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The systemic infections caused by members of the Candida parapsilosis complex
are currently associated to high morbility and mortality rates, and are considered
as relevant as those caused by Candida albicans. Since the fungal cell wall is the
first point of contact with the host cells, here we performed a comparison of this
organelle in members of the C. parapsilosis complex, and its relevance during interaction
with human peripheral blood mononuclear cells (PBMCs). We found that the wall of
the C. parapsilosis complex members is similar in composition, but differs to that
from C. albicans, with less mannan content and more β-glucan and porosity levels.
Furthermore, lectin-based analysis showed increased chitin and β1,3-glucan exposure
at the surface of C. parapsilosis sensu lato when compared to C. albicans. Yeast cells of
members of the C. parapsilosis complex stimulated more cytokine production by human
PBMCs than C. albicans cells; and this significantly changed upon removal of O-linked
mannans, indicating this wall component plays a significant role in cytokine stimulation
by C. parapsilosis sensu lato. When inner wall components were exposed on the wall
surface, C. parapsilosis sensu stricto and C. metapsilosis, but not C. orthopsilosis,
stimulated higher cytokine production. Moreover, we found a strong dependency on
β1,3-glucan recognition for the members of the C. parapsilosis complex, but not for
live C. albicans cells; whereas TLR4 was required for TNFα production by the three
members of the complex, and stimulation of IL-6 by C. orthopsilosis. Mannose receptor
had a significant role during TNFα and IL-1β stimulation by members of the complex.
Finally, we demonstrated that purified N- and O-mannans from either C. parapsilosis
sensu lato or C. albicans are capable to block the recognition of these pathogens by
human PBMCs. Together; our results suggest that the innate immune recognition of the
members of the C. parapsilosis complex is differential of that reported for C. albicans. In
addition, we propose that purified cell wall mannans can be used as antagonist to block
specific receptors on innate immune cells.
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INTRODUCTION

Fungal infections are currently a burden for most of the
health systems worldwide, and among them, superficial and
invasive candidiasis are of special interest, since the latter has
a mortality rate higher than 45% in infected patients (Brown
et al., 2012). Candida albicans is the most frequent causative
agent of candidiasis, being responsible of about 50% of total
invasive candidiasis, while other members of the Candida genus,
named emerging species, contribute together to the rest of the
reported cases (Trofa et al., 2008). Candida parapsilosis sensu
lato is a species that is mostly found in neonate patients,
causing more than 33% of invasive candidiasis in this group
(Pammi et al., 2013). It is a versatile yeast-like organism that,
at difference of other pathogenic Candida species, can be found
colonizing non-human organisms and inert material from the
environment (Trofa et al., 2008). This organism is in fact a
complex of three closely related species: C. parapsilosis sensu
stricto, Candida orthopsilosis and Candida metapsilosis (Tavanti
et al., 2005); which have subtle, but key differences in terms of
virulence (Nemeth et al., 2013; Gago et al., 2014), drug sensitivity
(Spreghini et al., 2012; Szenzenstein et al., 2013), and secretion of
hydrolytic enzymes (Trevino-Rangel Rde et al., 2013).

The establishment of a protective anti-Candida immune
response in the host relays on a proper activation of the innate
immune branch, and significant efforts have been done to
understand this host–pathogen interaction, using C. albicans as
a model (Netea et al., 2015). In C. parapsilosis sensu lato, there is
currently limited information about the mechanisms underlying
its interaction with components of the innate immunity. Thus
far, it has been demonstrated that galectin 3 expressed by human
neutrophils drives an increased C. parapsilosis phagocytosis, but
not when challenged against C. albicans yeast cells (Linden
et al., 2013). In addition, human peripheral blood mononuclear
cells (PBMCs) stimulated with heat-killed (HK) C. parapsilosis
sensu stricto yeast cells produced lower Interleukin (IL) 1β,
interferon γ, IL-17 and IL-22, but higher levels of IL-10, when
compared to cells confronted with C. albicans (Toth et al., 2013).
Despite this progress, there are not reports dealing with the
interaction of immune cells with members of the C. parapsilosis
complex.

The fungal cell wall contains most of the pathogen-associated
molecular patterns recognized by pattern recognition receptors
(PRRs) on innate immune cells, and again, the C. albicans cell
wall is the best model thus far characterized (Díaz-Jiménez et al.,
2012). This structure is composed of four main polysaccharides
arranged in two well defined layers: the outermost layer
composed of glycoproteins, bearing N- and O-linked mannans,
and the components of the inner layer, chitin, β1,6- and β1,3-
glucans (Díaz-Jiménez et al., 2012). The participation of this
organelle in the activation of the innate immune response has
been thoroughly studied. It is now well established that β1,3-
glucan is normally hidden from the recognition of dectin-1 and
TLR2, and if accessible, plays a major role in the induction of
pro-inflammatory cytokines and phagocytosis by macrophages
(Gantner et al., 2005; Gow et al., 2007; Heinsbroek et al.,
2008). The N-linked mannans play also a significant role in

