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Background: Sporotrichosis is a mycosis frequently caused by Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa.
The cell wall is a species-specific fungal structure with a direct role in activating the host’s immune response. The current knowledge
about anti-Sporothrix immunity comes from studies using S. schenckii or S. brasiliensis and murine cells. Macrophages and dendritic
cells detect and eliminate pathogens, and although the function of these cells links innate with adaptive immunity, little is known about
their interaction with Sporothrix spp.

Methods: S. schenckii, S. brasiliensis, and S. globosa conidia or yeast-like cells were co-incubated with human monocyte-derived
macrophages or dendritic cells, and the phagocytosis and cytokine stimulation were assessed. These interactions were also performed
in the presence of specific blocking agents of immune receptors or fungal cells with altered walls to analyze the contribution of these
molecules to the immune cell-fungus interaction.

Results: Both types of immune cells phagocytosed S. globosa conidia and yeast-like cells to a greater extent, followed by
S. brasiliensis and S. schenckii. Furthermore, when the wall internal components were exposed, the phagocytosis level increased
for S. schenckii and S. brasiliensis, in contrast to S. globosa. Thus, the cell wall components have different functions during the
interaction with macrophages and dendritic cells. S. globosa stimulated an increased proinflammatory response when compared to the
other species. In macrophages, this was a dectin-1-, mannose receptor-, and TLR2-dependent response, but dectin-1- and TLR2-
dependent stimulation in dendritic cells. For S. schenckii and S. brasiliensis, cytokine production was dependent on the activation of
TLR4, CR3, and DC-SIGN.

Conclusion: The results of this study indicate that these species are recognized by immune cells differently and that this may depend
on both the structure and cell wall organization of the different morphologies.
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Introduction

Sporotrichosis is a subcutaneous mycosis that affects humans and other mammals. Its etiological agents are members of
the Sporothrix pathogenic clade, and currently, the infection is mainly caused by Sporothrix schenckii, Sporothrix
brasiliensis, and Sporothrix globosa.' This disease has global distribution; however, most of the animal and human
cases are concentrated in countries located between the Tropics of Cancer and Capricorn, with exceptions reported in
South Africa, China, Japan, and the anecdotic cases documented in European countries and the United States of
America.®> ' The lymphocutaneous infection is the most frequent clinical form of sporotrichosis, which rarely becomes

a life-threatening disseminated disease.''™'®> However, when there is temporal or permanent immunosuppression in the
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host, the subcutaneous infection can develop into a systemic disease with high mortality rates in both humans and
animals.>'%'*'> Historically, S. schenckii was the first fungal species associated with sporotrichosis, and as
a consequence, it is the Sporothrix species most thoroughly studied at both basic and clinical levels.*'® S. globosa,
like S. schenckii, is distributed worldwide;* however, within the pathogenic clade is considered the least virulent species
due to its limited growth at high temperatures.'”'? S. brasiliensis has been responsible for infectious outbreaks in Brazil
and is considered the most virulent species.'® ' These three fungal species can grow as conidium-producer mycelia in
the environment and undergo dimorphism to yeast-like cells when colonizing and damaging the host tissues. Thus,
conidia and hyphae are the first fungal morphologies to establish contact with the host. However, the zoonotic and
epizootic S. brasiliensis outbreaks have changed this paradigm, and currently, not only conidia but also yeast-like cells
can infect host tissues.’'*>

The study of antifungal immunity is nowadays an active research area because it is thought that the knowledge
accumulated in this subject could be translated to immunotherapeutic approaches to help in the treatment of mycoses
caused by etiological agents that commonly develop antifungal drug resistance; and also because it is clear that most of
the severe presentations of mycosis and those associated with high mortality rates occur in individuals without an intact
immunity, stressing the role of the immune response in controlling most of the aggressive manifestations of fungi when
interacting with the host.>>** Since the cell wall is the outermost Sporothrix structure and thus is the primary point of
contact with components of the host immunity it has been thoroughly studied in recent years.'”**?°? Thus far, it is
known that the S. schenckii and S. brasiliensis cell wall contains two layers. Chitin, B-1,6-, B-1,4-, and B-1,3-glucans are
the main components of the inner layer;>**?® while N-linked and O-linked glycoproteins and peptidorhamnomannan are
the main components of the outermost layer.”%*3-4

Thus far, most of our knowledge about anti-Sporothrix immunity comes from the study of the interaction of
S. schenckii with murine immune cells, and to a lesser extent the study of S. brasiliensis using the same experimental
model.*” Cellular components of innate immunity, such as granulocytes, monocytes, macrophages, and dendritic cells are
capable of detecting and kill fungal pathogens, recruit additional immune effectors, and to link innate and adaptive
immunities.>® Currently, there are relatively few reports dealing with the Sporothrix-macrophage interaction.*”*' Using
murine macrophages, it has been demonstrated that S. schenckii chitin-rich heteroglycan modulates cytokine production
and promoted S. schenckii phagocytosis.*> Regarding immune receptors involved in this interaction, it was found that
dectin-1 expression was increased in peritoneal murine macrophages after infection with S. schenckii, and there were
nitric oxide and cytokines productions driven by this immune receptor;** while TLR2 is required for fungal phagocytosis
and the stimulation of IL-1p, IL-12, and TNF-0.** TLR4 has also been involved in the sensing of S. schenckii by murine
macrophages, and the absence of this receptor led to an increment in TGF-p production®® and a reduction of pro and anti-
inflammatory cytokines.*® In the same line, TLR4 is required for phagocytosis of S. brasiliensis and stimulation of
proinflammatory cytokines.*” Interestingly, TLR2 seems that does not contribute to cytokine stimulation when
S. brasiliensis interacts with murine macrophages, but it is required for phagocytosis.*®

The interaction of Sporothrix cells with human macrophages has also been studied. Thus far, it is known that
S. schenckii N-linked and O-linked glycans promote uptake by human monocyte-derived macrophages in a dectin-1-,

mannose receptor- (MR), complement receptor 3- (CR3), and TLR4-dependent mechanism;>~"

while peptidorhamno-
mannan seems to be the CR3 ligand for stimulation of IL-1B by both S. schenckii and S. brasiliensis cells.* In addition,
S. schenckii thamnose-containing oligosaccharides are required for fungal uptake by human monocyte-derived macro-
phages in a TLR4-dependent pathway.”” The S. globosa-macrophage interaction has been lesser studied than that
described for the other two species. Using murine macrophages, it has been reported that S. globosa melanin inhibits
antigen presentation in macrophages, which could be an immunoevasion mechanism.’® When interacting with human
macrophages, S. globosa melanin inhibited fungal phagocytosis, protected from radical oxygen and nitrogen species,
negatively affected the production of proinflammatory cytokines, and modulated TLR2 and TLR4 expression.’!

