (16). There are intensive efforts to design the effective model of subcellular fungal vaccines for either active or passive immunization in humans based on the dominant fungal cell-wall derived moieties (17–21).

In the vaccine model, different preparations of A. fumigatus antigens accelerated expansion of various CD4 T-cell subsets (22). The vaccinating potential of different Aspergillus antigens against invasive pulmonary aspergillosis, using antigen with the immunoadjuvant murine CpG oligodeoxynucleotide (CpG/Ag model) and dendritic cells model has been also studied (22).

Generally, the A. fumigatus cell wall is composed of a fibrillar skeleton made of β-(1→3)-glucan chains with 3,6-branches bound to chitin, galactomannan, and β-(1→3)/(1→4)-glucan, embedded in an amorphous alkali-soluble cement mainly composed of α-(1→3)-glucan and galactose polymers: galactomannan and galactosaminogalactan (23, 24).

Galactomannan is a hetero-polysaccharide composed of a mannan core and galactofuransyl side-chain found in the cell wall primarily of mold-like fungi especially in Aspergillus spp. and Penicillium spp. but is also found in other species of fungi. The backbone chain of Aspergillus galactomannan comprises the (1→2)/(1→6)-linked α-D-mannopyranosyl residues substituted at O-3 or O-6 by oligo-β-D-galactofuranosyl-containing sidechains connected mainly via (1→5)-links. Such β-D-Galf-bearing chains are regarded as immunodominant epitopes, especially when they are (1→5)-linked (25, 26). The immunodominant epitopes are located in tetra- and hexasaccharides containing β-D-Galf-(1→5)-β-Gal terminal groups (27). Kudoh et al. reported the presence of β-1,6-linked Galf residues in addition to the β-1,5-linked Galf residues in the O-linked and N-linked carbohydrate moieties of the galactomannan from A. fumigatus (28). As concerned content, the differences between conidia and hyphae alkali-soluble and insoluble fractions thereof have been reported. The exposition of galactomannan in an alkali-insoluble fraction of conidia has been higher, i.e., 26 vs. 5% present in hyphae (29).

Herewith, we report for the first time a comparative study of the immunobiological activity and immunomodulating efficacy of synthetically prepared pentasaccharide derivatives GM-1 and GM-2 (Figure 1), whose structure mimics the corresponding fragments of A. fumigatus galactomannan bearing β-(1→5)-linked tetragalactofuranoside chain attached to O-3 or O-6 of the mannopyranoside residue. This study is focused on the assessment of proliferative activities, stimulated release of Th1and Th17 interleukins and growth factors, phagocytosis, free radicals release, expression of CD11b and F4/80 following RAW 264.7 macrophages GM-1 and GM-2 exposure. The evaluation of synthetically prepared oligosaccharide conjugates structurally related to A. fumigatus galactomannan as serodiagnostic immunogens for in vitro diagnostics of mycosis has been studied.
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FIGURE 1 | Hypothetical structure of the galactomannan secreted by A. fumigatus (GM-native) (25) and synthetic biotinylated probes GM-1 and GM-2 representing its (1→6)- and (1→3)-linked epitopes.



MATERIALS AND METHODS

Synthesis of Biotinylated Glycoconjugates GM-1 and GM-2

Glycoconjugates GM-1 and GM-2 were prepared by the biotinylation of parent ligands (30–32) according to the previously described (33) biotinylation protocol.

Cell Culture and Exposition

Stock solution and individual glycoconjugate doses were prepared aseptically using pre-sterilized disposable plasticwares and apyrogenic, sterile aqua pro injectione (Fresenius, Kabi Italia S.r.l., Verona). The solutions were filtered using a syringe with a 0.2-µm filter (Q-Max®Syringe filter) under sterile laminar flow conditions (Biohazard II, Esco). The safety cabinet was wiped down with 70% ethanol p.a. and sterilized with a germicidal UV lamp for 30 min before each experiment. The stock solution has been assayed with an EndoLISA® enzyme-linked immunosorbent assay (ELISA)-based Endotoxin Detection Assay (Hyglos) and measured with a Cytation 5 Imager Multi-Mode Reader (BioTek, USA) to ascertain endotoxin-free conditions.

Cell line murine macrophages RAW 264.7 (ATCC®TIB-71™, ATCC, UK) were cultured in complete Dulbecco’s Modified Eagle Medium for 24 h at 37°C in a 5% CO2 atmosphere and 90–100% relative humidity until approx 80% confluency. Cell viability was assayed with the Trypan blue dye exclusion method using a TC20™ automated cell counter (Bio-Rad Laboratories, Inc., USA). The starting inocula of 1 × 105 cells/mL/well (93.6% viable cells) were seeded in a 24-well cell culture plate (Sigma-Aldrich, USA) and exposed to 10 and 100 µg per well of GM-1 and GM-2 conjugates, respectively, to include two different concentrations with diverse stimulatory capabilities. Concanavalin A (Con A, 10 µg/mL, Sigma-Aldrich, St Louis, MO, USA), phytohemagglutinin (PHA, 10 µg/mL, Sigma-Aldrich, St Louis, MO, USA) and pokeweed mitogen (1 µg/mL, Sigma-Aldrich, St Louis, MO, USA) were used as positive controls.

In vitro exposition was performed for 3, 24, and 48 h, respectively. Morphological characteristics and viability were controlled ahead of flowcytometric evaluation. The exposed cells were subjected to immunocytometric determination of phagocytic activity and phenotyping immediately following cell separation by centrifugation. The cell culture media were stored at −20°C until further use.