both cytokine stimulation and macrophage uptake, via the
mannose receptor (MR), dectin-2, and DC-SIGN (Netea et al.,
2006; Mora-Montes et al., 2007, 2010; Cambi et al., 2008;
McKenzie et al., 2010; Saijo and Iwakura, 2011). On the contrary,
O-linked mannans play a dispensable role in both immunological
processes, although it engages to TLR4 (Netea et al., 2006), a
potent PRRs that plays a significant role in controlling bacteria
(Miyake, 2007). Thus far, there is limited information about the
cell wall of members of the C. parapsilosis complex, and the
particular contribution of PRRs in the activation of cytokine
production. Here, we performed a comparative study of the cell
wall composition of C. albicans, C. parapsilosis sensu stricto,
C. orthopsilosis, and C. metapsilosis and found that, although
the composition is similar, the arrangement of the components
has significant differences that impact their ability to activate
human PBMCs.Moreover, we demonstrated that purified N- and
O-linked mannans from either C. albicans, C. parapsilosis sensu
stricto, C. orthopsilosis or C. metapsilosis are capable to block the
recognitions of these pathogens by human PBMCs.

MATERIALS AND METHODS

Strains and Culturing Conditions
Candida albicans SC5314 (Gillum et al., 1984), C. parapsilosis
sensu stricto SZMC 8110, C. orthopsilosis SZMC 1545, and
C. metapsilosis SZMC 1548 (Szenzenstein et al., 2013) were
used in this study. Cells were propagated at 30◦C in Sabouraud
broth [1% (w/v) mycological peptone, 4% (w/v) glucose], and
maintained in plates containing medium added with 2% (w/v)
agar. For all the experiments here reported, 500 μL of overnight-
grown cells were used to inoculated 100 mL of fresh medium
and incubated at 30◦C with shaking at 200 rpm, until reach the
mid-log growth phase (typically 5–6 h). Cells were incubated at
56◦C for 1 h for heat inactivation as reported (Mora-Montes
et al., 2007). For all the cases, inactivation was confirmed by loss
of fungal growth in Sabouraud medium at 30◦C for 72 h. To
remove O-linked mannans, cells were incubated overnight with
100 mM NaOH as described (Diaz-Jimenez et al., 2012). Under
these conditions, more than 94% cells kept viability, as tested by
CFU/mL before and after treatment with NaOH.

Cell Wall Analysis
Cell homogenates were obtained in a Braun homogenizer, with
5 cycles of 30 s and cooling on ice in-between (Mora-Montes
et al., 2007). The cell walls were pelleted by centrifugation
and thoroughly washed with deionized water. Further wall
cleansing was performed with hot 2% (v/v) SDS, 0.3 M
β-mercaptoethanol, and 1 M NaCl as described (Mora-Montes
et al., 2007). Freeze-dried cell walls were hydrolyzed by
adding 2 M trifluoroacetic acid and boiling for 3 h; then,
the acid was evaporated, and samples were suspended in
deionized water. The hydrolysates were analyzed by High
Performance Anion Exchange Chromatography coupled to
PulsedAmperometric Detection (HPAEC-PAD), using a gradient
of sodium acetate in 150mMNaOH (flow 0.5mL/min) as follows:
0–5 min = 45–75 mM NaOH, 5.1–15.0 min = 90 mM NaOH,
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15.1–17.0 min = 105 mM NaOH + 75 mM sodium acetate,
17.1–20.0 min = 75 mM NaOH + 150 mM sodium acetate, and
20.1–25.0 min = 45 mM NaOH, at a column temperature of
25◦C. Applied potentials for detection by the amperometric pulse
were: E1 (400 ms), E2 (20 ms), E3 (20 ms), and E4 (60 ms) of
+0.1, −2.0, +0.6, and −0.1 V, respectively. Protein content was
determined upon lyophilized cell walls were alkali-hydrolyzed
(Mora-Montes et al., 2007), using the Bradford protein assay.

The cell wall porosity was assessed using the polycation
method previously reported (De Nobel et al., 1990). Aliquots
containing 1 × 108 cells were pelleted, the supernatant discarded
and cells suspended in either 10 mM Tris-HCl, pH 7.4 (buffer
A), buffer A plus 30 μg/mL poly-L-lysine (MW 30–70 kDa,
Sigma Cat. No. P-2636) or buffer A plus 30 μg/mL DEAE-
dextran (MW 500 kDa, Sigma Cat. No. D-9885). Then, cells were
incubated at 30◦C for 30 min, and shaking (200 rpm), pelleted
by centrifuging, the supernatant saved, and further centrifuged
before reading the absorbance at 260 nm. The relative cell wall
porosity to DEAE-dextran was calculated as described (De Nobel
et al., 1990).

The level of cell wall phosphomannan was determined by the
ability of cells to bind the cationic dye Alcian Blue as described
(Hobson et al., 2004).

