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G eneral introduction

Biological interactions between different organisms take place at different levels, such as
neutralism, amensalism, competition, antagonism and commensalism. Human beings are no
exception. Rapidly afiter birth, skin and mucosal surfaces o f the respiratory, oral cavity,
gastrointestinal and urogenital tracts o f the newborns are constantly exposed to and interact
with colonizing microorganisms acquired from the mother, and later on from the environment
[1]. These microorganisms, including especially bacteria, but also fungi, viruses and protozoa,
form together the commensal microbiota. Through its effects, the microbiota acts as a twoedged sword for the host. On the one hand, a healthy normal gut flora is benefïcial to the host
in terms of digestion o f unused energy substrate, repression of harmful microorganisms, and
stimulation and training o f the host immune response. On the other hand, an uncontrolled or
abnormal growth o f certain microorganisms o f the normal microbiota can sometimes lead to
acute or chronic, local or systemic infection o f the host [2].

Candida albicans, the most common commensal fungus o f humans [3], is a dimorphic fungus
with the ability to switch between yeast and hyphae, depending on the environment [4],
Unlike the gut commensal bacteria, which have been shown not only to colonize the gut
mucosae but also to play a symbiotic role to benefit the host, the colonization with C. albicans
is mostly opportunistic. Host immune status, henceforth, determines the outcome o f C.
albicans colonization or invasion [5].

Host innate immunity is the first line o f defense against the intruding microorganisms. The
key feature of innate immunity is to distinguish self from non-self. Innate immune cells, such
as monocytes, macrophages and dendritic cells, recognize the pathogens associated molecular
pattems (PAMPs) o f microorganisms by using germline-encoded pattem recognition
receptors (PRRs) which are present either on the surface o f cell membrane or intracellularly in
the phagosome or cytoplasm [6]. Upon PAMP recognition, a series o f events is induced:
signal transduction and cytokine production, phagocytosis and intracellular killing, antigen
presentation and induction of adaptive immunity, all events aimed to control and clear the
invading pathogens. However, in parallel with the induction o f host defense mechanisms,
pathogens also employ different strategies to counteract the immune defense. C. albicans is
not an exception, and several virulence factors such as secreted aspartic proteases and
morphological switch have been reported to contribute to the escape from immune host [7].
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Although significant progress has been achieved to unravel the host-Candida interaction [8], a
lot of unexplored areas are still yet to be investigated (Fig 1).

Figure 1 Host-Candida interaction. Candida PAMPs is recognized by the PRRs presenting on the host innate
cells, such as monocytes, macrophages and dendritic cells. This interaction leads to intracellular signaling,
cytokine production, antigen presentation and also educates T cell differentiation. Complement system is also
activated when encounters fungal particles. However, factors such as Candida cell wall composition in different
niches, Candida viability and morphological change, and their role in host immune modulation are not fully
understand. In addition, the modulating role of activated complement system in Candida infection is also yet to
be clarified.

Aim and O utline of the thesis
The aim of this thesis is to study the interplay between Candida albicans and host innate
immunity. To decipher this complex interaction, the interaction between Candida PAMPs and
host PRRs will be investigated, by using either purified fungal ligands or killed fungal
particles on the one hand. In addition, live C. albicans will be also used, in order to study the
active immunomodulatory effect induced by live microorganisms.

PAR 1 (Proteinase Activated Receptor) and PAR2 have been reported to be involved in fungi
induced inflammation in mice [9]. The activation o f PARs requires the cleavage o f the N-
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terminal autoinhibitory peptide by proteases from both host- and pathogen-origin. In C hapter
2, we will investigate whether C. albicans SAPs (Secreted Aspartic Proteases) are involved in
the C. albicans induced inflammation in human PBMCs, and whether PARI and PAR2
receptors are involved in this process.

IL-17 has demonstrated to be a key cytokine in host defense against mucosal Candida
infection, with

Candida mannan

and heat-killed

Candida mounting

strong

Th 17

differentiation and IL-17 production through MR signaling [10]. Patients with impaired Th 17
response, such as CMC (Chronic Mucocutaneous Candidiasis) [11] and HIES (Hyper IgE
Syndromes) [12], are more susceptible to Candida infections. This triggered us to hypothesize
that in order to act as a successful pathogen, C. albicans might also possess mechanisms to
dampen host IL-17 production for its benefit. If that would be the case, the viability o f C.
albicans should be of crucial importance, since Candida mannan and killed C. albicans are
strong IL-17 inducers. In C h ap ter 3, we will assess this hypothesis by investigating the effect
o f live C. albicans microorganisms on IL-17 production.

On the one hand, C. albicans yeast-to-hyphae morphological change has been shown to be
crucial for virulence. On the other hand, hyphae formation has been linked to the host
inflammasome activation, but the specific activation mechanism is yet to be identified. The
activation of inflammasome is critical for pro-IL-ip processing and bioactive IL -ip secretion.
In C h ap ter 4, we take one step further to investigate not only the mechanism of
inflammasome activation induced by Candida hyphae by comparing the cell wall structures
and composition between yeast and hyphae, but also the downstream signaling leading to
protective Th 17 differentiation and IL-17 production.

Complement opsonization has long been shown to be important for the phagocytosis of
pathogens. Complement activation induces not only opsonization, but produces also
anaphylatoxins such as C3a and C5a. It is known that C5a potentiates proinflammatory
cytokine production induced by bacterial components such as LPS. However, little is known
about the role o f complement in cytokine production in Candida infection. In C h ap ter 5, I
will investigate whether the activated complement system, with a specific focus on
anaphylatoxin C5a, modulates Candida-induced cytokine production.