The information related to the Sporothrix-dendritic cell interactions is even more scarce. Immature human monocyte-
derived dendritic cells were stimulated with S. schenckii yeast-like cells, and was found that fungal isolates from
cutaneous origins were more potent to stimulate a strong Th1 response than strains from the visceral origin.**> Murine

bone marrow-dendritic cells stimulated with S. schenckii cell wall proteins showed higher expression of CD80, CD86,
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and CD40, but not TLR-4, and Thl-prone cytokine profile with IL-6, IL-17A, and TNFa production.” Similarly,
S. schenckii yeast-like cells stimulated the production of a Th1-prone cytokine profile and phagocytosis when interacting
with these immune cells.’*>

Despite all this information, the interaction between macrophages or dendritic cells with different Sporothrix species
is poorly studied. Therefore, here we assessed the relevance of fungal morphology, cell wall components, and immune
receptors on the interaction of different Sporothrix species when interacting with either human monocyte-derived

macrophages or monocyte-derived dendritic cells.

Materials and Methods

Strains and Culturing Conditions

The following strains were used in this study: S. schenckii ATCC MYA-4821, S. brasiliensis ATCC MYA 4823, and
S. globosa FMR 9624. All are clinical isolates characterized by molecular techniques elsewhere.*”>® These strains of
S. schenckii and S. brasiliensis are considered model organisms of these species, and their genomes and transcriptome
have been previously sequenced.”’ > Cells were grown in YPD medium, pH 4.5 (1% [w/v] yeast extract, 2% [w/v]
gelatin peptone, and 3% [w/v] dextrose) at 28°C, and 2% [w/v] agar was added when the solid medium was required. For
conidia propagation, cells were grown on YPD, pH 4.5 plates at 28°C and after seven days of incubation, 10 mL of
deionized water was added to the surface of the plates; this was gently dispersed with a plastic spreader, and the conidia
suspension was collected.®® Yeast-like cells were obtained by inoculating conidia in YPD, pH 7.8 broth, and incubating at
37°C and 120 rpm for four days.? For both morphotypes, cells were thoroughly washed with deionized water and kept at
—20°C until used. To inactivate cells by heating (heat-killed cells, HK), these were incubated at 60°C for 2 h, and the loss
of viability was confirmed by incubation in YPD plates, pH 4.5, at 28°C for 5 days.”® The N-linked and O-linked glycans
were removed from cell walls by incubating with endoglycosidase H and B-elimination, respectively, as reported.?*>°

Ethics Statement

This study was conducted following the Declaration of Helsinki. In agreement, cells were obtained from healthy adult
volunteers after information about the study was disclosed and written informed consent was signed. The use of human
cells was approved by the Ethics Committee from Universidad de Guanajuato (reference CIBIUG-P36-2019).

Differentiation of Primary Human Cells to Macrophages and Dendritic Cells

Human PBMCs were isolated from venous blood using Histopaque-1077 (Sigma-Aldrich, Saint Louis, MO, USA), as
described.' For differentiation to macrophages, 1 mL aliquots containing 2x10” PBMCs in RPMI supplemented with 1%
(v/v) penicillin-streptomycin solution (PS, Sigma-Aldrich) were seeded in flat bottom 12-well plates and incubated 1.5
h at 37°C, 5% (v/v) CO,. Non-adherent cells were discarded, and the remaining adherent cells were washed with PBS at
37°C, and 1 mL of X-VIVO serum-free medium (Lonza, Basel, Switzerland) supplemented with 1% (v/v) PS and 10
ng mL™' recombinant human granulocyte-macrophage colony-stimulating factor (Sigma-Aldrich) were included per
well.? For differentiation to immature dendritic cells (DCs), adherent cells were added 1 mL X-VIVO serum-free
medium supplemented with 1% (v/v) PS, 500 U mL™' recombinant human IL-4 (Sigma-Aldrich), and 800 U mL™'
recombinant human granulocyte-macrophage colony-stimulating factor (Sigma-Aldrich) for 6-7 days.®**** In both cases,
plates were incubated for 67 days at 37 °C, 5% (v/v) CO,, replacing the medium every 2 days. Differentiation to DC
cells was confirmed by flow cytometry, detecting DC-SIGN with FITC-conjugated mAb anti-human DC-SIGN (Thermo-
Fisher Scientific, Waltham, MA, USA), as described elsewhere.®