Analysis of Chitin and β1,3-Glucan
Exposure at the Cell Surface
Cells were labeled with 1 mg/mL fluorescein isothiocyanate-
wheat germ agglutinin conjugate (WGA-FITC; Sigma) (Mora-
Montes et al., 2011) for chitin staining; while β1,3-glucan
was labeled with 5 μg/mL IgG Fc-Dectin-1 chimera (Graham
et al., 2006) for 40 min at room temperature, followed by
incubating with 1 μg/mL donkey anti Fc IgG-FITC for 40 min
at room temperature (Marakalala et al., 2013). In both cases,
samples were examined by fluorescence microscopy using a Zeiss
Axioscope-40 microscope and an Axiocam MRc camera. Pixels
associated to 100 fluorescent cells were obtained with Adobe
PhotoshopTM CS6 and the following formula: [(total of green
pixels-background green pixels) × 100]/total pixels.

Ethics Statement
Universidad de Guanajuato, though the Ethics Committee,
approved the use of human cells in this study (permission
number 17082011). Blood samples from healthy adult volunteers
were obtained upon information about the study was provided
and written informed consent was signed.

Human PBMCs-Candida Interaction
Human PBMCs were isolated by density centrifugation using
Histopaque-1077 (Sigma) as reported (Endres et al., 1988).
The immune cell-fungus interaction was performed in 96-well
microplates with 5 × 105 PBMCs, in 100-μL RPMI 1640 Dutch
modification (Sigma), and 100 μL with 1 × 105 fungal cells.
When required, PBMCs were pre-incubated for 60 min at 37◦C
with either 200μg/mL purified mannan, laminarin (200 μg/mL),
anti-MR (10 μg/mL, Invitrogen, Cat. No. Mab-Hmr) or anti-
TLR4 (10 μg/mL, Santa Cruz Biotechnology, Cat. No. sc-293072)

prior to stimulation with yeast cells. Isotype matched, irrelevant
IgG1 antibodies (10 μg/mL, Santa Cruz Biotechnology, Cat.
No. sc-52003) were used as controls for experiments assessing
MR and TLR4. Despite all the reagents used for the pre-
incubation experiments were negative to contamination by LPS
(tested with the Limulus amebocyte lysate from Sigma) all
reactions were performed in presence of 5 μg/mL polymyxin
B (Sigma) (Schwartz et al., 1972). In all cases, the interactions
were incubated for 24 h at 37◦C with 5% (v/v) CO2, plates were
centrifuged for 10 min at 3000 × g and 4◦C and supernatants
saved and kept at −20◦C until used. ELISA kits from Peprotech
were used tomeasure the concentration of TNFα, IL-6, and IL-10;
while IL-1β levels were measured using an ELISA kit from R&D
Systems. Mock interactions with only human PBMCs incubated
with RPMI 1640 Dutch modification were included as negative
controls. For all the cases, the amount of cytokine quantified in
the negative controls was subtracted before data analysis.

N- and O-Linked Mannan Isolation
The N- and O-linked mannans were isolated, and purified using
the endoglycosidase H and β-elimination strategy previously
reported by our group (Mora-Montes et al., 2012). Absence of
protein and other wall polysaccharides was confirmed by the
Bradford method and HPAEC-PAD, respectively (Mora-Montes
et al., 2012); while lack of bacterial and fungal contamination was
assessed by negative detection of LPS and no growth in LB and
Sabouraud broth for 72 h at 37 and 28◦C, respectively.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6
software. Cytokine stimulation using human PMBCs was
performed in duplicate with six healthy donors, whereas the rest
of the experiments were performed at least thrice in duplicate.
Data represent cumulative results of all experiments performed
and are showed as mean ± SD. The Mann–Whitney U test or
unpaired t-test was used to establish statistical significance (see
figure legends for details), with a significance level set at P < 0.05.