Proliferation and Cytotoxicity

The impact of GM-1 and GM-2 conjugates on RAW 264.7 cells’ proliferation and glycoconjugates’ potential cytotoxicity was evaluated by the bioluminescent measurement of adenosine triphosphate (ATP), marker of metabolically active cells levels, using the ViaLight™ plus kit (Lonza, USA) according to the manufacturer’s instructions. The intensity of emitted light was measured with a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek Instruments, Inc., USA). Light emission expressed as relative light units was recorded continuously for 1 s and evaluated on the basis of peak values. The proliferation of unstimulated cells was considered to be the baseline. The proliferation index was calculated by the ratio between the induced proliferation (stimulated cells) and the baseline (unstimulated cells) proliferation. Hence, the proliferation index of negative control, i.e., unstimulated cells, is equal to one.

Determination of Interleukins and Growth Factors

The levels of interleukins and growth factors in cell culture supernates mediated by the exposure with glycoconjugates GM-1 and GM-2, respectively, were assayed with Quantikine ELISA® Mouse M-CSF [Cat#MMC00, R&D, USA, minimum detectable dose (MDD) <5 pg/mL], Platinum ELISAs®: Mouse IL-12 (p70) (Cat#BMS616, MDD 4 pg/mL), Mouse GM-CSF (Cat#BMS612, MDD 2 pg/mL), Mouse IL-17(Cat#BMS6001, MDD 1.6 pg/mL), Mouse IL-2(Cat#BMS601, MDD 5.3 pg/mL), and Mouse IL-6 (Cat#BMS603/2, MDD 6.5 pg/mL); Instant ELISAs®: Mouse IL-1β (Cat#BMS600/2INST, MDD 3 pg/mL), Mouse tumor necrosis factor (TNF)-α (Cat#BMS607/2INST, MDD 4 pg/mL), Mouse IL-10 (Cat#BMS614INST, MDD 5.28 pg/mL), all from Affymetrix e-Bioscience, USA, according to the instructions of the manufacturer.

Determination of Free Radicals

The cell culture supernates obtained after the treatment of RAW 264.7 cells by glycoconjugates GM-1 and GM-2 were assayed for total content of free radicals (Free radicals kit; SediumR&D, Czech Republic). The assay is based on the ability of chlorophyllin to transfer electrons due to its electron-rich double-bonds structure. The free radicals media levels were assayed via calibration based on a Fe2+/Fe3+ reactive shift and were expressed as millimoles Fe2+/L. The unstimulated cells free radical production was used to determine the baseline value.

Immunocytometry

The GM-1 and GM-2 conjugates’ exposed RAW 264.7 cells were subjected to immunoflow cytometry using a Beckman Coulter FC 500 flow cytometer equipped with a 488-nm argon laser and a 637 nm HeNe collinear laser and controlled by the CXP software (Beckman Coulter, Fullerton, CA, USA). Gates were set to exclude the debris and damaged cells using forward scatter vs. side scatter dot plot discrimination. The settings were optimized either using proper isotype control (in immunophenotyping assay) or Candida albicans fluorescein isothiocyanate (FITC)-untreated cell culture (in phagocytosis). For each sample fluorescence histograms of 10,000 cells (immunophenotyping) or 5,000 cells (phagocytosis) were generated and analyzed (green fluorescence, 525-nm band-pass filter, FL1 channel). All samples were analyzed in duplicates. The data are expressed as percentage or as a mean of fluorescence intensity.

For immunocytometric assays, GM-1 and GM-2 conjugates exposed RAW 264.7 cells were stained directly with FITC-conjugated rat anti-mouse monoclonal antibodies: F4/80 and CD11b (both from eBioscience, Inc., CA, USA). The appropriate antibody isotype-negative controls were used separately to achieve correct gating. The FITC-conjugated monoclonal antibodies (5 µL) and GM-1 and GM-2 conjugates treated RAW 264.7 cells (50 µL) were added to 5-mL sterile tubes (Beckman Coulter, Fullerton, CA, USA) and incubated for 30 min in the dark at 4°C. After this, the samples were evaluated by immunoflowcytometry.

Phagocytosis

Measurement of phagocytosis, i.e., the ingestion of labeled Candida albicans (C. albicans) cells, took place under controlled conditions, using incubation with (FITC)-labeled C. albicans for 30 min at 37°C. Following treatment, the reaction was stopped by placing the samples on ice. Based on the difference between the resulting total amount of phagocyting cells and the amount of phagocyting cells following fluorescence quenching using Trypan Blue, the amounts of adherent extracellular and ingested intracellular Candida cells were determined.

Fluorescence Quenching Cytofluorometric Assay

The extracellular FITC-fluorescence has been quenched by 0.4% trypan blue dye (Sigma-Aldrich, USA). Immunocytometric analysis of trypan blue treated RAW 264.7 cells was performed following 30-min cell incubation in dark. Differentiation between attached and ingested C. albicans–FITC labeled cells was performed using the same protocol as previously described.

Study Population

The serological assays were performed in a patient cohort comprising forty female participans (38.2 ± 8.4 years) with atopy and a history of recurrent vaginal mycosis (Dept. Clin. Immunol. and Allergy). Inhalant allergy was present in 63% of patients. The exclusion criteria were recent or ongoing antibiotic or immunosuppressive therapy. Candida spp., Aspergillus spp., and Saccharomyces spp. isolated from vaginal (94.42%) or cervical (5.58%) swabs undergone typing and identification (MEDIREX Inc., HPL Mycology Labs., Slovakia). Alyostal® Stallergenes Skin prick test (SPT), including C. albicans allergen (Alyostal R Stallergenes), was performed on the patients’ forearm according to the international and national guidelines. SPT was evaluated after 15–20 min and rated as positive if the wheal diameter was ≥3 mm and the negative control was negative.