Phagocytosis Assays

For fungal labeling, cells were incubated with 1 mg mL™' Acridine Orange (Sigma-Aldrich) for 30 min at room
temperature, the excess dye was washed with PBS, and cell concentration was adjusted at 3x10 cells mL™".%> Six-
well plates were used to perform the interactions at an immune cell: fungus ratio of 1:6 in 800 pL DMEM medium
(Sigma-Aldrich). The plates were incubated for 2 h at 37°C and 5% (v/v) CO,,%>*® immune cells were detached from
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plates with chilled PBS and incubated with 1.25 mg mL™" Trypan Blue.®” The phagocytic event was analyzed by
cytometry using a FACSCanto II system (Becton Dickinson, Franklin Lakes, NJ, USA). Fifty thousand events were
collected per sample through the FL1 and FL2 channels, which were previously calibrated with non-labeled immune
cells.?>2%¢367 The following compounds were used in preincubation experiments: 200 pug mL ™' laminarin (Sigma-
Aldrich),®® 10 pg mL™' anti-MR antibody (Thermo-Fisher Scientific, MA5-44033), 10 ug mL ™' anti-TLR4 antibody
(Santa Cruz Biotechnology, Dallas, TX, sc-293072), 10 pg mL™" anti-TLR2 antibody (Thermo-Fisher Scientific, 16—
9922-82), 10 pg mL ™" anti-CD209 antibody (DC-SIGN; Thermo Fisher Scientific, 14-2099-82), 10 ug mL™' anti-CD11b
antibody (CR3, Thermo Fisher Scientific, MA5-16528), Isotype-matched, irrelevant IgG1 antibody (10 ug mL ™', Santa
Cruz Biotechnology, Cat. No. sc-52003, used as a control in experiments where MR and TLR4 were blocked), 10
pg mL™' IgG2ax antibody (Thermo-Fisher Scientific, 14-4724-85, to control TLR2 and CD209 blocking experiments),
and 10 pg mL ™' IgG2 antibody (R&D, Minneapolis, MN, USA, Cat. No. MAB9794, to control CD11b blocking
assays).”**%° Immune cells were preincubated for 1 h at 37°C and 5% (v/v) CO, with any of these compounds before
interacting with fungal cells. Even though the above-listed reagents were negative for bacterial LPS, the preincubations
were performed in the presence of 5 pg mL ™' polymyxin B (Sigma-Aldrich).”®”" Cells detected with the FL1 channel
were considered in the early stage of phagocytosis, cells detected by both FL1 and FL2 channels were regarded as in the
intermediate stage of phagocytosis, and those detected only with the FL2 channel were considered in the late stage of

phagocytosis.?*%-6>

Cytokine Stimulation

The cell-cell interactions were performed in 96-well microplates. Each well contained 100 uL of immune cells in RPMI
1640 Dutch modification (Sigma-Aldrich) at 1x10° cells mL™" and 100 pL of fungal cells at 1x10° mL™". Plates were
incubated for 24 h at 37°C with 5% (v/v) CO,. Similar to the experiments described in the previous section, in some
cases, immune cells were pre-incubated for 60 min at 37°C with 5% (v/v) CO, with one of the antibodies already
described or laminarin and the interactions were performed in the presence of 5 pug mL™' polymyxin B (Sigma-
Aldrich).”®”" After incubation, plates were centrifuged for 10 min at 1800 x g at 4°C, supernatants were collected and
used for cytokine quantification by ELISA. The Standard ABTS ELISA Development kits (Peprotech, Cranbury, NIJ,
USA) were used for quantification of tumor necrosis factor-alpha (TNFa), interleukin 6 (IL-6), and interleukin 10 (IL-
10); while DuoSet ELISA from R&D was used for interleukin 1 (IL-1B) and Interleukin 12 p70 (IL-12 p70)
quantification. Immune cells suspended in RPMI 1640 Dutch modification were included in each plate as controls. In
all cases, these control wells gave threshold levels that were subtracted from all the cytokine determinations.

Statistical Analysis

The Mann—Whitney U and Kruskal-Wallis tests from the GraphPad Prism 6 software were used for data analysis,
establishing significance at P< 0.05. Since the Kruskal-Wallis analysis indicated that data had no normal distribution (P<
0.05), non-parametric tests were applied to the data. All experiments were carried out in duplicate with samples from
eight healthy donors. Results are shown as the mean and standard deviation.

Results
Differential Phagocytosis of Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix

globosa by Human Monocyte-Derived Macrophages

To compare the ability of primary human phagocytic cells to uptake fungi from the three most frequently isolated
Sporothrix species from medical and veterinary samples, named S. schenckii, S. brasiliensis, and S. globosa, conidia or
yeast-like cells were grown and co-incubated with the human cells. Since the phagocytic process was analyzed by flow
cytometry, phagocytosis of germling could not be analyzed using this strategy, as hyphae can clothe the instrument
pipes.”> When conidia were used in the interactions, this tended to be more phagocytosed than yeast-like cells in
S. schenckii and S. brasiliensis, but for S. globosa, conidia, and yeast-like cells were similarly phagocytosed (Figure 1).
When the phagocytosis of the three species was compared among themselves, S. schenckii cells were the less
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phagocytosed, followed by S. brasiliensis, and the most phagocytosed species was S. globosa. This observation applied
to the two analyzed morphologies (Figure 1). In addition, these differences were observed only in the intermediate and
late stages of phagocytosis (Figure 1). There were no significant differences in the early stage of the immune process
when S. brasiliensis cells were compared with S. globosa cells (Figure 1). Control wells containing only the human cells
showed threshold uptake levels (Figure 1).

Next, we assessed the contribution of immune receptors on the uptake of either conidia or yeast-like cells from the three
species under study. We focused on MR, dectin-1, CD11b (Complement receptor-3; CR3) TLR2, and TLR4, as these receptors
have been previously involved in the recognition of S. schenckii and S. brasiliensis cells.?*~**° For this, the immune cells
were preincubated with monoclonal antibodies against particular receptors or with laminarin, an antagonist of dectin-1,°%%
before being challenged with the fungal cells. Since most of the fungal cells interacting with monocyte-derived macrophages
are in the late stage of the phagocytic process, under our experimental conditions, we focused only on the analysis of this
subset. For the case of S. schenckii conidia and yeast-like cells, the five receptors under analysis were required for fungal
uptake, as the blocking of any of them significantly reduced the fungal uptake (Figure 2A). However, the contribution of
receptors varied in conidia and yeast-like cells, being MR more relevant for yeast-like cell uptake than in conidia and dectin-1
and TLR2 for conidia uptake (Figure 2A). For the case of S. brasiliensis cells, the five receptors were required for proper yeast-
like cells uptake, but MR was dispensable for conidia phagocytosis (Figure 2A). Like the observation in S. schenckii, the
receptor relevance varied depending on the fungal morphology, being dectin-1, and TLR2 more relevant for conidia uptake
and CR3 and TLR4 for yeast-like cells phagocytosis (Figure 2A). Interestingly, S. globosa conidia and yeast-like cells were
phagocytosed via dectin-1 and TLR2, whilst MR, CR3, and TLR4 were dispensable for fungal uptake (Figure 2A). Isotype-
matched irrelevant antibodies were used to preincubate human cells and did not affect the fungal phagocytosis of any of the
morphologies or species under study (data not shown).