RESULTS

Members of the C. parapsilosis Complex
have Similar Composition in the Cell Wall
but Differ from that Present in C. albicans
In order to assess the proportions of the main cell wall
components in the three members of the C. parapsilosis complex,
cell walls where isolated, acid-hydrolyzed and the proportion
of N-acetylglucosamine, mannose and glucose, the basic unit
of chitin, mannan and β-glucan, respectively (Mora-Montes
et al., 2007, 2010, 2012), were quantified by HPAEC-PAD.
C. parapsilosis sensu stricto, C. orthopsilosis and C. metapsilosis
showed similar levels of the three polysaccharides analyzed
(Table 1), but when compared with C. albicans, the species
belonging to the complex showed significantly less mannan
and increased β-glucan content (Table 1). In terms of chitin
content, only C. metapsilosis wall displayed higher content than
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the C. albicans cell wall (Table 1). No differences were observed
for protein content in the four yeast species analyzed (Table 1).
Next, in order to confirm the lower mannan content in the
members of the C. parapsilosis complex, we assessed the level
of phosphomannan content and the wall porosity, parameters
that suffer alterations depending on the status of the protein
mannosylation pathways (De Nobel et al., 1990; Bates et al.,
2005, 2006; Mora-Montes et al., 2007, 2010; West et al., 2013;
Lopes-Bezerra et al., 2015). Interestingly, the cell wall from
C. parapsilosis sensu stricto, C. orthopsilosis and C. metapsilosis
showed lower phosphomannan content and higher porosity,
when compared with C. albicans cells (Table 1). To assess
whether the β1,3-glucan and chitin fibers in the members of
the complex are underneath the mannan layer, as reported in
C. albicans (Gow et al., 2007; Mora-Montes et al., 2011), yeast
cells were labeled with the IgG Fc-Dectin-1 chimera (Graham
et al., 2006), and the lectin-β1,3-glucan interaction revealed with
FITC-conjugated IgG; whereas chitin was labeled with WGA-
FITC. The analysis of the fluorescence associated to 100 cells
indicated that, C. parapsilosis sensu stricto, C. orthopsilosis, and
C. metapsilosis have β1,3-glucan and chitin more exposed the at
the cell surface than C. albicans cells (Figure 1). However, when
compared the three members of the complex, C. orthopsilosis
displayed significantly higher levels of both polysaccharides at the
wall surface than the other two species (Figure 1). As control,
a similar experiment was conducted with HK yeast cells, where
the components of the inner wall layer were artificially exposed
at the cell wall surface and as consequence, higher labeling with
the lectins was observed, with exception of C. orthopsilosis, where
HK and live cells had similar content of both polysaccharides
at the surface (Figure 1). Overall, these data indicate that the
cell wall composition and organization among members of the
C. parapsilosis complex differ to that described in C. albicans.

C. albicans and C. parapsilosis sensu
lato Differentially Stimulate Cytokine
Production by Human PBMCs
The differences in composition and organization of the cell
wall above described may suggest that the fungus-immune
cell interaction differs between member of the C. parapsilosis
complex and C. albicans. Thus, in order to get some insights
about such interaction, yeast cells were co-incubated with
human PBMCs and secreted cytokines levels were measured
as a read out of such interaction. Live C. albicans cells barely

stimulated the production of either TNFα, IL-1β, IL-6 or IL-10
(Figure 2); however, C. parapsilosis sensu stricto, C. orthopsilosis,
and C. metapsilosis stimulated higher and similar levels of
TNFα, IL-1β, and IL-10 (Figure 2). Although IL-6 stimulation
was significantly higher during the interaction with any of the
three members of the C. parapsilosis complex, C. orthopsilosis
stimulated the highest IL-6 production, when compared with
the other species analyzed (Figure 2). Next, we compared the
cytokine profile stimulated with either live or HK cells with or
without β-elimination treatment to remove O-linked mannans
from the cell wall (Diaz-Jimenez et al., 2012). As previously
reported for C. albicans (Gow et al., 2007), HK yeast cells
stimulated significant levels of TNFα, IL-1β, IL-6, and IL-10,
when compared to live cells (Figure 3). A subtle, not significant
reduction was observed in the production of the cytokines upon
stimulation of human PBMCs with β-eliminated HK C. albicans
cells (Figure 3). Upon heat-inactivation, C. parapsilosis sensu
stricto and C. metapsilosis stimulated increased levels of TNFα,
IL-6 and IL-10, and these cytokine levels were similar when live
yeast cells were O-deglycosylated, i.e., β-eliminated (Figure 3).
No further changes in the cytokine stimulation were observed
when this treatment was applied to HK cells (Figure 3).
For stimulation of IL-1β, modest levels of this cytokine were
obtained, being not as abundant as those stimulated with HK
C. albicans cells, as reported (Toth et al., 2013), and displaying
no significant changes even though cells were both HK and
β-eliminated (Figure 3). For C. orthopsilosis, the heat killing
and β-elimination did not affect production of TNFα, IL-1β,
IL-6 and IL-10 by human PBMCs. Therefore, C. parapsilosis
sensu lato is capable to stimulate a different cytokine production
than that observed in C. albicans, when incubated with human
PBMCs. Furthermore, these data indicate that C. parapsilosis
sensu stricto and C. metapsilosis but not C. orthopsilosis, have a
similar interaction with these immune cells.

Role of PRRs in the Sensing of Members
of the C. parapsilosis Complex
Next, in order to assess the importance of some PRRs during
the fungus-immune cell interaction, human PBMCs were pre-
incubated with antagonist of specific PRRs before the interaction
with fungal cells. To evaluate the relevance of dectin-1 during
this interaction, human PBMCs were pre-incubated with the
specific antagonist laminarin (Maneu et al., 2011; Huang et al.,
2012; Cohen-Kedar et al., 2014). Results showed in Figure 4
indicate that stimulation of TNFα, IL-1β, IL-6, and IL-10

TABLE 1 | Cell wall analysis of Candida albicans and members of the C. parapsilosis complex.