Control Group

Sixty-five female blood donors (National Blood Service, Slovak Republic) aged 18–56 years (average 35.9 ± 18.6) were enrolled as healthy control subjects.

Sera Samples

All sera samples have been taken before the onset of antifungal and/or immunomodulative therapy, respectively. The sera samples for the determination of anti-oligogalactomannan and anti-mannan antibodies were collected and immediately stored at −70°C until the further use. The specimens were analyzed retrospectively and the results had no influence on therapeutic decisions.

Determination of Anti-GM-1 and -GM-2 IgG, IgA, and IgM Isotypes

The ELISA for the determination of IgG, IgA, and IgM sera antibodies specific to studied galactomannosides has been developed by the modification of ELISA anti-Candida II based on C. albicans cell glycan antigens (Biogema, Slovakia). Synthetically prepared biotinylated oligogalactomannans (in 0.2 M TRIS-HCl buffer pH 7.0) were applied onto streptavidin coated microplates (Bioamat, SNC, Italy) (2 µg/mL, 200 µL/well) for 24 h at room temperature. After that, the plates were overcoated with 0.05 M carbonate–bicarbonate buffer (pH 9.5) with 0.025% Tween 20 and washed out. The plates were blocked with 1% BSA in 0.05 M carbonate–bicarbonate buffer. Sera samples have been examined for the GM-1- and GM-2-specific IgG, IgA, and IgM antibodies with peroxidase-labeled anti-human IgA, IgG, and IgM antibodies (KPL, USA). The plates were developed with 3,3′,5,5′-tetramethylbenzidine chromogenic substrate (Kem-En-Tec Diagnostics) and scanned at 450/630 nm (Microplate reader MRXII, Dynex, USA). According to the absence of appropriate international standards, the concentrations of different Ig isotypic antibodies were evaluated based on the calibration curve using internal standard, i.e., positive sera pool with an established value of 100 arbitrary units (U). The cut-off values were calculated according to blood donors’ IgG/IgM/IgA anti-GM-1 and GM-2 sera values (average + 3 SD). The patients’ results were expressed as calculated mean ± SEMs of two independent measurements. Anti-mannan IgG, IgA, and IgM antibodies were assayed as previously described (34).

Ethics

The research protocol and the study have been approved by the Local Ethical Committee of the Oncology Institute of St. Elisabeth, Bratislava, Slovakia (15.12.2010). Written informed consent to participate in the experimental research study and for blood collection and subsequent laboratory examinations, in accordance with the principles in the Helsinki Declaration, was obtained from each patient prior to study enrollment. All patients were recruited from the outpatient department of the Department of Clinical Immunology and Allergy. Patient’s age, disease process, drug history, family history, and clinical signs and symptoms were documented at the first visit of Clinical Immunology and Allergy ambulance as a standard procedure.

Statistical Analysis

The results of in vitro experiments with patient sera and RAW 264.7 cells were evaluated as mean values ± SD. Normality of data distribution was evaluated according to Shapiro–Wilk’s test at the 0.05 level of significance. Statistical comparison was performed using one-way ANOVA and post hoc Bonferroni’s tests. The results were significant if the differences equaled or exceeded the 95% confidence level (P < 0.05). Statistics was performed using the ORIGIN 7.5 PRO software (OriginLab Corporation, Northampton, MA, USA). Pearson’s correlation coefficient was used to compare the strength of the relationship between immunobiological variables.

RESULTS

GM-1 and GM-2 Glycoconjugates Possess the Capability to Increase the Proliferation of Murine Macrophages RAW 264.7

The effect of pentasaccharide-biotin conjugates GM-1 and GM-2 on the macrophage cell line RAW 264.7 proliferation was monitored by ATP bioluminescence as a marker of cell viability using the ViaLight™ plus kit. As shown in Figure 2, shorter stimulation periods (3 and 24 h) of RAW 264.7 cells did not alter the proliferation of macrophages. The 48-h stimulation resulted in a dose-dependent increase in RAW 264.7 proliferation for both tested biotinylated pentasaccharides. Thus, the stimulation with higher concentration of glycoconjugates (100 µg/mL) induced significantly more pronounced increase of RAW 264.7 proliferation (GM-1: 2.97-fold, and GM-2: 2.31-fold) compared to the 10 µg/mL concentration with even higher efficacy for glycoconjugate GM-1 than GM-2.
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FIGURE 2 | Effect of glycoconjugates GM-1 and GM-2 on proliferation of RAW264.7 macrophages. Cell proliferation was determined by ViaLight™ plus kit. RAW264.7 cells were treated with glycoconjugates GM-1 or GM-2 at concentrations of 10 and 100 µg/mL and with concanavalin A (Con A, 10 µg/mL), phytohemagglutinin (PHA, 10 µg/mL) and pokeweed mitogen (PWM, 1 µg/mL) as positive controls for 3, 24, and 48 h. Each value presents the mean ± SD of proliferation index (ratio of average relative light units (RLU) in the presence of stimulant to average relative light units obtained without stimulation). According to calculation formula of proliferation index, the proliferation index of negative control-untreated cells is equal to one. The statistical significance of differences between stimulated cells and untreated cells using one-way ANOVA and post hoc Bonferroni’s tests is expressed: **—0.001 < P < 0.01, ***—P < 0.001.



Cytokine and Free Radical Responses of RAW 264.7 Macrophages In Vitro to GM-1 and GM-2 Glycoconjugates

Generally, macrophages are tissue-resident professional phagocytes and antigen-presenting cells which differentiate from circulating peripheral blood monocytes. The diversity and plasticity is typical for the cells of the monocyte-macrophage lineage. The initial cross-talk and interaction of macrophages with specific cytokines following antigenic trigger determines their functional phenotype, thus influencing their engagement in processes of the antigen-presentation, phagocytosis, and regulatory functions. Microenvironment in which macrophages are situated provides diverse signals that could influenced the cell proliferation and differentiation, secretion of free radicals and is able to divergently bias the macrophage’s phenotype toward highly microbicidal or immunosuppressive macrophages.