13
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Candida as a successful commensal could colonize at different niches, where the nutrients
availability differs dramatically and this could change the cell wall structure and components.
Therefore, we will investigate the changes induced in Candida cultured on media with
different carbon sources: glucose (mimicking blood stream infection) and lactate (mimicking
colonization in the vagina), and I will assess their relative immunogenicity and antibiotic
resistance in C hap ter 6.

A summary o f the findings of these studies, as well as an overview o f the current knowledge
about the interplay between host innate immunity and C. albicans, are presented in C h apter 7
and C h ap ter 8. I will also propose fiiture directions to further our understanding o f the
interplay between Candida and host defense.
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Candida albicans releases soluble factors that potentiate cytokine
production by human cells through a PARl/PAR2-independent pathway
Shih-Chin Cheng, Louis Y.A. Chai, Leo A.B. Joosten, Anna Vecchiarelli, Bemhard Hube,
Jos W.M. van der Meer, Bart-Jan Kullberg, Mihai G. Netea

Infection and Immunity 2010; 78(1): 393-9
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Abstract
The innate immune system recognizes Pathogen-Associated Molecular Pattems (PAMPs)
through Pattem Recognition Receptors (PRR) and transduees downstream signaling to
activate host defense. Here we report that in addition to direct PAMP-PRR interaction, live
C. albicans can release soluble factors to actively potentiate IL-6 and IL-8 production
induced in human mononuclear cells by the fungi. Although PARI (Protease-Activated
Receptor 1) and PAR2 ligation can moderately upregulate TLR4-mediated IL-8 production,
no effect on C. albicans-induced cytokine was apparent. Similarly, the blockade o f PAR
signaling did not reverse the potentiation o f cytokine production induced by soluble factors
released by C. albicans. In conclusion, C. albicans releases soluble factors that potentiate
cytokine release in a PARl/2-independent manner. Thus, human PARI and PAR2 have a
redundant role for the activation o f human cells by C. albicans.

19
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Introduction
Candida albicans is a commensal fungal microorganism colonizing the skin and/or mucosa o f
healthy individuals. Although C. albicans colonization is usually asymptomatic, in certain
categories o f patients C. albicans can cause a wide range o f clinical syndrome, from oral
thrush and vaginal candidiasis to systemic candidiasis. Severe C. albicans infection can cause
high mortality in immunocompromised patients, such as HIV and ICU patients. Host innate
immunity plays a major role for the elimination o f C. albicans infection. The first line host
defense is the physical barrier represented by the intact skin and mucosal surface, while the
direct elimination o f the fungus is executed mainly by polymorphonuclear leukocyte (PMN).
A breakdown in mucosal barrier defense and decreased PMN function will provide a chance
for C. albicans invasion o f the tissues. However, to activate the host defense mechanisms,
leukocytes must possess the ability to discriminate self and non-self. Host innate cells are
equipped with a limited panel of germline-encoded pattem recognition receptors (PRRs),
which can recognize structures o f microorganism called pathogen associated molecular
pattems (PAMPs). The main PRRs for C. albicans are the Toll-like receptors (TLRs) and the
C-type lectin receptors (CLRs). In this respect, C. albicans N-linked mannan is recognized by
mannose receptor (MR), O-linked mannan is recognized by TLR-4, while p-glucan is
recognized by Dectin-1 in cooperation with TLR-2[1]. It has been demonstrated that through
the direct interaction between C. albicans PAMPs and host PRRs, downstream cytokines are
released recruiting more effector cells and inducing inflammation to control fungal outgrowth.

However, besides PAMPs from cell wall components, C. albicans also releases soluble
factors to the surrounding environment, including metabolites, shedding PAMPs and
extracellular hydrolases. Among them, the most well studied factors are the secreted aspartic
proteases (Saps). So far 10 Sap isoenzymes encoded by genes SAP1-10 were identified in C.
albicans]2,3], It has been reported that Saps have a variety o f functions in C. albicans
infection and are involve in phenotype switching, biofilm formation, nutriënt acquisition,
tissue invasion/damage, etc.[2] and Saps have been proved to be important virulence factors.
In the reconstituted human vaginal epithelium (RHVE) model, it was shown that addition of
the aspartic protease inhibitor pepstatin A that neutralizes Saps strongly reduced the cytokine
production induced by C. albicans infection[4], In in vitro models o f oral[5] and cutaneous[6]
candidosis, the presence o f pepstatin A reduced the virulence o f C. albicans.

20
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Protease-activated receptors (PARs) are seven-transmembrane G-protein coupled receptors
with a N-terminal extracellular peptide[7]. After cleavage o f the N-terminal end by a protease,
a tethered ligand will be exposed and this will bind intramolecularly to its ligand binding site
and activate downstream signaling. Both host derived proteases (e.g. PR3)[8] released in
response to infection or pathogen derived proteases (e.g. gingipains from Porphyromonas
gingivalis)[9] are able to cleave PARs, thus activating downstream proinflammatory
cytokines production and secretion.

A recent study suggested a role o f PARs in fungal recognition in mice[10]. Moretti et al.
reported also cross-talk interaction between PARs and TLRs in inflammation against fungal
infection. It has been proposed that the inflammation in response to C. albicans is promoted
by PARI and PAR2 activation, which is downstream to the TLR2 signaling pathway[10],
However, nothing is known regarding the potential role o f PARs in the recognition o f C.
albicans by human cells. In this study we investigated the potential role of soluble factors
released by live C. albicans for the induction o f cytokine production in human leukocytes,
and we examined the role played by PARI and PAR2 for mediating these effects.