Cell wall abundance

Organism Chitin (%) Mannan (%) Glucan (%) Phosphomannan content (μg)a Porosity (%)b Protein (μg)c

C. albicans 2.6 ± 1.2 33.0 ± 5.0 65.0 ± 3.3 127.2 ± 9.4 28.2 ± 8.7 125.7 ± 21.1

C. parapsilosis s. str. 5.2 ± 2.7 13.2 ± 6.8∗ 81.6 ± 9.4∗ 72.5 ± 7.5∗ 60.9 ± 3.9∗ 143.6 ± 47.3

C. orthopsilosis 4.9 ± 1.4 20.5 ± 1.3∗ 74.6 ± 0.9∗ 58.5 ± 12.6∗ 57.2 ± 1.7∗ 107.0 ± 20.7

C. metapsilosis 6.6 ± 1.3∗ 21.7 ± 1.5∗ 71.7 ± 2.7∗ 85.4 ± 17.9∗ 71.8 ± 13.1∗ 97.3 ± 25.0

aμg of Alcian Blue bound/OD600 = 1; bRelative to DEAE-Dextran; cµg of protein/mg of cell wall; ∗P < 0.05, when compared to C. albicans.
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FIGURE 1 | Analysis of β1,3-glucan and chitin exposure at the cell wall
surface. Live (L) yeast cells were incubated with IgG Fc-Dectin-1and then
with FITC-conjugated IgG to label β1,3-glucan (closed circles). Alternatively,
chitin was labeled with WGA-FITC (open circles). The fluorescence associated
to each cell is plotted. In addition, the experiment was conducted with cells
previously heat-inactivated (HK). Strains used are Candida parapsilosis sensu
stricto SZMC 8110, C. orthopsilosis SZMC 1545, C. metapsilosis SZMC
1548, and C. albicans SC5314. One hundred cells were analyzed for each
group. ‡P < 0.05, when compared with the live cells; †P < 0.05 when
compared to the other groups with live cells.

by HK C. albicans cells was significantly dependent on the
engagement of dectin-1 with β1,3-glucan, but not for live cells.
When similar experiments were conducted with members of
the C. parapsilosis complex, levels of TNFα, IL-6, and IL-10
stimulated with the three species were significantly reduced upon
pre-incubation with laminarin, indicating a strong dependence
on this receptor for their stimulation (Figure 4). At difference
of C. albicans, stimulation of cytokines by live C. parapsilosis
sensu lato cells was significantly sensitive to the presence of the
dectin-1 antagonist. Interestingly, when human PBMCs were
stimulated with C. parapsilosis sensu lato the IL-1β production
was insensitive to the dectin-1 blocking, suggesting this receptor
does not play a significant role for IL-1β stimulation by members
of the C. parapsilosis complex.

To assess the relevance of TLR4 receptor during recognition
of C. parapsilosis sensu lato, human PBMCs were pre-incubated
with blocking anti-TLR4 antibodies before challenged with yeast
cells. Results shown in Figure 5 indicate that blocking of
TLR4 has no impact on the cytokine production stimulated
by live C. albicans cells. Similar experiments conducted with
HK cells did not show significant differences in the levels of
cytokine production (not shown). TNFα production stimulated
by the three members of the C. parapsilosis complex was
significantly reduced when TLR4 was blocked (Figure 5); while
IL-6 stimulation was significantly diminished only when human
PBMCs were co-incubated with C. orthopsilosis (Figure 5).
Experiments conducted in presence of an irrelevant antibody
of the same isotype gave no significant differences in the

FIGURE 2 | Candida albicans and members of the C. parapsilosis
complex differentially stimulate the cytokine production by human
PBMCs. Human PBMCs were co-incubated 24 h with live yeast cells, the
supernatant collected and used to quantify the cytokine levels. Strains used
are C. albicans SC5314, C. parapsilosis sensu stricto SZMC 8110,
C. orthopsilosis SZMC 1545, and C. metapsilosis SZMC 1548. ∗P < 0.05,
when compared with the cytokine level stimulated by other species.

cytokine level (Figure 5). No significant changes where observed
when IL-10 and IL-1β were quantified after pre-incubation with
the TLR4 blocking antibodies (Figure 5). Therefore, TLR4 is
required for TNFα production but not for IL-10 nor IL-1β,
when human PBMCs are challenged with C. parapsilosis sensu
lato. Furthermore, production of IL-6 was specifically affected
when TLR4 engagement was disrupted in cells stimulated with
C. orthopsilosis.

When the yeast-PBMC interaction was performed with
human cells pre-treated with anti-MR antibodies, there were
no significant changes in the cytokine production stimulated
by C. albicans cells (Figure 6). However, TNFα, and IL-1β
stimulation by C. parapsilosis sensu lato was significantly reduced
upon MR blocking (Figure 6). IL-6 levels were only significantly
reduced in anti-MR-pre-incubated human PBMCs stimulated
with either C. orthopsilosis or C. metapsilosis, but not with
C. parapsilosis sensu stricto (Figure 6); while blocking of MR only
affected IL-10 production in cells stimulated with C. orthopsilosis
(Figure 6). Control interactions with an irrelevant antibody did
not show changes in the cytokine production stimulated by all
tested yeast cells (Figure 6). Taken together, these results indicate
the role of dectin-1, TLR4 andMR in the recognition of members
of the C. parapsilosis complex and C. albicans is different.