The in vitro effect of glycoconjugates GM-1 and GM-2 on RAW 264.7 macrophages cytokines production was analyzed by the determination of pro-inflammatory cytokines TNFα, IL-1β, IL-6, IL-17, IL-12, IL-2, anti-inflammatory cytokine IL-10 and hemopoietic growth factors M-CSF, GM-CSF in supernatants obtained from cultures of RAW264.7 macrophages after the 24 or 48 h treatment (Figure 3). Stimulation of RAW 264.7 cells with glycoconjugate GM-1 for 24 h resulted in a significant increase of TNFα (1.8-fold), IL-17 (1.8-fold), and GM-CSF (1.4-fold) production using a concentration of 10 µg/mL. Higher GM-1 conjugate concentration (100 µg/mL) induced a more intense statistically significant increase of TNFα (2.9-fold), IL-17 (3.1-fold), and GM-CSF (1.8-fold) production and in addition increase of IL-6 (2.5-fold), IL-12 (1.9-fold), and IL-2 (2.1-fold), production during the 24-h treatment. Stimulation of RAW 264.7 cells with glycoconjugate GM-1 for 48 h increased the M-CSF (1.9-fold) and IL-12 (1.9-fold) production by using concentration 10 µg/mL. The higher GM-1 concentration (100 µg/mL) during 48-h stimulation induced a statistically significantly higher production, compared to the control, of mainly all analyzed cytokines except for pro-inflammatory cytokine TNFα (0.7-fold lower than control).
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FIGURE 3 | Effect of glycoconjugates GM-1 and GM-2 on RAW 264.7 macrophages cytokines production. Concentrations of cytokines in media after 24- or 48-h stimulation of RAW 264.7 macrophages in response to stimulation with 10 or 100 µg/mL concentration of glycoconjugates GM-1 or GM-2, to positive controls concanavalin A (Con A, 10 µg/mL) and phytohemagglutinin (PHA, 10 µg/mL). Negative control represents untreated RAW 264.7 cells (Control). All data are presented as Mean ± SD. Tests were carried out in triplicate. The statistical significance of differences between stimulated cells and untreated cells using one-way ANOVA and post hoc Bonferroni’s tests is expressed: ***—P < 0.001, **—0.001 < P < 0.01, *—0.01 < P < 0.05.



After the 24-h treatment at higher GM-1 concentration (100 µg/mL) the production of pro-inflammatory cytokines TNFα, IL-6, IL-17, IL-12, IL-2, and hemopoietic growth factor GM-CSF were more efficiently induced compared to the lower GM-1 concentration (10 µg/mL). The 48-h simulation period of RAW 264.7 cells determined the 100 µg/mL concentration of glycoconjugate GM-1 as a preferable inducer of IL-6, IL-17, IL-12, IL-2, and both hemopoietic growth factors (M-CSF and GM-CSF) production (Figure 3). The stimulation of RAW 264.7 cells with glycoconjugate GM-1 did not significantly influence the IL-1β and IL-10 production (Figure 3).

The 24-h stimulation period of RAW 264.7 cells with 10 µg/mL concentration of glycoconjugate GM-2, likewise GM-1 conjugate, significantly increased the production of pro-inflammatory cytokines TNFα (2.8-fold), and IL-17 (1.6-fold), but without effect on GM-CSF production. The higher GM-2 concentration (100 µg/mL) possess similarly as GM-1 higher ability of cytokines induction and evoked an increase in the production of mainly all cytokines, with the highest effect on TNFα (6.3-fold), IL-6 (17.4-fold), IL-17 (9.3-fold), IL-12 (12.5-fold), and IL-2 (3.6-fold) production. After the longer 48-h stimulation period, the 10 µg/mL concentration of glycoconjugate GM-2 increased the production of IL-6 (1.4-fold), M-CSF (1.4-fold), IL-17 (1.3-fold), and IL-12 (1.9-fold). Contrary to (1→6)-linked glycoconjugate GM-1, the 48-h stimulation of RAW 264.7 cells with (1→3)-linked isomer GM-2 at 100 µg/mL concentration did not significantly increase the production of GM-CSF and IL-2, and induced a statistically significant increase of IL-6 (7.7-fold), M-CSF (1.4-fold), IL-17 (1.8-fold), and IL-12 (13.9-fold) production. Similarly as with glycoconjugate GM-1, the stimulation of RAW 264.7 cells with GM-2 did not significantly influence the IL-1β and IL-10 production (Figure 3).

At higher concentration of 100 µg/mL, glycoconjugate GM-2 more efficiently induced an increase in analyzed cytokines for both monitored time periods (24 and 48 h). The 10 µg/mL concentration of glycoconjugate GM-2 evoked a time-dependent increase in cytokines production, favoring 48-h stimulation period. The 100 µg/mL concentration of GM-2 more efficiently induced the production of cytokines during the 24-h stimulation time period (Figure 3).

Cell culture media following 24- and 48-h RAW 264.7 exposure with glycoconjugates GM-1 and GM-2 were assayed for free radicals release. The resulting values were compared with control (untreated cells) and with ConA or PHA treated cells (Figure 4).
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FIGURE 4 | Concentration- and time-dependent pattern of free radicals’ release. The release after 24 or 48 h stimulation of RAW264.7 macrophages in response to stimulation with 10 or 100 µg/mL concentration of glycoconjugates GM-1 or GM-2 and to concanavalin A (Con A, 10 µg/mL) and phytohemagglutinin (PHA, 10 µg/mL) as a positive controls; control represents untreated cells (Control). All data are presented as mean ± SD. Tests were carried out in triplicate. The statistical significance of differences between stimulated cells and untreated cells using one-way ANOVA and post hoc Bonferroni’s tests is expressed: *—0.01 < P < 0.05.