21
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Materials and Methods
Volunteers
Blood samples were collected from healthy, nonsmoking volunteers. After written informed
consent was obtained, venipuncture was performed to collect blood into

10-mL

ethylenediaminetetraacetic acid (EDTA) tubes (Monoject).

Reagents
Lipopolysaecharide (LPS) (Escherichia coli serotype 055 :B5) was purchased from Sigma.
LPS was repurified as deseribed elsewhere[l 1]. Synthetic Pam3Cys was purchased from
EMC Microcollections, and the production o f highly purifïed particulate (3-glucan and soluble
(3-glucan (glucan phosphate) have been deseribed elsewhere[12].

C. albicans strains and conditioned medium
C. albicans ATCC MYA-3573 (UC 820)[ 13] was used as the wild type. Asapl-3[ 14], Asap46[15] and Asap9-10[\6] C. albicans strains were used and well characterized in the
literatures. C. albicans organisms were grown ovemight in Sabouraud broth at 37°C, and cells
were thereafter harvested by centrifugation, washed twice, and resuspended in culture
medium (RPMI 1640; ICN Biomedicals)[17], For the preparation o f heat-killed C. albicans,
live C. albicans were harvested, heated for 1 hour at 100°C, and resuspended in culture
medium at the fïnal concentration of 106 C. albicans yeast/mL. For the preparation of
conditioned medium, live C. albicans was inoculated in RPMI at the concentration o f 106 C.
albicans yeast/ml and grown at 37°C incubator for 24 hours. Conditioned medium was
collected by centrifugation, and the supematant was filtered through 0.22 |im filter and stored
at -20°C before use. The pH value of conditioned medium is 6.9. The protease activity o f the
conditioned medium was determined by QuantiCleave Protease Assay Kit (Pierce), and no
difference in protease activity was found between fresh harvested (36.5 ng/ml) and fresh
thawed (35.9 ng/ml) conditioned medium.

Fractionation o f the conditioned medium
C. albicans conditioned medium were fractionized by centrifugal filter units (Millipore) with
different molecular weight cutoff (3, 30 and 100 Kd cutoff) according to the manufacture’s
manual. After centrifuge, the concentrated protein fractions were reconstituted back to the
original volume.
22
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Isolation and stimulation of peripheral blood mononuclear cells (PBMCs)
Separation and stimulation o f PBMCs was performed as described elsewhere[l], Cells were
adjusted to 5x 106 cells/mL, and thereafter incubated at 37°C in round-bottom 96-well plates
(volume, 100 pL/well) with either heat-killed C. albicans (106microorganisms/mL) or culture
medium, with or without C. albicans conditioned medium (50 p.L/well), and the final volume
of each well was 200 |a.L. After 24 h, supematants were collected and stored at -20°C until
assayed. For the crosstalk experiments between PARs and PRRs, PBMC was stimulated
simultaneously with PRR ligands: LPS (1, 10 and 100 ng/ml), Pam3Cys (0.1, 1 and 10
Hg/ml), or p-glucan (1, 10 and 100 |ig/ml), and 100 (iM o f PAR-1 agonist peptide or PAR2
agonist peptide. After 24 h, supematants were collected and stored at -20°C until assayed.

Transwell stimulation experiments
Live C. albicans (106 microorganisms/mL) were cultured in the upper well of the 24-well
transwell system (pore size 0.4 |iM, Coming) to avoid direct contact between live C. albicans
and PBMC, yet allowing the free diffusion o f the released soluble factors. PBMC and other
stimulants were cultured in the lower well. Culture supematant was collected after removing
the upper well and stored at -20°C before cytokine measurement.

PAR agonist and antagonist peptides
PARI agonist peptide (TFLLR) and PAR2 agonist peptide (SLIGKV) were synthesized by
Ansynth service B.V., the Netherlands. PARI antagonist peptide (FLLRN) and PAR2
antagonist peptide (FSLLRY) were purchased from Peptides International, USA. To
determine the role of PARs in our system, both agonist peptides and antagonist peptides were
added simultaneously with heat-killed C. albicans at the concentration o f 100 |iM.

Cytokine measurements
Interleukin (IL) 6 and IL-8 concentrations were measured by commercial sandwich ELISA
kits (Pelikine Compact, CLB, Amsterdam, Netherlands) according to the manufacturer's
instructions. Human tumor necrosis factor alpha (TNF-a) was determined by specifïc ELISA
as described elsewhere[18],

Ouantitative polvmerase chain reaction (qPCR'1
23
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PBMCs were stimulated as described above. After 24 h, the supematant was removed, and the
cells were resuspended in 200 (iL o f RNAzolB RNA isolation solvent (Campro Scientific)
and stored at -80°C . mRNA was isolated according to the instruction of manufacturer. cDNA
was synthesized from 1 |ig o f total RNA by use of SuperScript reverse transcriptase
(Invitrogen). Relative mRNA levels were determined using the Bio-Rad i-Cyeler and the
SYBR Green method (Invitrogen) The following primers were used: PARI forward primer 5'CAAATGCCACCTTAGATC

CCC

GAG ATGAATGC AGGAAGT- 3

PAR2

-3'

and
forward

reverse
primer

primer

5'-CTTCT

5'-CTGGTTCCCCTTG

AAGATTGC-3' and reverse primer 5'-TCACGATGACCCAATACCTCT-3', and (32M
forward

primer

5'-ATGAGTATGCC

TGCCGTGTG-3'

and

reverse

primer

5'-

CCAAATGCGGCATCTTCAAAC-3' (Biolegio). Values are expressed as fold inereases in
mRNA levels, relative to those in unstimulated cells.