Purified Mannans from C. albicans and
C. parapsilosis sensu lato are Capable to
Mimic the Effect of Anti-TLR4 and
Anti-MR Antibodies on Human PMBCs
Purified cell wall components from C. albicans have been
previously used to block its proper recognition by human
PBMCs (Mora-Montes et al., 2011), thus we aimed to isolate
either N-linked or O-linked mannan using well-established
protocols (Mora-Montes et al., 2012). Purified mannans from
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FIGURE 3 | Cytokine production by human PBMCs stimulated with either live, heat-killed (HK) or β-eliminated yeast cells. Human PBMCs were
co-incubated 24 h with either live, HK, live and β-eliminated, or HK and β-eliminated yeast cells, supernatant collected and used to quantify the cytokine levels.
Strains used are C. albicans SC5314, C. parapsilosis sensu stricto SZMC 8110, C. orthopsilosis SZMC 1545, and C. metapsilosis SZMC 1548. ∗P < 0.05, when
compared with live cells from the same species.

any of the three members of the C. parapsilosis complex or
C. albicans were negative to fungal, bacteria and protein or
other wall polysaccharide contamination, and did not stimulate
any cytokine production when used at concentration up to
400 μg/mL (not shown). When human PBMCs were pre-
incubated with 200 μg/mL N- or O-linked mannans from
C. albicans and then stimulated with C. parapsilosis sensu
stricto, TNFα stimulation was significantly reduced, but not
IL-6 production (Table 2). Similar results were observed when
mannans from either C. parapsilosis sensu lato, C. orthopsilosis or
C. metapsilosis were used in the pre-incubation step (Table 2),
or when mannans were used to block the proper recognition
of C. orthopsilosis or C. metapsilosis (not shown). Therefore,
N- and O-linked mannans are able to block the recognition
of C. parapsilosis sensu lato as the anti-MR and anti TLR4
antibodies, respectively.

DISCUSSION

Members of the Candida genus are frequently regarded as
similar to C. albicans; however, it is possible to demonstrate
they have both genetic and metabolic differences that can
affect the interaction with the host (Butler et al., 2009). Here,
our comparative analysis of cell wall composition showed that
members of the C. parapsilosis complex displayed lower mannan
quantity, with similar protein level, when compared toC. albicans

cells. In order to explain these data, we hypothesize that the
mannans displayed on the wall surface have lower content
of mannose per oligosaccharide unit, i.e., they are shorter in
C. parapsilosis sensu lato. Indeed, it has been demonstrated
C. parapsilosis has shorter N-linked mannans than those from
the C. albicans cell wall (Shibata et al., 1995). The presence of
short mannans is likely to affect the cell wall porosity, offering
higher ability to DEAE-dextran, a bulky polycation, to reach the
plasma membrane with the consequent increment in nucleic acid
leakage (De Nobel et al., 1990). Moreover, these shorter mannans
could be responsible of the increased content of both chitin and
β1,3-glucan exposed at the wall surface. Our hypothesis of shorter
mannans on the surface of C. parapsilosis sensu lato cells is also
supported by the reduced phosphomannan content, which is an
indirect measurement of both N- and O-linked mannan length
(Bates et al., 2005, 2006; Mora-Montes et al., 2007, 2010; West
et al., 2013; Lopes-Bezerra et al., 2015). This lower content of cell
wall mannan seems to be naturally compensated by increasing
the β-glucan content. This is a well-documented compensatory
mechanism driven by the activation of the calcineurin and the
protein kinase C signaling pathways, where disruption of the
synthesis of one cell wall component usually affects the levels
of other components to avoid wall weakness (Bates et al., 2005,
2006; Mora-Montes et al., 2007; Walker et al., 2013). Our results
also point out to subtle, but significant differences in the wall
organization between members of the C. parapsilosis complex.
In C. orthopsilosis all the β1,3-glucan and chitin is exposed in
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FIGURE 4 | Cytokine production by human PBMCs pre-incubated with laminarin. Human PBMCs were pre-incubated 60 min with 200 μg/mL laminarin
before challenged for 24 h with either live or HK yeast cells, supernatant were collected and used to quantify the cytokine levels. Strains used are C. albicans
SC5314, C. parapsilosis sensu stricto SZMC 8110, C. orthopsilosis SZMC 1545, and C. metapsilosis SZMC 1548. ∗P < 0.05, when compared with untreated cells
from the same organism.

live cells, which suggest its cell wall proteins have even shorter
mannans than C. parapsilosis sensu stricto and C. metapsilosis, but
with more glycosylation sites occupied per protein. Alternatively,
it could also be possible that mannans attached to C. orthopsilosis
wall proteins are larger than those on the surface of other
members of the complex, occupying less number of sites in the
proteins, making the inner wall polysaccharides highly exposed
at the cell surface. Nevertheless, further experiments are required
to provide a conclusive explanation to these observations.