The contribution of cell wall components to fungal uptake by human monocyte-derived macrophages was also analyzed. For
this, cells were inactivated by heat, as this treatment artifactually exposes internal cell wall components, such as -1,3-glucan, and
chitin at the cell wall surface.?*%*% Moreover, cell wall N-linked or O-linked glycans were removed by treatment with
endoglycosidase H or p-elimination, respectively.”>*>' The S. schenckii HK conidia and yeast-like cells were more phagocy-
tosed than live cells, but for the case of S. brasiliensis, this treatment has only a positive effect on the phagocytosis of yeast-like
cells and had no effect on the S. globosa uptake (Figure 2B). Removal of N-linked glycans, O-linked glycans, or both kinds of
glycans negatively affected the phagocytosis of the S. schenckii and S. brasiliensis conidia and yeast-like cells, but once again,
phagocytosis of S. globosa was not affected by trimming of these cell wall components (Figure 2B). Collectively, these results
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Figure | Phagocytosis of Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa by human monocyte-derived macrophages. Interactions of human monocyte-
derived macrophages and Sporothrix cells at a ratio 1:6 were incubated for 2 h at 37°C, and 5% (v/v) CO,. Macrophages were analyzed by flow cytometry, collecting 50,000
events, which were defined as a human cell interacting with at least one fluorescent fungal cell. Control, human cells were incubated only with PBS. *P < 0.05 when compared
to conidia from the same species. P < 0.05 when compared with S. schenckii cells of the same morphology. Cell numbers obtained with S. brasiliensis conidia and yeast-like
cells at the intermediate and late stages were significantly different from those obtained with S. globosa cells (P < 0.05). Data are shown as means * SD from eight donors
analyzed by duplicate.
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Figure 2 Contribution of pattern recognition receptors and cell wall components on the phagocytosis of Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa by
human monocyte-derived macrophages. In (A), Human monocyte-derived macrophages were preincubated with 200 g mL ™" laminarin or 10 ug mL™" of any of the following
antibodies: anti-mannose receptor (MR), anti-CR3, anti-TLR2, or anti-TLR4. Then, cells were coincubated with Acridine Orange-labeled conidia or yeast-like cells at
a macrophage-fungus ratio of |1:6, for 2 h at 37°C and 5% (v/v) CO,. Human cells were analyzed by flow cytometry, collecting 50,000 events, which were defined as a human
cell interacting with at least one fungal cell. All the interactions were performed in the presence of 5 ug mL™! polymyxin B. No treatment, cells preincubated with PBS.
Results correspond to cells in the late stage of phagocytosis. For all cases, 100% corresponds to human cells preincubated with PBS, and the absolute values were similar to
those shown in Figure | or (B) of this figure. CR3, complement receptor 3. *P < 0.05 when compared to the no-treatment condition of the same strain. TP< 0.05 when
compared to conidia from the same species. In (B), Similar experiments as described in (A), but human cells were not preincubated with any blocking agent. Before
coincubation with human monocyte-derived macrophages, conidia, and yeast-like cells were inactivated by heat (HK), treated with endoglycosidase H (Endo-H), B-eliminated
to remove O-linked glycans, or both treated with endoglycosidase H and B-elimination. No treatment refers to live cells without any treatment. *P < 0.05 when compared to
the no-treatment condition of the same strain. For both panels, data were shown as means + SD from eight donors analyzed by duplicate.

suggest that conidia and yeast-like cells from the three species under analysis are differentially recognized by human monocyte-
derived macrophages, and the pattern recognition receptors and cell wall components have species- and morphology-specific

relevance.

Cytokine Production by Human Monocyte-Derived Macrophages Stimulated with
Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa

In addition to the study of the phagocytic process, we also assessed the ability of human monocyte-derived macrophages
to produce cytokines after stimulation by the species under study. The TNFo and IL-6 levels stimulated by S. schenckii
yeast-like cells were significantly lower when compared to the levels stimulated by S. schenckii conidia; whilst IL-1f and
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IL-10 levels were similar when cells were stimulated by any of these to S. schenckii morphologies (Figure 3). For
S. brasiliensis, the four cytokines analyzed were stimulated at lower levels by yeast-like cells, when compared with
conidia (Figure 3). However, when cells were stimulated with S. globosa conidia or yeast-like cells these produced
similar levels of TNFa, IL-6, IL-1pB, and IL-10 (Figure 3). When comparing the cytokine levels stimulated among the
three different species, S. schenckii conidia stimulated the lowest TNFa, IL-6, IL-1B, and IL-10 levels, and conidia from
S. brasiliensis and S. globosa stimulated similar levels of the four cytokines (Figure 3). Similarly, S. schenckii yeast-like
cells stimulated the lowest cytokines levels, while S. brasiliensis intermediate and S. globosa yeast-like cells had the
highest cytokine levels (Figure 3).