Statistical analvsis
Results from at least 3 sets of experiments were pooled and analyzed using SPSS 16.0
statistical software. Data given as means + SE and the Wilcoxon signed rank test was used to
compare differences between groups (unless otherwise stated). The level of significance was
set at p < 0.05.
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Results
C. albicans-released components m odulate cytokine production
For the purpose o f studying the role o f the C. albicans-released components in modulating
cytokine production, firesh isolated human PBMC were cultured in the presence or absence of
C. albicans conditioned medium. No significant production o f TNF, IL-6 or IL-8was induced
by the conditioned medium alone (Figure IA ). C. albicans conditioned medium induced a
minor increase in IL-8 release, but this was not statistically significant.

To test whether conditioned medium can modulate cytokine released induced by PRR
triggering, human PBMC were stimulated with heat-killed C. albicans in the presence or
absence o f C. albicans conditioned medium. The results show that conditioned medium o f C.
albicans potentiates PBMC IL-6 and IL-8 secretion in response heat-killed C. albicans
stimulation (Figure 1B). The role of the components released by C. albicans on the cytokine
production was also investigated in transwell system to separate the direct contact between
live C. albicans and PBMC. Live C. albicans growing in the upper compartment released
components that augmented IL-6 and IL-8 production induced by heat-killed C. albicans
(Figure IC ). In addition, IL-10 production was also enhanced, while IFN release was in turn
down-regulated by the conditioned medium (data not shown). Taken together, the results from
conditioned medium and transwell experiments demonstrated a modulatory effect o f C.
albicans released soluble factors on the cytokine response of PBMCs. This was not due to
differences between the pH o f RPMI (pH 7.0) and conditioned medium (pH 6.9).

C. albicans conditioned m edium has no effect on p a r i and par2 expression
Enzymatic activation o f PARI and PAR2 has recently been reported to play a role in
inflammation and immunity in response to fungi infection in murine model[10], and we
hypothesized that they may play a role in cytokine modulation by C. albicans-released
proteases. Incubation o f human PBMC with C. albicans conditioned medium did not
influence p a r i and par2 mRNA expression as compared to RPMI control group (Figure 2),
indicating that C. albicans released soluble factors do not modulate p a ri and par2 gene
expression at transcriptional level.
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A
3 RPMI
3 Condilion medium

B
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Figure 1. Candida culture conditioned medium modulates host cytokine production. A. Human PBMCs
were incubated with RPMI or C. albicans culture conditioned medium. Supematant was collected for TNF, IL-6
and IL-8 ELISA measurement after 24 hours stimulation. B. Human PBMC was stimulated with heat-killed C.
albicans in the presence of RPMI or C. albicans conditioned medium. Supematant were collected for TNF, IL-6
and IL-8 measurement after 24 hours stimulation. C. Human PBMC were seeded in the lower well of transwell
and stimulated with heat-killed C. albicans, while RPMI or live C. albicans were added in the upper well.
Supematant were collected for TNF, IL-6 and IL-8 measurement after 24 hours stimulation. The data are
cumulative results of tbree duplicate data frorn 6 different donors and expressed as mean +/- SE; (* p <0.05 as
compared to PBMC incubated with heat-killed Candida alone.)

26

Chaptcr 2

PAR1 mRNA

PAR2 mRNA

RPMI

C o n id tio n e d m edium

Figure 2. The modulation of p a ri and par2 mRNA expression by C. albicans culture conditioned medium.
Human PBMC were incubated with RPMI, C. albicans conditioned medium and heat-killed C. albicans,
respectively. (A) pari and (B) par2 mRNA expression level were determined by real-time PCR, normalized to
the expression of RPMI incubated group.

PA R I and PAR2 agonists slightlv m odulate IL-8 production in com bination with LPS
through TLR4
TLR2, TLR4 and Dectin-1 were identified to be the major PRRs for C. albicans
recognition[19], and it has been reported that inflammation induced by C. albicans through
TLR2 might be potentiated by PARI and PAR2 signaling in mice[10]. Human PBMC were
stimulated with agonist peptides o f PARs, PARI-AP (TFLLR) and PAR2-AP (SLIGKV),
together with LPS (Figure 3A), Pam3Cys (3B) or |3-glucan (3C) to assess the cross-talk
between PARs and TLR2/TLR4/dectin-l. A slight potentiation of IL-8 production when cells
were stimulated with TLR4 and PARI ligands (23% increase) and TLR4 and PAR2 (40 %
increase) was observed. However, neither PARI nor PAR2 augmented TNF and IL-6
production in combination with all three PRRs agonists used in this study.

P A R I and PAR2 agonists and antagonists had no effect in m odulating C. albicans
induced cvtokine production

To assess further the role of PARI and PAR2 for modulating cytokine production during C.
albicans infection, heat-killed C. albicans was used as the source o f fungal PAMPs, while
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Figure 3. The cross talk between TLRs and PARs. Human PBMC were treated with (A) LPS, (B) Pam3Cys
and (C) (3-glucan in a dose dependent-manner, in combination with RPMI, PARI agonist (PARI-AP) (TFLLR),
or PAR2-AP (SLIGRL) respectively. Supematants were collected for TNF, IL-6 and IL-8 measurement after 24
hours stimulation. The data are cumulative results of three duplicate data from 6 different donors and expressed
as mean +/- the SE; (* p <0.05 as compared to PBMC stimulated with LPS alone.)