Evidently, free radicals had been triggered only with a 100 µg/mL concentration of glycoconjugate GM-1 following 24-h exposure; media release has been higher by 7% compared to untreated control. The concentration-dependent increasing trend has been observed for GM-1 conjugate: 100 µg/mL concentration induces 10 and 4% increases in free radicals media levels following 24 and 48 h over the 10 µg/mL concentration induction, although the induced free radicals production did not significantly exceed the basal free radicals production of untreated RAW 264.7 cells. This tendency was not manifested with glycoconjugate GM-2. The overall inductive free radicals release caused by glycoconjugates GM-1 and GM-2 was apparently lower in comparison with ConA induction, except for 24-h treatment with glycoconjugate GM-1 (100 µg/mL) resulting in 4% increase over the ConA induced level, and significantly lower than PHA induction of free radicals release (Figure 4).

GM-1 and GM-2 Glycoconjugates Effect on the Phagocytic Activity of RAW264.7 Cells

The influence of glycoconjugates GM-1 and GM-2 on RAW 264.7 functionality has been evaluated on the basis of phagocytic capability. The phagocytic activity of exposed RAW264.7 cells and ingestion of C. albicans–FITC complex have been determined following 24- and 48-h exposure, respectively, with 10 and 100 µg/mL of both pentasaccharides GM-1 and GM-2. To discriminate internalized FITC-labeled Candida cells from those attached to the cell membrane trypan blue, the quenching method has been applied as the cells attached to the cell membrane can be quenched (Table 1).

TABLE 1 | RAW264.7 macrophage phagocytosis of C. albicans–FITC (%) following 24- and 48-h cell treatment with glycoconjugates GM-1 and GM-2 analyzed by flow cytometry.
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The immunocytometric assay of RAW 264.7 cells exposed to glycoconjugates GM-1 and GM-2 revealed the influence on effective phagocytosis of C. albicans–FITC complex. Evidently, both oligosaccharides exerted rather different effects especially on the process of cellular ingestion and internalization (Table 1). The amount of internalized C. albicans–FITC cells following the 48-h exposure of glycoconjugates GM-1 at a concentration of 10 µg/mL resulted in a 16.1-fold decrease (P < 0.001) and following exposure with a concentration of 100 µg/mL the similar 17.2-fold decrease (P < 0.001) vs. untreated control has been determined. Compared to the results reached with glycoconjugate GM-2, the 17.4-fold decrease (at 10 μg/mL) and 16.6-fold (at 100 µg/mL) decrease have been detected after 48-h exposure. RAW 264.7 cells exposure to glycoconjugate GM-2 did not regulate the ability of macrophage cells to phagocyte the C. albicans–FITC complex, and correlation analysis vs. control reveled r = 0.938 (10 µg/mL concentration) and r = 0.981 (100 µg/mL).

The Influence of Conjugates GM-1 and GM-2 on RAW264.7 Macrophages Cell Surface Antigens F4/80 and CD11b Expression

To establish the influence of conjugates GM-1 and GM-2 24- and 48-h exposure on RAW264.7 macrophage cell-line, the macrophages major cell surface antigens F4/80 and CD11b (Mac-1 α; integrin αM chain part of the CD11b/CD18 heterodimer) expression has been followed (Figure 5). The treatment of RAW264.7 macrophage cells with glycoconjugates GM-1 or GM-2 at 10 or 100 µg/mL concentrations resulted in almost unchanged (24-h treatment) or a statistically insignificantly decreased (48-h treatment) CD11b expression, compared to non-treated control cells, except for significant decrease after 48-h treatment with glycoconjugate GM-2 at 10 µg/mL concentration (33% decrease vs. control, P < 0.05). Comparing the individual conjugates in the context of the behavior of exposed RAW264.7 cells an increasing tendency of both surface antigens has been observed in the concentration- and time-dependent manner following the treatment with compounds GM-1 or GM-2 (Figure 5). The overall increase vs. control, i.e., untreated cells, has not been observed.
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FIGURE 5 | Immunocytometric measurement of RAW264.7 macrophage cell-line expression of major cell surface antigens F4/80 and CD11b following of the treatment by glycoconjugates GM-1 or GM-2 at 10 or 100 µg/mL concentrations. Gates were set to exclude the cellular debris using forward scatter vs. side scatter dot plot discrimination, doublets and dead cells (A). The settings were optimized using proper isotype control. Fluorescence histograms (B) of 10,000 cells were generated and analyzed (green fluorescence, 525-nm band-pass filter). The data (C) are expressed as a mean of fluorescence intensity. The statistical significance of differences between untreated cells (Control) and stimulated cells using one-way ANOVA and post hoc Bonferroni’s tests is expressed as follows: ***—P < 0.001, **—0.001 < P < 0.01, *—0.01 < P < 0.05.



The kinetics of membrane protein F4/80 expression exerts the same trend; the expression of F4/80 is time- and concentration-dependent (Figure 5). The 24- and 48-h stimulation period of RAW 264.7 with 100 µg/mL concentration of glycoconjugate GM-2 significantly increased the F4/80 expression over the expression triggered with 10 µg/mL (1.52-fold increase, P < 0.05). The decreasing trend of kinetics of F4/80 and CD11b following exposure with both structures, compared to control, i.e., untreated cells, has been more evident for isomer GM-1 vs. control (2.96-fold for 10 µg/mL and 24 h, 2.2-fold for 100 µg/mL and 24 h vs. 1.39-fold and 1.17-fold for GM-2 conjugate at the same time and concentration conditions).