The TNFo and IL-10 production were taken as readouts of the host-fungus interaction and we also explored the
contribution of different PRRs to the stimulation of both cytokines. For the case of TNFaq, its stimulation by S. schenckii
conidia was negatively influenced when MR, TLR4, or CR3 were blocked, suggesting a role of these receptors in the
induction of this proinflammatory cytokine (Figure 4A). However, for S. schenckii yeast-like cells only dectin-1 and
TLR2 were required for proper cytokine production, being dispensable the rest of the receptors analyzed (Figure 4A).
S. brasiliensis conidia and yeast-like cells stimulated TNFa via TLR4 and CR3, but in the latter, there was also
a contribution of MR (Figure 4 A); while in S. globosa, both conidia and yeast-like cells have a similar dependence
in dectin-1, MR, and TLR2 for cytokine induction (Figure 4A). When a similar approach was used to analyze the
relevance of receptors for IL-10 production, we found that S. schenckii conidia and yeast-like cells stimulated this
cytokine via dectin-1 and MR, but in case of conidia, TLR2 was also involved (Figure 4B). Dectin-1, TRL2, TLR4, and
CR3 were required for proper IL-10 stimulation by S. brasiliensis conidia, an observation that contrasted with the sole
dependency on MR to IL-10 stimulation by S. brasiliensis yeast-like cells (Figure 4B). Finally, both morphologies of
S. globosa did not show significant differences between them, both stimulating IL-10 via dectin-1 and TLR2 (Figure 4B).
Isotype-matched irrelevant antibodies were used to preincubate human cells and did not affect the fungal phagocytosis of
any of the morphologies or species under study (data not shown).

We also assessed the contribution of cell wall components to TNFa and IL-10 stimulation by monocyte-derived
macrophages. Both, S. schenckii HK conidia and yeast-like cells stimulated higher TNFa levels than live cells, but this
cytokine production was significantly reduced when N-linked or O-linked glycans or the combination of both were
removed from the wall (Figure SA). Similarly, both, N-linked and O-linked glycans were required for proper TNFa
stimulation by S. brasiliensis conidia or yeast-like cells, but only in the case of HK yeast-like cells was observed
a stronger cytokine production when compared with live cells (Figure 5A). None of the cell wall treatments affected the
ability of S. globosa conidia or yeast-like cells to stimulate TNFa (Figure 5A). Similar results were observed for IL-10

6000 1 = TNFa t
" IL-6 _—
IL-1
IL-1g ] l l
= 1' *1'
2 4000 { 7T
E | o I
< T L
3 2000 11 l I
| . t 1]
T

Conidia Yeast Conidia Yeast Conidia Yeast

S. schenckii S. brasiliensis S. globosa

Figure 3 Cytokine production by human monocyte-derived macrophages stimulated with Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa. Human and fungal
cells were coincubated for 24 h, and the supernatants were collected and used for cytokine quantification by ELISA. *P < 0.05, when compared with the cytokine level
stimulated by conidia from the same species. TP < 0.05, when compared with the same morphology of the other two fungal species analyzed. Results are shown as mean
standard deviation from data generated with samples from eight donors analyzed by duplicate.

Infection and Drug Resistance 2023:16 hetps: 4823

Dove:


https://www.dovepress.com
https://www.dovepress.com

Gomez-Gaviria et al Dove

A

120 -
T T T
80 4 * = No treatment
T u + Laminarin
) ] = +Anti-MR
= | I* * * k. +Anti-TLR4
e * '[ " * ® +Anti-TLR2
= * 1'] * X 4l ® +Anti-CR3
+« 1=
40 -
0 - — — — —
Conidia Yeast Conidia Yeast Conidia Yeast
S. schenckii S. brasiliensis S. globosa
120 -
f T—— [
T T T I
80 - " No treatment
¥ + Laminarin
§ = +Anti-MR
=y x> +Anti-TLR4
- N m +Anti-TLR2
= * = +Anti-CR3
40 - . M
* *
N *
* %

Conidia Yeast Conidia Yeast Conidia Yeast

S. schenckii S. brasiliensis S. globosa

Figure 4 Contribution of pattern recognition receptors to cytokine production by human monocyte-derived macrophages stimulated with Sporothrix schenckii, Sporothrix
brasiliensis, and Sporothrix globosa. Human cells were preincubated with 200 ug mL™" laminarin or 10 ug mL™" of any of the following antibodies: anti-mannose receptor (MR),
anti-complement receptor 3 (CR3), anti-TLR2, or anti-TLR4. Then, cells were coincubated with either conidia or yeast-like cells of the fungal species for 24 h at 37°C and
5% (v/v) CO,. Supernatants were collected and used to measure the levels of TNFa (A) or IL-10 (B) by ELISA. No treatment, cells preincubated with PBS. In all cases, 100%
corresponds to the system with no treatment, and the absolute values were similar to those shown in Figure 3. *P < 0.05 when compared to the no-treatment condition of
the same strain. TP< 0.05 when compared to conidia from the same species. Results are shown as mean * standard deviation from data generated with samples from eight

donors analyzed by duplicate.

stimulation by S. globosa, but in the case of S. schenckii both conidia and yeast-like cells positively stimulated 1L-10
production when HK cells were used for the interaction or when N-linked and O-linked glycans were removed from the
wall (Figure 5B). For the case of S. brasiliensis cells, conidia did not affect the ability to stimulate IL-10 after
modification of the cell wall, but yeast-like cells increased the ability to stimulate this cytokine when cells were heat-
inactivated or N-linked and O-linked glycans were trimmed off from walls (Figure 5B). Collectively, these data indicate
that monocyte-derived macrophages are capable to discriminate between cell morphologies and the different Sporothrix
species, using different PRRs and having a differential response against these cells.
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Figure 5 Contribution of cell wall components on cytokine stimulation by Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa interacting with human monocyte-
derived macrophages. Macrophages were incubated with conidia or yeast-like cells at a macrophage-fungus ratio of 1:6, for 24 h at 37°C and 5% (v/v) CO,. Plates were
centrifuged and supernatants were used to quantify TNFo (A) or IL-10 (B) by ELISA. Before coincubation with human monocyte-derived macrophages, conidia, and yeast-
like cells were inactivated by heat (HK) treated with endoglycosidase H (Endo-H), B-eliminated to remove O-linked glycans, or both treated with endoglycosidase H and -
elimination. No treatment refers to live cells without any treatment. *P < 0.05 when compared to the no-treatment condition of the same strain. Results are shown as mean
+ standard deviation from data generated with samples from eight donors analyzed by duplicate.