PARI-AP (TFLLR) and PAR2-AP (SLIGKV) were used to activate PARs signaling,
mimicking the possible role of C. albicans released soluble factors. However, either
individual PAR agonists or in combination failed to potentiate heat-killed C. albicans induced
IL-6 and IL-8 production in human PBMC (Supplementary Sl).

Since PARI and PAR2 agonists could not modulate the cytokine profiles induced by heat
killed C. albicans, PARI and PAR2 antagonists were used to study the role o f PARI and
PAR2 in live C. albicans induced cytokine upregulation. PAR1-ANT (FLLRN) and PAR2-
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B
IL -8

IL -6

Figure SI (A) Human PBMC were stimulated with heat-killed C. albicans in the presence of RPMI, PARI-AP
or PAR2-AP respectively. Supematants were collected for IL-6 and IL-8 measurement after 24 hours
stimulation. (B) Human PBMC were cultured with heat-killed C. albicans in the lower well of the transwell
system, while live C. albicans or RPMI were present in the upper chamber. PARI -antagonist peptide (FSLLRN)
and/or PAR2-antagonist peptide (FSLLRY) was added in the lower chamber in order to block PAR activation.
Supematants were collected for IL-6 and IL-8 measurement after 24 hours stimulation. No significant difference
was observed between RPMI and PAR agonists/antagonists group.

ANT (FSLLRY) were used to block PARI and PAR2 signaling in the transwell system. As
expected, both PARI-ANT and PAR2-ANT could not block the IL-6 and IL-8 upregulation
induced by live C. albicans released soluble factors either respectively or in combination
(data not shown). The lack of effect o f PAR stimulation on blockade on cytokine production
was apparent also when a different strain o f C. albicans (NGY 152) was used, or when cells
were stimulated with C. dubliniensïs or C. glabrata (Supplementary S2).
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Figure S2 Human PBMC were stimulated with heat-killed Candida in the presenee of conditioned medium from
C. albicans UC820, C. albicans NGY152, C. dubliniesis and C. glabrata. Supematants were collected for (A)
IL-8and (B) IL-6 measurement after 24 hours stimulation. (C) Human PBMC were stimulated with heat-killed
Candida in the presenee of RPMI, PARI-AP or PAR2-AP respectively or in combination. Supematants were
collected for IL-6 and IL-8 measurement after 24 hours stimulation.

Secreted soluble factors, b u t not distinct Saps. m odulate C. albicans induced cytokine
production
Saps are considered as important virulent factors for C. albicans, and they are secreted into
the extracellular space from C. albicans culture. To investigate the role of Saps in host
cytokine modulation, we harvested C. albicans conditioned medium from different sap
mutant C. albicans strains (Asapl-3, Asap4-6 and Asap9-10), and examined their capacity to
modulate cytokine production (Figure 4A). The results showed that the conditioned medium
from different sap mutants induced similar cytokine modulation effects as the wild type C.
albicans, demonstrating that neither Sap 1-3, Sap4-6 nor Sapl-10 are necessary for the
modulation o f cytokine production.
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To further dissect the responsible factors o f this effect, we collected the conditioned medium
and divided it into different fractions according the molecular weight (small: 3-30 kD,
intermediate: 30-100 kD, and large: >100 kD) and tested their ability to modulate heat-killed
C. albicans induced cytokine production (Figure 4B). We found that the small fraction
contains the active components, because it can induce similar cytokine modulation effect as
the complete conditioned medium. Besides, the large fraction also can potentiate IL-8
production and to a lesser extent on IL-6 potentiation. However, no modulation effect was
observed in the intermediate fraction, where all the Saps are located, as the molecular weight
o f Saps is between 34 to 45 kD.
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Figure 4. Saps are not responsible for the cytokine modulation effect. (A) Human PBMC were stimulated
with heat-killed C. albicans in the presence of RPMI or conditioned medium from wild type C. albicans or from
C. albicans strains defective in different Saps: ASapl-3, ASap4-6 or ASap9-I0. Supematant were collected for
IL-6 and IL-8 measurement 24 hours stimulation. (B) Human PBMC were stimulated with heat-killed C.
albicans in the presence different fractions of C. albicans conditioned medium. Supematant were collected for
IL-6 and IL-8 measurement after 24 hours shows the relative cytokine percentage induced by conditioned
medium above the control stimulation with heat-killed C. albicans alone.
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Discussion
Through the recognition o f PAMPs on C. albicans surface, innate cells can directly eliminate
fungi by phagocytosis, or can activate host defense mechanisms by secreting different
chemokines and cytokines. Much has been leamed about the PRRs responsible for the
recognition o f C. albicans cell wall components such as mannan and P-glucans. However, C.
albicans also releases soluble factors during infections, some o f them with enzymatic
properties such as the secreted aspartic proteases (Saps)[2], It has been recently proposed that
activation o f PARI and PAR2 by C. albicans-released proteases contribute to activation of
cytokine production, and in coordination with TLR signaling is important for antifungal
immunity in mice. However, nothing is known regarding the role o f PARI and PAR2
receptors for antifungal immunity in humans. In the present study, we investigated the role of
human PARI and PAR2 for C. albicans recognition and the activation of proinflammatory
cytokines. We show that soluble factors released by live C. albicans potentiate IL-6 and IL-8
production induced by heat-killed C. albicans, but this effect is mostly exerted in a PARindependent manner.