The correlation between the time- and concentration-dependent CD11b and F4/80 expression on RAW264.7 macrophage cells following the exposure to (1→6)-linked isomer GM-1 was r = 0.96 and while following the exposure to (1→3)-linked GM-2 it was r = 0.46.

Sera Levels of Anti-GM-1 and -GM-2 IgG, IgA, and IgM Isotypes

Sera levels of anti-GM-1 and anti-GM-2 antibodies were assayed in Candida vulvovaginitis patients and healthy controls (blood donors) (Figure 6). Evidently, the class distribution of anti-GM-1 and anti-GM-2 antibodies has revealed IgM as the highest abundant isotype, followed by IgA and IgG. Statistically, the most significant have been the sera levels of IgM anti-GM-1 (P < 0.01) and IgM anti-GM-2 (P < 0.01). The correlation between these two anti-pentasacchride specific IgMs is 0.99. The sera values of antigen specific IgM anti-GM-1 were 3.92-fold increased vs. blood donors’ values; and for specific IgM anti-GM-2 the 5.33-fold increase has been observed. Both pentasaccharide IgM isotypic antibodies were significantly lower in comparison with anti-C. albicans mannan antibodies, i.e., for IgM anti-GM-2 (declined by 31.9%, P < 0.001, r = 0.96) and for IgM anti-GM-1 the reduction was 35.22% (P < 0.01, r = 0.95).
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FIGURE 6 | Distribution of sera levels of anti-GM-1, anti-GM-2, and anti-mannan isotype class antibodies in vulvovaginitis patients and healthy controls (blood donors). Data are presented as mean ± SD. Analyses were carried out in triplicate. The statistical significance of differences between controls (blood donors) and vulvovaginitis patients using one-way ANOVA and post hoc Bonferroni’s tests is expressed as: **—0.001 < P < 0.01, *—0.01 < P < 0.05. The statistical significance of differences between anti-mannan Abs and anti-GM-1 and anti-GM-2 Abs using one-way ANOVA and post hoc Bonferroni’s tests is expressed as follows: ###—P < 0.001, ##—0.001 < P < 0.01.



The next most profound reactive isotype in the vulvovaginitis group has been IgA anti-GM-1 demonstrated a 2.02-fold increase compared to healthy controls (P < 0.05). The 1.7-fold increase in specific IgA anti-GM-2 over the healthy blood donors values has been statistically insignificant. The comparison with Candida mannan IgA response revealed a high correlation with anti-GM-1 (r = 0.97) and a lower one for anti-GM-2 (r = 0.81). Both pentasaccharides revealed similar IgA response compared to C. albicans mannan (Figure 6). The IgG antigen-specific response has been 1.81-fold increased with pentasaccharide GM-1 over blood donors values and almost comparable with anti-mannan IgG (r = 0.98). The IgG anti-GM-2 level was 1.09 times higher in the vulvovaginitis group than that in the control group. The vulvovaginitis group exerted a 2.52-fold decrease in anti-GM-2 pentasaccharide IgG compared to anti-mannan IgG (r = 0.76).

DISCUSSION

The mold A. fumigatus is characterized by three morphotypes: (i) resting conidia, (ii) swollen conidia, and (iii) hyphae. The cell-walls of the mycelium and conidium are different especially at the level of the surface layer, which plays a significant role in the specific recognition of invading A. fumigatus by phagocytic cells of the immune system (24). The recognition of A. fumigatus conidia and hyphae is mediated by pattern recognition receptors (PRRs) either soluble and/or cell-bound receptors. The cell wall and its constituents symbolize the remarkable host–invader communication interface. Conidial germination starts with hydrophobic layer degradation and exposure of inner cell wall components, mainly polysaccharides such as chitin, β-glucan, mannan, and galactomannan. These represent pathogen-associated molecular patterns (PAMPs) recognized by PRRs (35, 36). Rizetto et al. (37) showed that the immune response induced by Aspergillus spp. may be dependent on variations of the fungus strain that could present diverse virulence factors and therefore increased or reduced infectivity. Generally, toll-like receptors and C-type lectin receptors as TLR2, TL4, and TLR9, Dectin-1, Dectin-2, DC-SIGN, mannose receptor, etc. on phagocytes directly recognize surface ligands on A. fumigatus and participate in pro-inflammatory and anti-inflammatory signaling responses resulting in cytokine and reactive oxygen species (ROS) release, thus supporting the antifungal activity (38–41). Of note, several polymorphisms of human TLRs, e.g., TLR1, TLR2, TLR4, TLR6, or TLR9, have been associated with increased risk of invassive aspergillosis in susceptible hosts (42–44).

Various interleukins and growth factors are engaged in host inter-reactivity with A. fumigatus. Bozza et al. (22) revealed that different preparations of A. fumigatus antigens induced the expansion of various CD4 T-cell subsets with secreted antigens promoting the differentiation of Th2 cells, membrane components Th1 cells, and glycolipids Th17 cells. In murine models of aspergillosis, α-(1→3)-glucan and β-(1→3)-glucan chains induce a protective response through the activation of Th1 and Th17 or Treg responses, whereas galactomannan favors the disease through the activation of the Th2/Th17 response (22).