Human Monocyte-Derived Dendritic Cells Differentially Phagocyte Sporothrix

schenckii, Sporothrix brasiliensis, and Sporothrix globosa
Next, we performed similar experiments but using monocyte-derived DCs. Using the same strategy to assess fungal
uptake by macrophages, we found that S. schenckii and S. brasiliensis conidia were hardly phagocytosed by monocyte-
derived DCs, but this was not the case for S. globosa, which were readily phagocytosed, in a similar rate than yeast-like
cells (Figure 6). Both types of fungal cells generated the highest phagocytosis levels in the early, intermediate, and late
stages (Figure 6). S. schenckii yeast-like cells were modestly phagocytosed by these immune cells but the levels were
significantly different from those observed on S. brasiliensis yeast-like cells, which were the fungal cells with the lowest
ability to be phagocytosed (Figure 6). Control reaction with immune cells incubated with buffer gave threshold detections
(Figure 6).

When the relevance of immune receptors for DCs uptake was analyzed, we found that S. schenckii conidia uptake was
dependent on MR, CR3, DC-SIGN, and TLR4 (Figure 7). Similarly, yeast-like cells depended on the same receptor
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Figure 6 Phagocytosis of Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa by human monocyte-derived dendritic cells. Fungal cells were labeled with Acridine
Orange and incubated with human monocyte-derived dendritic cells at an immune cell-fungus ratio of 1:6, for 2 h at 37°C and 5% (v/v) CO,. Human cells were analyzed by
flow cytometry, collecting 50,000 events, which were defined as a human cell interacting with at least one fluorescent fungal cell. Control, human cells were incubated only
with PBS. *P < 0.05 when compared to conidia from the same species. TP < 0.05 when compared with the same morphology in the other two species. Results are shown as
mean * standard deviation from data generated with samples from eight donors analyzed by duplicate.

subsets, along with dectin-1 (Figure 7). The S. brasiliensis conidia and yeast-like cells depended on the engagement of
MR, CR3, DC-SIGN, and TLR4 with its ligands, and both S. globosa morphologies were phagocytosed via dectin-1 and
TLR2 (Figure 7). Isotype-matched irrelevant antibodies were used to preincubate human cells and did not affect the
fungal phagocytosis of any of the morphologies or species under study (data not shown). These results indicate the three
fungal species are sensed by different subsets of immune receptors found on the monocyte-derived DCs surface.

Then, the relevance of cell wall components during the Sporothrix-monocyte-derived DCs interaction was analyzed.
Both morphologies of S. schenckii were positively affected when HK cells were used in the interaction with immune
cells, significantly increasing the number of phagocytosed cells (Figure 7B). However, the removal of N-linked,
O-linked, or both types of glycans from the cell wall negatively affected cell uptake (Figure 7B). Similar results were
observed for S. brasiliensis yeast-like cells, but no significant changes were observed for S. brasiliensis conidia subjected
to these treatments (Figure 7B). S. globosa conidia and yeast-like cells did not show any effect on the phagocytosis when
HK or deglycosylated cells were used to interact with monocyte-derived DCs. Collectively, these results suggest that the
cell wall components play different roles during interaction with these immune cells.

Next, to assess the ability of these fungal species to stimulate cytokine production by human monocyte-derived DCs,
the proinflammatory cytokines TNFa, IL-6, IL-1B, and IL-12 p70 were quantified by ELISA, after the immune cell-
fungus interaction. S. schenckii yeast-like cells stimulated lower TNFa, IL-6, and IL-1f levels than conidia, whilst both
cell morphologies stimulated similar IL-12 p70 levels (Figure 8). For the case of S. brasiliensis yeast-like cells, only
TNFa and IL-1pB levels were lower when compared to those stimulated by conidia; while both S. globosa conidia and
yeast-like cells stimulated similar levels of the four cytokines analyzed (Figure 8). When comparing the stimulation
profiles among species, S. globosa stimulated the highest levels of the four cytokines followed by S. brasiliensis, and the
lowest cytokine levels were associated with S. schenckii cells (Figure 8). For the case of conidia, only TNFa and IL-1B
stimulated by S. brasiliensis conidia were higher than those stimulated by S. schenckii conidia (Figure 8).

Next, we assessed the contribution of PRRs to TNFa stimulation. CR3 and DC-SIGN were required to induce proper
TNFa production by both S. schenckii conidia and yeast-like cells, although the latter also required dectin-1 engagement
with its ligand and conidia of TLR4 signaling (Figure 9A). Similarly, S. brasiliensis conidia and yeast-like cells depended
on interaction with CR3 and DC-SIGN for TNFa production but in these cases, TLR4 was also required (Figure 9A).
Only S. brasiliensis yeast-like cells required dectin-1 signaling for proper TNFa production (Figure 9A). Finally, both
S. globosa conidia and yeast-like cells stimulated TNFa via dectin-1 and TLR2 (Figure 9A). Isotype-matched irrelevant
antibodies were used to preincubate human cells and did not affect the fungal phagocytosis of any of the morphologies or
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Figure 7 Contribution of pattern recognition receptors and cell wall components on the phagocytosis of Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa by
human monocyte-derived Dendritic cells. In (A), Immune cells were preincubated with 200 pg mL ™' laminarin or 10 g mL™' of any of the following antibodies: anti-mannose
receptor (MR), anti-CR3, anti-DCSIGN, anti-TLR2, or anti-TLR4. Then, cells were coincubated with Acridine Orange-labeled conidia or yeast-like cells at an immune cell-
fungus ratio of 1:6, for 2 h at 37°C and 5% (v/v) CO,. Human cells were analyzed by flow cytometry, collecting 50,000 events, which were defined as a human cell interacting
with at least one fluorescent fungal cell. All the interactions were performed in the presence of 5 ug mL™' polymyxin B. No treatment refers to cells preincubated only with
PBS. Results correspond to cells in the late stage of phagocytosis. For all cases, 100% corresponds to the system with no treatment, and the absolute values were similar to
those shown in Figure 6 or (B) of this figure. CR3, complement receptor 3. *P < 0.05 when compared to the no-treatment condition of the same strain. TP< 0.05 when
compared to conidia from the same species. In (B), Similar experiments as described in (A), but human cells were not preincubated with any blocking agent. Before
coincubation with human monocyte-derived dendritic, conidia and yeast-like cells were inactivated by heat (HK) treated with endoglycosidase H (Endo-H), B-eliminated to
remove O-linked glycans, or both treated with endoglycosidase H and B-elimination. No treatment refers to live cells without any treatment. *P < 0.05 when compared to
the no-treatment condition of the same strain. Results are shown as mean * standard deviation from data generated with samples from eight donors analyzed by duplicate.