With regard to the cytokine proftle induce by C. albicans in vitro, most published studies
were performed using heat-killed C. albicans. Two main reasons were responsible for this.
Firstly, heat-killed C. albicans cells are more immunogenic than live C. albicans, and this is
due to the exposure o f the PAMPs on the surface after heat killing. For example, P-glucan is
usually masked by the outer mannoprotein layer[20], and only exposed on the budding
scar[21], However, P-glucan will be exposed after heat exposure[20,12], Secondly, heat-killed
C. albicans cell are easier to handle, while live C. albicans can outgrow and kill the host cells
they are supposed to stimulate. However, there are also drawbacks o f using heat-killed C.
albicans. Not only the PAMPs distribution is changed and different from live C. albicans, but
also the involvement o f the soluble factors secreted by live C. albicans, which might actively
shaping the host immune response, is overlooked.

To investigate the possible modulating effect elicited by factors released by live C. albicans,
conditioned medium from C. albicans culture was used to stimulate human PBMC. However,
conditioned medium alone could not induce TNF and IL-6 secretion, yet slightly induced IL-8
secretion. It appeared therefore that the secreted soluble factors by itself possess no
stimulating ability to induce host cytokine production. We have further tested whether the
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conditioned medium can modulate cytokines profile induced by heat-killed C. albicans. The
produetion o f IL-6 and IL-8 induced by heat-killed C. albicans was potentiated by
conditioned medium. The same cytokine modulation pattem was observed when a transwell
system containing both live and heat-killed fungus was used. These data demonstrate that live
C. albicans can release soluble factors that modulate the host response induced by cell-wall
components. In addition, apart from proinflammatory cytokines, such as IL-6 and IL-8, we
found that the Thl/Th2 signature cytokines were also altered by the conditioned medium
(unpublished data), suggesting an active role o f C. albicans in modulating host immune
response during infection.

A second aim o f our studies was to assess the possible involvement o f PAR receptors for the
modulatory effect o f C. albicans-released mediators. Previous studies have demonstrated
activation of cytokine release by bacterial proteases that activate PARs[9], and a role for
PARI and PAR2 for anti-C. albicans defense has been suggested in mice[10]. Our results
indicate that PAR1/2 ligation have a slight stimulatory effect on TLR4 signaling leading to
augmented IL-8 produetion, which is in line with the data reported by Rallabhandi et al.[22],
However, PARI and PAR2 agonists failed to potentiate IL-6 or IL-8 produetion induced by
PBMC stimulated with heat-killed C. albicans, despite a marginal effect on IL-6 produetion
when PARI and PAR2 agonists were used in combination.

There are two possibilities to explain these results. On the one hand, PARI and PAR2 are not
involved in C. albicans induced cytokine produetion, so addition o f a PAR agonist gives no
effect on cytokine produetion. On the other hand, the modulatory effect o f C. albicans might
be due to induction of host proteases, which by themselves activate PAR receptors, and
addition of a PAR agonist has no additional effect because PAR receptors are already
activated. Therefore, PAR antagonists were applied in the transwell system to block PAR
signaling to differentiate between these two different possibilities. In this way, either C.
albicans protease- or host protease-activated PAR signaling would be blocked. However, both
PARI and PAR2 antagonists failed to reverse the upregulated IL-6 and IL-8 produetion
induced by live C. albicans. This suggests that the soluble factors released by C. albicans
modulate human immune response largely through a PAR-independent pathway. From this
point of view, it seems that human and murine PARs function differently in C. albicans
infection, at least in the case of the response o f PBMC toward C. albicans. Based on the
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results we have, we suggest that human PAR1/PAR2 are not as important in mice in the
modulation of host immunity against C. albicans infection, or at least that the role of
PAR1/PAR2 is redundant because other pathways (e.g. TLRs, CLRs) are capable to fully
compensate their absence.

The discrepancy between the results from Moretti et al and ours might be due to the different
C. albicans strains used. To investigate whether this is the reason accounted for the
discrepancy, we applied another C. albicans clinical isolated strain and other Candida species
like C. glarata and C.dubliniesis. However, the two different C. albicans strains and the other
Candida spp. showed the similar cytokine modulation phenomenon (data not shown). So this
effect is not Candida strain specific but more like a general modulation function of all the
Candida spp. Notwithstanding, we cannot rule out the possibility that the involvement of
PAR 1/2 in other experimental models such as mucosal infection, where other cell types are
involved in the pathological process.