In invasive aspergillosis, Th1-cell responses are associated with the resistance and onset of protective immunity, whereas Th2 responses are associated with progressive disease, more tissue damage, and poor survival. Th1-produced cytokines, including interferon-γ, interleukins IL-6, IL-12, TNF-α, and IL-1 activate neutrophils and pulmonary macrophages, the key effector cells in invasive aspergillosis, whereas Th2 cytokines, particularly IL-4 and IL-10, are associated with reduced IL-12 and TNF-α and worse outcome (45). Interestingly, the profile of the cytokine pattern depends on various aspects, such as the route of infection, immunological status of the host, type of Aspergillus antigens, etc. (2, 46, 47).

RAW 264.7 exposure to glycoconjugates GM-1 and GM-2 resulted in the accelerated cell-release of Th1 pro-inflammatory cytokines (Figure 3), TNF-α, IL-6, IL-12, IL-2, and hemopoietic growth factors GM-CSF and M-CSF associated with anti-A. fumigatus responses, this cytokine pattern is consistent with the results of Roilides et al. (48). Moreover, the G-CSF, GM-CSF, and M-CSF are cytokines with promising therapeutic efficacy and play critical roles in the host defense response during infection (49, 50). In vitro M-CSF has been shown to augment the antifungal activity of monocytes/macrophages against both conidia and hyphae of A. fumigatus, partly via enhancement of oxidation-dependent mechanisms (49).

Next, in a response to isomers GM-1 and GM-2 stimuli, the enhancement of media-release of IL-17 has been revealed. IL-17, signature cytokine of Th17 cells, is engaged in antimicrobial protection and induction of inflammation (51). Chai et al. has pointed out the role of this unique cytokine in Th17 anti-A. fumigatus immune responses (46). The Th1/Th17 polarized increased reactivity of the relevant signature cytokines TNF-a, IL-12, IL-17, IL-6, and IL-2 has been evidently structure-dependent, more apparent with (1→3)-linked GM-2, especially with 100 μg/mL concentration.

Resistance to A. fumigatus infection is associated with high levels of Th1 cytokines including IL-2, IL-12, and TNF-α (4). The statistically significant high media levels (P < 0.001) of these cytokines have been detected following the exposure with glycoconjugates GM-1 and GM-2 (Figure 3). On the contrary, disease progression is associated with Th2 cytokines IL-4 and IL-10 (4). Evidently, both galactomannosides GM-1 and GM-2 did not induce the significant IL-10 release over basal levels of untreated RAW2 64.7 cells (1.14-fold increase with 100 µg/mL of GM-1 and 1.19-fold increase with 100 µg/mL of GM-2) (Figure 3).

Concerning concentration- and time-dependent cytokines’ release following cell exposure to glycoconjugate GM-1, the statistically significant tight correlations have been revealed between TNF-α and IL-1β (r = 0.96562, P = 0.03438); IL-6 (r = 0.99394, P = 0.00606); M-CSF (r = 0.99869, P = 0.00131), IL-12 (r = 0.99885, P = 0.00115); IL-2 (r = 0.92829, P = 0.04171); IL-17 (r = 0.94871, P = 0.04129); and IL-10 (r = –0.91585, P = 0.0325). Correlation analysis confirmed the similar trends of kinetics of these cytokines release also with isomer GM-2. The cell exposure to this compound (10 µg/mL) resulted in a tight correlation exerted by TNF-α and IL-1β (r = 0.87965, P = 0.012035); IL-6 (r = 0.99453, P = 0.00547); M-CSF (r = 0.99938, P = 0.000623); GM-CSF (r = 0.99291, P = 0.00709); IL-12 (r = 0.99968, P = 0.000315); IL-2 (r = 0.9579, P = 0.04205), IL-17 (r = 0.97497, P = 0.02503); and IL-10 (r = –0.90181, P = 0.0411).

Obviously, the Th1/Th17 prospectively antifungal protective immunobiological efficiency could be assumed. Conjugates GM-1 and GM-2 induced IL-10 tight negative correlation with TNF-α, associated with anti-inflammatory signaling are of interest. According to the observed time-dependent downregulation of several cytokines (from 24 to 48 h treatment), we can hypothesized engagement of relevant cytokine receptors and their interactions with media-produced cytokines subsequently resulting into the binding and uptake of released cytokine and regulatory feedback loop between cytokines and immune cells.

Thus, both synthetically prepared compounds GM-1 and GM-2 partially mimicking the Aspergillus galactomannan represented the appropriate model structures for in vivo and in vitro immunobiological studies. Their immunocompatibility has been confirmed based on the tests on functionality of RAW 264.7 macrophages treated with GM-1 and GM-2, i.e., the trend of cell-line expression of major cell surface antigens F4/80 and CD11b following cell-exposure (Figure 5). Both markers represent pan macrophage antigens involved in cell adhesion and presumably in cell–cell interactions (F4/80) and, chemotaxis, phagocytosis, and apoptosis (CD11b) (Figure 5).

The induced changes of F4/80 expression demonstrated the association with concentration of glycoconjugates and exposition time as detected by cell-proliferation and phagocytosis. The free radical release did not exert this tendency (Figure 4).

The physiological concentration of ROS is essential to prevent immunometabolic disturbances. Oxidative stress induced by free radicals has been associated with the development of various diseases (52).