species under study (data not shown). Regarding the cell wall components involved in this stimulation, S. schenckii
conidia and yeast-like HK cells stimulated higher cytokine levels than live cells (Figure 9B). When glycans were
removed from the wall there was a negative effect on TNFa production by conidia, but in the case of yeast-like cells, this
negative effect was more evident when both N-linked and O-linked glycans were removed from the wall (Figure 9B). For
the case of S. brasiliensis, the removal of any of the two kinds of glycans or both together had a negative impact on the
cytokine levels stimulated by conidia but not for yeast-like cells (Figure 9 B). Heat-inactivation had a positive effect only
on S. brasiliensis yeast-like cells, being live and HK conidia similar in the ability to stimulate TNFa production
(Figure 9B). For the case of S. globosa, none of the treatments affected the ability of conidia or yeast-like cells to
stimulate TNFa (Figure 9B).
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Figure 8 Cytokine production by human monocyte-derived dendritic cells stimulated with Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa. Human and fungal
cells were coincubated for 24 h., and the supernatants were collected and used for cytokines quantification by ELISA. *P < 0.05, when compared with the cytokine level
stimulated by conidia from the same species. TP < 0.05, when compared with the same morphology of the other two fungal species analyzed. *P < 0.05, when compared with
the same morphology of S. schenckii. Results are shown as mean * standard deviation from data generated with samples from eight donors analyzed by duplicate.

Discussion
Members of the Sporothrix pathogenic clade have different cell wall components that are considered potential
antigens.”””*"* Previous studies in S. schenckii and S. brasiliensis determined that the cell wall composition and

19.26.28 thys, it is feasible to conceive that immune cells

organization can change among species and morphologies;
interact differently with each species and morphotype. Thus far, few reports have assessed the interaction between
Sporothrix and macrophages or DCs.** > Most of the knowledge about this interaction comes from the study of
S. schenckii and S. brasiliensis,>> and little is known about the interactions of these immune cells with S. globosa.
This work aimed to compare the importance of fungal morphology, cell wall components, and immune receptors during
the interaction of S. schenckii, S. brasiliensis, and S. globosa with macrophages and DCs.

Phagocytosis assay with human monocyte-derived macrophages and DCs showed that S. globosa is the most
phagocytosed species in both conidial and yeast-like cell morphologies, followed by S. brasiliensis and S. schenckii.
The increased phagocytosis of S. globosa could be related to the organization of the cell wall components of this species.
Phagocytosis is known to initiate with the recognition of B-1,3-glucan and chitin, through dectin-1, TLR2, and TLR4
receptors.”” So, it is likely that there could be an association between the proportion of these polysaccharides and
phagocytosis. S. globosa has a higher amount of B-1,3-glucans exposed on the surface, which could favor its phagocy-
tosis in both cell morphologies.'® In S. schenckii and S. brasiliensis, cells are less phagocytosed, and previous reports
have shown that B-1,3-glucans are not exposed on the cell surface, and these are in a lower proportion than those of
S. globosa, which hinders their recognition by these immune cells.'®*® When the contribution of cell wall components,
such as B-glucans, N-glycans, and O-glycans of the three species was evaluated, it was found that HK S. schenckii and
S. brasiliensis showed an increase in macrophage- and DCs-mediated phagocytosis of yeast-like cells, and a decrease in
this when N-linked and O-linked glycans of these two species are removed. This suggests that N-glycans and O-glycans
from S. schenckii and S. brasiliensis play an important role during the detection of immune cells to initiate phagocytosis.
For the case of S. globosa, phagocytosis was not affected by any of the fungal treatments, and this could be related to the
fact that both cell wall N-linked and O-linked glycans of this species are found in a lower proportion than in S. schenckii
and S. brasiliensis.”**° Furthermore, the absence of changes in phagocytosis of S. globosa could be because all
components of the cell wall of this species contribute to fungal uptake by macrophages and DCs, and when altered by
the treatments applied to cells the other wall components can compensate for the disturbance.

When the contribution of the different immune receptors in the uptake of conidia and yeasts was analyzed, it was
found that all receptors are important in the detection of S. schenckii and S. brasiliensis by human monocyte-derived
macrophages, mainly in yeast-like cells. However, some variations were observed in the case of S. brasiliensis conidia,
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Figure 9 Contribution of pattern recognition receptors and cell wall components to TNFa production by human monocyte-derived dendritic cells stimulated with
Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa. In A, Dendritic cells were preincubated with 200 g mL™" laminarin or 10 ug mL™" of any of the following
antibodies: anti-mannose receptor (MR), anti-complement receptor 3 (CR3), anti-DC-SIGN, anti-TLR2, or anti-TLR4. Then, cells were coincubated with either conidia or
yeast-like cells of the fungal species for 24 h at 37°C and 5% (v/v) CO,, the supernatants were collected and used to measure the levels of TNFa. No treatment refers to
cells preincubated with PBS. In all cases, 100% corresponds to the system with no treatment, and the absolute values were similar to those shown in Figure 8. *P < 0.05 when
compared to the no-treatment condition of the same strain. TP< 0.05 when compared to conidia from the same species. In B, dendritic cells were incubated with conidia or
yeast-like cells at an immune cell-fungus ratio of |:6, for 24 h at 37°C and 5% (v/v) CO, and supernatants were collected and used to quantify TNFa by ELISA. Before
coincubation with human monocyte-derived dendritic cells, conidia, and yeast-like cells were inactivated by heat (HK) treated with endoglycosidase H (Endo-H), B-eliminated
to remove O-linked glycans, or both treated with endoglycosidase H and fB-elimination. No treatment refers to live cells without any treatment. *P < 0.05 when compared to
the no-treatment condition of the same strain. TP< 0.05 when compared to conidia from the same species. Results are shown as mean * standard deviation from data

generated with samples from eight donors analyzed by duplicate.