Another line o f evidence is the role o f Saps. Since Sap proteases are reported to be important
virulence factors in C. albicans infection, it is reasonable to hypothesize a link between Saps
and the immunomodulation effect induced by live C. albicans. In our experiment we
compared the conditioned medium o f wild type C. albicans and other sap mutants. However,
there is no significant difference between among wild type and sap mutants, irrespective of
different Saps compositions in the conditioned medium. We also found that the major
modulatory components is within the small fraction (3-30 kD), and to a lesser extent, large
fraction (>100 kD). This results is in line with the results from sap mutants, because the
molecular weight o f Saps is between 34 to 45 kD, which falls within the range o f intermediate
fraction (30-100 kD), suggesting that Saps are less likely to play a role in the modulation of
host cytokine production. Nevertheless, other potential components released by C. albicans,
such as glycans, lipases, phospholipases or metabolites might be involved in the modulation
of the immune response. It has been shown that certain chemotactic factors produced by C.
albicans could induced chemotaxis o f PMNs and macrophages by binding to formyl peptide
receptor (FPR)[23]. This further demonstrates that the soluble factors secreted/produced by
live C. albicans can be sensed by or modulate host immune system in an active manner.
Therefore, the further identification of the responsible factors for this cytokine modulation
effect deserves further investigation.
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In conclusion, we demonstrate that live C. albicans can actively modulate host immune
response in the presence o f fungal PAMPs by releasing soluble factors. However, in contrast
to the murine cells, human PARI and PAR2 do not play a major role for the stimulation of
cytokine production by C. albicans. These data add to our understanding of the mechanism of
host defense activation by fungi, and open new avenue of research in the field o f immune
activation by soluble components of pathogenic microorganisms.
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Abstract
IL-17 is one o f the key cytokines that stimulates host defense during a Candida infection.
Several studies have demonstrated the capacity o f C. albicans to induce a Th 17 response.
Surprisingly, experiments employing live C. ablicans demonstrated a specific down
regulating of host IL-17 secretion in human blood mononuclear cells (PBMC). By avoiding
the direct contact o f live C. albicans and PBMC, we demonstrate that this inhibition effect is
mediated by a soluble factor released by live C. albicans. However, this effect is neither due
to the releasing of C. albicans PAMPs, nor due to the alteration of different T helper cell
subtypes. Rather, we found that live C. albicans shifts tryptophan metabolism by inhibiting
IDO (indoalmine-2,3-oxygenase) expression away from kynurenines and towards 5hydroxytryptophan metabolites. In addition, we show that these latter 5-hydroxytryptophan
metabolites inhibit IL-17 production. In conclusion, live C. albicans inhibits host Th 17
responses by modulatory effects on tryptophan metabolism.
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Introduction
As a commensal pathogen, C. ablicans colonizes the mucosal surfaces in healthy individuals
without causing/inducing symptoms, yet it can also cause a wide range of different infections
ranging

from

vaginal

candidiasis,

onychomycosis,

oropharyngeal

candidiasis

and

disseminated candidiasis in situations in which the host defense is decreased, such as in
neutropenic patients, ICU patients, or genetic defects. In these patients, mortality due to
disseminated candidiasis reaches to 40 % [1]. Host immunity against C. albicans is crucial in
controlling C. albicans infection. The innate immunity is believed to be the first line o f host
defense, such as the direct killing of yeasts through phagocytosis by neutrophils and
macrophages. In addition to innate immune cells, an adjunctive protective effect is played by
cellular adaptive immunity represented in by T-helper lymphocytes (Th). The balance of
various Th cell subpopulations plays a crucial role for regulating the prognosis o f C. albicans
infection [2],

Apart from conventional Thl/Th2 responses, Th 17 cells have recently been described as an
important T helper cell subtype conferring protection against extracellular bacterial and fungal
infections [3]. IL-17A, the major cytokine secreted by T hl7 cells, possesses multiple
proinflammatory

functions,

such

as

recruiting

neutrophils

[4,5],

activating

neutrophil/macrophage phagocytosis activity and inducing P-defensin release [6]. Therefore,
IL-17 is regarded as an important component in host defense against C. albicans infection.
Acosta-Rodriguez et al. found that among memory CD4+ T cells from healthy volunteers, C.
albicans-specific cells are predominately found in the Th 17 subset [7]. Moreover, by
comparing between healthy volunteer and patients with chronic mucocutaneous candidiasis
(CMC), IL-17 production by peripheral leukocytes was strongly reduced in CMC patients [8],
implying an important role o f EL-17 in mucosal host defense against C. albicans infection.
Similar results was also found in patients with hyper IgE syndrome [9], which further argues
for a critical role o f IL-17 in host defense against C. albicans. Moreover, it has been proposed
that IL-17/IL17AR are required for normal fungal host defense in systemic Candida infection
in mice [10]. All these data demonstrate that IL-17 is crucial for host defense against C.
albicans infection. Recently, the pathway through which C. albicans induces IL-17
production has been also identified as the C-type lectin mannose receptor and dectin-2
[11,12], which is amplified by TLR2/dectin-l pathway [13,12].
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As Thl7-mediated antifungal pathways are very effective in eliminating the fungus, yet C.
albicans colonizes the mucosal surfaces o f up to 30% o f healthy individuals of any given
time, we hypothesized that C. albicans is also able to modulate host IL-17 production,
permitting it to colonize the host. In this study, we demonstrate that this is indeed the case,
with live C. albicans exerting inhibitory effects on IL-17 production through the modulation
of tryptophan metabolism.
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Materials and Methods
Reagents
Pepstatin A, L-tryptophan, 5-hydroxy-L-tryptophan and L-kynurenine were purchased from
Sigma-Aldrich (St Louis, Mo). Mouse anti-human monoclonal anti-TLR2 antibody (aTLR2)
was purchased from e-bioscience. Laminarin, a specific inhibitor o f dectin-1, was kindly
provided by Dr David Williams (University o f Tennessee, USA). Chitin was kindly provided
by Prof. Neil Gow (University o f Aberdeen), and prepared according to protocols described
elsewhere [14]. Bartonella LPS (anti-TLR4) was obtained as previously described [15].

Volun teers
Blood samples were collected from six healthy, nonsmoking volunteers. After written
informed consent was obtained, venipuncture was performed to collect blood into 10-mL
ethylenediaminetetraacetic acid (EDTA) tubes (Monoject).

C. albicans strain
C. albicans ATCC MYA-3573 (UC 820) [16] was used, unless otherwise indicated. C.
albicans organisms were grown ovemight in Sabouraud broth at 37°C, and cells were
thereafter harvested by centrifugation, washed twice, and resuspended in culture medium
(RPMI 1640; ICN Biomedicals) [17], C. albicans was killed for 1 h at 100°C and was
resuspended in culture medium to the final concentration o f 106 C. albicans yeasts/mL. C.
albicans was inoculated in RPMI and grown in a 37°C incubator for 24 hours.