Results presented here clearly demonstrate that the human
PMBCs-C. parapsilosis sensu lato interaction is different to that
previously characterized in C. albicans. While yeast cells of
C. albicans are a poor stimulus for cytokine production, the
three members of the C. parapsilosis complex induced a strong
dectin-1-dependent cytokine production. This is in line with the
higher cell wall β1,3-glucan content in live C. parapsilosis sensu
lato, but not in C. albicans. It is noteworthy to mention that
results obtained here with C. albicans cells contrast with those
previously reported (Netea et al., 2006), where strong cytokine
production was stimulated by yeast cells of this species. This
apparent discrepancy relies in the fact that here we used live
yeast cells, while in the previous work the main conclusions
were based on HK organisms (Netea et al., 2006). When cells
were heat killed we observed and increment in the chitin
and the β1,3-glucan content, as previously reported (Gantner

et al., 2005; Gow et al., 2007; Mora-Montes et al., 2011),
and this correlated with a significant increment in cytokine
production stimulated by C. albicans, C. parapsilosis sensu stricto
and C. metapsilosis, stressing the importance of the dectin-
1-β1,3-glucan interaction for a strong cytokine induction. In
the case of C. orthopsilosis, we did not notice a significant
increment in cytokine production upon heat killing, which
support our result indicating most of the β1,3-glucan is naturally
exposed on the C. orthopsilosis cell surface. Our results also
suggest that O-linked mannans from yeast cells play a major
role in the recognition of C. parapsilosis sensu lato than in
C. albicans, where they are dispensable and redundant wall
elements for cytokine stimulation by human PBMCs (Netea
et al., 2006). It has been reported though, that O-linked
mannans from C. albicans hypha have a major participation in
cytokine stimulation by epithelial cells (Murciano et al., 2011),
suggesting that the proposed redundant role during interaction
with components of the immune system may be restricted to
PBMCs. Here, we have evidence indicating that in the case of
C. parapsilosis sensu lato, β-eliminated and HK cells stimulated
similar cytokine levels, which suggest that upon removal of
O-linked mannans, inner wall components are exposed and
available to engage with PRRs, i.e., O-linked mannans have a
role hiding inner wall components from immune receptors.
Thus far, it has been reported that N-linked mannans mask the
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FIGURE 5 | Cytokine production by human PBMCs pre-incubated with anti-TLR4 antibodies. Human PBMCs were pre-incubated 60 min with 10 μg/mL
either anti-TLR4 antibodies or IgG1 before challenged for 24 h with live cells, supernatant were collected and used to quantify the cytokine levels. Strains used are
C. albicans SC5314, C. parapsilosis sensu stricto SZMC 8110, C. orthopsilosis SZMC 1545, and C. metapsilosis SZMC 1548. ∗P < 0.05, when compared with
untreated cells from the same organism. NT, non-treated cells.

recognition of inner wall components and when disrupted, a
significant cytokine production can be stimulated (Wheeler and
Fink, 2006; Gow et al., 2007). Similar strategies, where a pro-
inflammatory wall components is masked to avoid recognition
by elements of the immune system, have been reported
in Histoplasma capsulatum and Aspergillus fumigatus, where
α-glucans and rodlet hydrophobins hide β1,3-glucan, respectively
(Rappleye et al., 2007; Aimanianda et al., 2009). Therefore,
it is feasible to conceive that in the case of C. parapsilosis
sensu lato, both N- and O-linked mannans provide a disguising
strategy to avoid recognition of β1,3-glucan by dectin-1. More
experiments are required to demonstrate whether this structures
are more abundant on the C. parapsilosis sensu lato cell wall
or contain more mannose residues than those reported in
C. albicans.

In this study we assessed the relevance of dectin-1, TLR4 and
MR in the recognition of C. parapsilosis sensu lato. We chose
these receptors because they are the main PRRs involved in
the C. albicans immune recognition (Netea et al., 2002, 2006,
2015). TLR 4 is thus far the unique receptor for C. albicans
O-linked mannans (Netea et al., 2006), and it is likely also
participating in the recognition of the same cell wall component
on C. parapsilosis sensu lato. The blocking experiments with
either antibodies against receptors or laminarin, showed that
TNFα stimulation by members of the C. parapsilosis complex, but