where the essential receptors are dectin-1 and TLR2, a result that could be related to the cell wall organization of this
morphology (Figure 10). 276

Based on the results obtained, it can be observed that dectin-1 is a relevant receptor for the recognition of these three
species by monocyte-derived macrophages. Most of the B-1,3-glucan required to trigger dectin-1-dependent signaling
pathways may be already accessible on the cell surface, as reported with PBMCs in S. schenckii and S. brasiliensis
species.”® Previous work has reported that the interaction of S. schenckii and S. brasiliensis with monocyte-derived
macrophages depends on complement protein C3, which facilitates yeast phagocytosis.*’ Here, we confirm this
observation but interestingly, it does not apply to S. globosa, since the uptake of conidia and yeast-like cells was

dependent on dectin-1 and TLR2 (Figure 10).
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Figure 10 Phagocytosis and receptors involved in the immune recognition of different species of the Sporothrix pathogenic clade. Macrophages and dendritic cells can
phagocytose yeast-like cells and conidia of S. schenckii, S. brasiliensis, and S. globosa. S. globosa is the species most phagocytosed by both types of cells, followed by S. brasiliensis
and, finally, S. schenckii. The receptors involved in such recognition vary between species and morphologies. S. globosa is recognized by dectin-1 and TLR2 receptors, while
S. brasiliensis and S. schenckii are recognized by dectin-1, TLR2, TLR4, CR3, DC-SIGN, and MR.

When the relevance of these receptors by human monocyte-derived DCs was assessed, it was found that the three
species are detected by different sets of receptors. DCs play a key role in regulating the balance between pro- and anti-
inflammatory responses, in addition, these cells can translate fungal-associated molecular signatures and coordinate an
inflammatory response that protects against infection.’*”” For these immune cells, the receptors showed variation in the
recognition of conidia and yeast-like cells of the three species, like that found in macrophages. However, it is striking that
the dectin-1 receptor was dispensable for the recognition of conidia of S. schenckii and S. brasiliensis since it is
a receptor that is involved in important signaling pathways and has a significant contribution in the recognition of
fungal cells.”® According to the results obtained in this work, it is possible to hypothesize that the role of the different
receptors analyzed may be influenced by the type of immune cell interacting with Sporothrix, highlighting the relevance
of studying the immune cell-Sporothrix interaction with different subtypes of cellular immune effectors.

The interaction of either S. globosa conidia or yeast-like cells with human monocyte-derived macrophages and DCs
induced a higher production of IL-6 and TNFa when compared to S. schenckii and S. brasiliensis. It is tempting to
speculate that this proinflammatory trend could contribute to the lower ability to colonize tissues and establish the
infection of this species. In agreement with this hypothesis, the contrary scenario was observed with the most virulent
species of the clade, S. schenckii and S. brasiliensis, which stimulated lower pro-inflammatory levels (Figure 11).

The analysis of different PRRs and cell wall components during the stimulation of TNFa and IL-10 by human
monocyte-derived macrophages and DCs showed that the PRRs analyzed here have a morphology- and species-
dependent role in this immunological event. When human-derived macrophages interacted with S. globosa conidia or
yeast-like cells, dectin-1, MR, and TLR2 were required for TNFo stimulation, while dectin-1 and TLR-2 for IL-10
production. This contrast with the involvement of CR3 in the stimulation of TNFa by S. schenckii and S. brasiliensis
cells, as reported previously and as shown here.*” Interestingly, IL-10 stimulation by S. brasiliensis yeast-like cells was
solely dependent on MR, stressing again that glycan structures are different in these organisms, as reported previously for
S. schenckii and S. brasiliensis.>”*° Finally, similar to other fungal species,’>*** DC-SIGN was required for stimulation of
TNFa by S. schenckii and S. brasiliensis, but not for S. globosa, suggesting once again that B-1,3-glucan sensing by
dectin-1 and TLR2 are the main PRRs-PAMPs interactions that these fungal cells establish with DCs.

4830 "o Infection and Drug Resistance 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Gomez-Gaviria et al

Macrophage Dendritic cell

% C P TNFa

5 IL-6

g (.0 0 IL-1B

:5 v oo IL-12
I ! N~ ol

9 T o\

g C Q\ e

% (@ TNFa

: IL-6 o /° /

@ (

8 g S

Sy IL-10

v N~

5l @ |

glC o

~8 () TNFa / )

Q IL-6 %% (

Sh T -1 & u
WY IL-10 : Low cytokine levels

C: conidia; Y: yeast-like cells | High cytokine levels

Figure 11 Cytokine profiles of macrophages and dendritic cells stimulated with Sporothrix schenckii, Sporothrix brasiliensis, or Sporothrix globosa. When human cells interact
with S. globosa conidia or yeast-like cells, the production of the different cytokines analyzed increases. In the case of S. schenckii, there is a low stimulation of these cytokines
compared to S. globosa and S. brasiliensis. These results were obtained from the inter-species comparison.

Conclusion
In conclusion, this study reported that the cell wall components and the different morphologies of S. schenckii,

S. brasiliensis, and S. globosa play an important role during recognition by human monocyte-derived macrophages
and DCs. The interaction of these immune cells with the different Sporothrix species generates specific profiles of
cytokines and uptake via different immune receptors. This study contributes to expanding the knowledge of the immune

response against different species of the Sporothrix pathogenic clade.
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