Obviously, phagocytosis plays the central role in anti-Aspergillus immunity. Innate effector phagocyting cells comprise alveolar macrophages, dendritic cells, neutrophils, and monocytes engaged in processes of hyphae and conidia engulfment, internalization, and killing via oxidative or non-oxidative mechanisms. In vitro studies documented the delay of conidial killing by alveolar macrophages after phagocytosis corresponding to the time when conidia become swollen (44). Interestingly, conidial phagocytosis involved DC-SIGN and complement recepor 3 and resulted in a protective Th1 response, while hyphal phagocytosis via Fc receptor and complement receptor 3 generates an unfavorable Th2 response (44). The experiments on RAW 264.7 phagocytosis and Candida internalization triggered by glycoconjugates GM-1 and GM-2 revealed a more efficient cell attachment and internalization with (1→3)-linked GM-2 over (1→6)-linked GM-1 (Table 1). Presumably, the structural epitopes of this formula resembled those of natural galactomannan more tightly compared to glycoconjugate GM-1. Evidently, both conjugates are able to initiate the process of phagocytosis, accompanied especially by the release of TNF-α, IL-6, IL-12, IL-2, Il-17 cytokines, and hemopoietic growth factors GM-CSF and M-CSF contributing to the regulation of inflammation (Figure 3). The significant increase of cell bound and internalized C. albicans cells by RAW 264.7 macrophages has been detected following 24 h cell pre-exposition with GM-2 at 10 µg/mL (P < 0.01) and 100 µg/mL (P < 0.05).

Although the exposition of RAW 264.7 to GM-1 upregulated the secretion of these cytokines and growth factors (Figure 3) to lesser degree than GM-2, the sequential process of phagocytosis has been inhibited (Table 1). Yet, we are not able fully to explain the decrease in phagocytosis despite the increase in Th1 type of cytokines. According to the known antigenic cross-reactivity between Aspergillus spp. and Candida spp. (53), one can suppose the interactions between C. albicans cellular PAMPs (e.g., mannan), GM-1 and relevant RAW 264.7 PRRs. Evidently, GM-1 comprised more cross-reactive epitopes reflecting the structure of candidal ones. This item needs further investigation.

Thus, the engagement of isomer (1→3)-linked GM-2 in processes of recognition (recognition receptors DC-SIGN, Dectin-1, or TLRs) and subsequent attachment, engulfment and internalization is obviously over (1→6)-linked isomer GM-1. The DC-SIGN receptor binds dormant Aspergillus conidia in a galactomannan-dependent manner leading to the internalization of spores (54).

The commercial diagnostics of aspergillosis is based on EB-A2 monoclonal antibody reacting with the specific epitope of galactomannan. It is an IgM antibody with an avidity constant of 2 × 109–5 × 109 M binding to an epitope located on the β-(1→5) galactofuranosyl-containing side chain of the galactomannan molecule. The epitope recognized by the EB-A2 MAb is a common oligosaccharide moiety of a wide range of intracellular and extracellular glycoproteins of Aspergillus species EB-A2, and similar epitope seems to be present in other fungi (55, 56). Galactomannan is not unique to Aspergillus sp., apart from Aspergillus sp. galactomannan is found in different amounts also in Penicillium, Fusarium, Alternaria, and Histoplasma (57, 58). Moreover, Swanink et al. (53) suggested the reactivity of Candida sp. in galactomannnan assay due to cross-reacting antigens. In Aspergillus, histochemistry false positive staining of Candida was observed with both polyclonal and monoclonal Aspergillus antibodies (59). The serapositivity of anti-GM-1 and -GM-2 isotypic antibodies in Candida-colpitis cohort demonstrated the cross-reactivity of Asperillus related structures GM-1 and GM-2 (Figure 6). Evidently, these structures comprised the main cross-reactive epitopes.

For comparison, sera from vulvovaginitis patients have been subjected to seradiagnostics based on glycoconjugates GM-1 and GM-2, in parallel with Candida mannan assay. The pattern of antigenspecific IgM > IgA > IgG immune responses reactive with structures GM-1 and GM-2 (Figure 6) reflected the previously observed kinetics of anti-C. albicans mannan and anti-C. albicans glucan antibodies in atopic patients suffering from vulvovaginitis (34), thus suggesting the immunobiological importance of such fungal oligoglycosidic structures. Our recent findings demonstrate the IgM as dominant isotype also in serological studies of Candida vulvovaginitis patients using different synthetically prepared glycosides (60). Generally, specific anti-glycoside IgM is elevated in active fungal infection along with IgA, while elevated antigen-specific IgG are characteristic for reccurent attacks (61). Nowadays, the specific role of natural IgM antibodies has been stressed (62, 63).

The Aspergillus gynecological infections are rare, according to MEDIREX Inc., HPL Mycology Labs., Slovakia, Aspergillus sp. represent 1/5,500 of all positive mycological isolates from uterus and cervix. Gupta et al. (64) reported simultaneous infection with Aspergillus sp. and cervical squamous cell carcinoma in the female genital tract attributed to the opportunistic nature of infection in the immunocompromised state due to the underlying malignancy. Genitourinary aspergillosis is rare in non-immunocompromised patients, only few reports have been documented (65–67).

CONCLUSION

The ability of synthetically prepared isomeric galactomannoside derivatives GM-1 and GM-2 related to Aspergillus galactomannan antigen to interact with murine macrophages RAW 264.7 was studied. Significant immunomodulative effectivity of glycoconjugates GM-1 and GM-2 has been established via proliferation/cytotoxicity assay, phagocytosis and inductive interleukins and growth factors release. The protective Th1 and Th17 polarization has been revealed, especially with (1→3)-linked GM-2, which is more efficient trigger of the internalization and of Candida engulfment by RAW 264.7 cells.

The sera-crossreactivity with glycoconjugates GM-1 and GM-2 observed in vulvovaginitis patients revealed the clinical relevance of studied pentasccharide chains especially one with βGalf-(1→6)-αMan fragment present in the pentasaccharide GM-1.

In conclusion, it can be stated that synthetically prepared glycoconjugates GM-1 and GM-2 partially mimicking the structure of Aspergillus galactomannan represent the suitable in vitro and prospectively in vivo models for further immunobiological and immunotoxicological studies, potential antigens for in vitro diagnostics of aspergillosis and antifungal therapy monitoring.
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