not with C. albicans cells, depends on the engagement of TLR4,
dectin-1 and MR with their ligands. These results contrast with
our previous observation with β-eliminated cells, where TNFα
levels upon disrupting the O-linked mannan-TLR4 interaction
increased. The hypothesis to explain this apparent paradoxical
response is that when the TLR4 receptor is blocked with anti-
TLR4 antibodies, the O-linked mannans are still present on
the surface of the fungal cell wall, hiding β1,3-glucan from
the recognition by dectin-1. Interestingly, IL-6 production was
only affected when human PBMCs were treated with anti-TLR4
antibodies and then stimulated with C. orthopsilosis, suggesting
the O-linked mannans from this organism are different from
those present on the surface of C. parapsilosis sensu stricto
and C. metapsilosis. IL-10 production was strongly depend on
engagement of dectin-1, as previously reported (Reid et al.,
2009). It is noteworthy to mention that the IL-1β production
by C. parapsilosis sensu lato was partially dependent on MR
recognition, but not dectin-1 nor TLR4. This observation
contrast with that reported earlier (Toth et al., 2013), where
IL-1β stimulation by C. parapsilosis sensu stricto was dectin-1
dependent. Since the C. albicans immune recognition via dectin-
1 is fungal strain-specific (Marakalala et al., 2013), it is feasible
to conceive that this discrepancy can be explained because the
genetic background of the strain used here (SZMC 8110) and in
the previous report (GA-1) (Toth et al., 2013). In cells stimulated
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FIGURE 6 | Cytokine production by human PBMCs pre-incubated with anti-MR antibodies. Human PBMCs were pre-incubated 60 min with 10 μg/mL
either anti-MR antibodies or IgG1 before challenged for 24 h with live cells, supernatant were collected and used to quantify the cytokine levels. Strains used are
C. albicans SC5314, C. parapsilosis sensu stricto SZMC 8110, C. orthopsilosis SZMC 1545, and C. metapsilosis SZMC 1548. ∗P < 0.05, when compared with
untreated cells from the same organism. NT, non-treated cells.

by C. albicans, IL-1β production is dependent on the activation
of dectin-1, TLR2 and MR (van de Veerdonk et al., 2009);
thus, different PRRs or downstream signaling components after
C. parapsilosis sensu lato recognition could be responsible of this
difference.

It has been previously demonstrated that cell wall preparations
or non-purified wall components, such as zymosan, are potent
inductors of cytokines (Brown et al., 2003; Netea et al., 2006);
while purified wall components are unable to stimulated cytokine
production (Dennehy et al., 2008; van de Veerdonk et al., 2009),
and can block cytokine production when immune cells are
stimulated (Maneu et al., 2011; Mora-Montes et al., 2011; Huang
et al., 2012; Cohen-Kedar et al., 2014). These observations have
been the base to propose the co-stimulatory theory, where a
strong cytokine response involves the engagement of not only one
but two or more PRRs at once (Netea et al., 2015). Although it is
likely mannans from C. albicans and C. parapsilosis sensu lato are
different, here it was demonstrated that purified N- and O-linked
mannan preparations do not stimulate cytokine production and
are capable to block proper Candida recognition, in a similar way
that anti-MR and anti-TLR4 antibodies, respectively. Thus, they
can be a reliable and alternative tool to assess the contribution
of these PRRs during the innate immune recognition of fungal
cells.

Overall, our data clearly demonstrate that the current
knowledge about C. albicans biology and interaction with the
host cannot be extrapolated to other members of the genus.

C. parapsilosis sensu lato displays significant differences in the cell
wall that impact the recognition by human PBMCs, stimulating
stronger cytokine production, via the increased exposure of β1,3-
glucan at the cell surface. Finally, our results suggest different
contribution of dectin-1, MR and TLR4 in the recognition of the

TABLE 2 | Blocking of cytokine production by N- and O-linked mannans
isolated from either C. albicans or C. parapsilosis sensu lato cell wall.

Cytokine stimulation by C. parapsilosis sensu
stricto

TNFα (%) IL-6 (%)

No mannan included 100 100

Pre-incubation with C. albicans N-linked mannan 34.4 ± 4.3∗ 90.4 ± 5.4

Pre-incubation with C. albicans O-linked mannan 43.8 ± 7.6∗ 99.3 ± 3.2

Pre-incubation with C. parapsilosis s. st. N-linked
mannan

39.4 ± 6.3∗ 93.3 ± 4.3

Pre-incubation with C. parapsilosis s. st. O-linked
mannan

40.3 ± 6.3∗ 101.2 ± 4.3

Pre-incubation with C. orthopsilosis N-linked
mannan

33.4 ± 9.3∗ 101.4 ± 3.4

Pre-incubation with C. orthopsilosis O-linked
mannan

42.3 ± 4.9∗ 95.8 ± 4.2

Pre-incubation with C. metapsilosis N-linked
mannan

35.6 ± 6.6∗ 95.3 ± 5.5

Pre-incubation with C. metapsilosis O-linked
mannan

43.8 ± 3.9∗ 100.5 ± 6.3

∗P < 0.05, when compared to stimulation with no mannan included.

Frontiers in Microbiology | www.frontiersin.org 9 January 2016 | Volume 6 | Article 1527

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


Estrada-Mata et al. Candida parapsilosis Complex and Human PBMCs

members of the C. parapsilosis complex, which has to be taken in
consideration when analyzing the C. parapsilosis sensu lato-host
interaction.
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