Isolation and stimulation of peripheral blood mononuclear cells (PBMCs)
Separation and stimulation o f PBMCs was performed as described elsewhere [18], Cells were
adjusted to a concentration of 5x106 cells/mL, and thereafter incubated at 37°C in roundbottom 96-well plates (volume, 100 jiL/wcll) with either heat-killed C. albicans (106
microorganisms/mL), live C. albicans, or culture medium. To test the tryptophan metabolites
effect, 100 ng/ml o f L-tryptophan, 5-hydroxy-L-tryptophan and L-kynurenine were added
simultaneously with heat-killed C. albicans. After 7 days, supematants were collected and
stored at -20°C until assayed.

Transwell stimulation experiments
The transwell system is applied as described before, to study the function o f soluble factors
released by live C. albicans in modulating host immune responses [19], Live C. albicans (106
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microorganisms/mL) were cultured in the upperwell of the 24-well transwell system (pore
size 0.4 p.M, Coming, New York, USA) to avoid direct contact between live C. albicans and
PBMCs, yet allowing the free diffusion of the released soluble factors. PBMCs were cultured
in the lower well, and were stimulated with several stimuli as described below (P-glucan,
chitin, Bartonella LPS, anti-TLR2 antibody and pepstatin A).

Cytokine measurements
IL1 (3, IL-17, TN Fa and IFNy eoncentrations from the culture supematant were diluted to the
appropriate concentration and measured by commercial ELISA kits (R&D systems) according
to the manufacturer’s instructions.

Tryptophan metabolites measurement
Levels o f tryptophan, 5-hydroxytryptophan and kynurenine within C. albicans!PBMC
coculture supematant were quantified by ultraviolet detection with high-performance liquid
chromatography. This was performed on a Spectra-SYSTEM autosampler and pump (Thermo
Separation Products, San Jose, CA). Chromatographic separation was performed using an
Inertsil 5 ODS-2 column (100 mm><3-0 I.D.) (Varian Inc., Middelburg, the Netherlands).
Absorbance was monitored with a diode-array detector (UV6000LP; Thermo Separation
Products, San Jose, CA) at wavelength o f 280 nm for tryptophan and 360 nm for kynurenine.
The mobile phase for isocratic elution was made by dissolving 40 mM sodium acetate. The
pH o f the eluent was adjusted to pH 4.5 with a solution of 40 mM citric acid and 2%
acetonitrile o f the total volume buffer was added. The continuous flow rate was 0.3
ml/min)[20], For calibration, the Standard was diluted in RPMI-1640 in the concentration
range o f 0-72 |xM for tryptophan, and 0—42 (iM for kynurenine. 50 (xl of the Standard or
sample was injected into the column for measurement.

Ouantitative nolvmerase chain reaction (qPCR)
PBMCs were stimulated as described above. After 24 h, the supematant was removed, and the
cells were resuspended in 200 p,L of RNAzolB RNA isolation solvent (Campro Scientific)
and stored at -80°C . mRNA was isolated according to the instruction o f manufacturer. cDNA
was synthesized from 1 ug of total RNA by use of SuperScript reverse transcriptase
(Invitrogen). Relative mRNA levels were determined using the Bio-Rad i-Cycler and the
SYBR Green method (Invitrogen) The following primers were used: Foxp3 forward primer
5-CTGCCCCTAGTCATGGTGG-3'

and

reverse
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5 '-CTGG AGG AGTGCCTGT
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AAGTG-3', Roryt forward primer 5'-CCGCTGAGAGGGCTTCAC-3' and reverse primer 5'TG CA G G AGTAGGCCACATTACA-3GATA-3 forward primer 5'- TCACAAAATGA
ACGG AC AG AACC-3' and reverse primer 5'- GGTGGTCTG A C A G T T C G C A C -3t-bet
forward

primer

5'-

CAAGGGGGCGTCCAACAAT-3'

and

reverse

primer

5'-

TCTGGCTCTCCGTCGTTCA-3IDO forward primer 5'- GGTCATGGAGATGTCCGTAA
-3' and reverse primer 5'- ACCAATAGAGAGACCAGGAAGAA-3', and 02M forward
primer 5 ATGAGTATGCC

TGCCGTGTG-3' and reverse primer 5'-CCAAATGCG

GCATCTTCAAAC-3' (Biolegio). Values are expressed as fold increases in mRNA levels,
relative to those in unstimulated cells.

Statistical analvsis
Results from at least 3 sets of experiments with minimum six volunteers were pooled and
analyzed using GraphPad Prism software. Data are given as means + SE and the Wilcoxon
matched pairs test was used to compare differences between groups. The level o f significance
was set at p < 0.05.
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Results
Live C. albicans inhibits heat-killed C. albicans induced IL-17 production induced bv
heat-killed C. albicans in hum an PBM C
In a previous study [12], we found that heat-killed C. albicans could effectively induce IL-17
production in human PBMC respectively. Surprisingly, when PBMC were co-cultured with
heat-killed and live C. albicans simultaneously, no IL-17 production was detectable from the
culture supematant (Fig IA). There are two possible explanations for this unexpected result.
Firstly, this might have resulted from the killing of PBMC due to the outgrowth o f live C.
albicans in the co-culture system. Secondly, live C. albicans may release soluble factors,
which actively inhibit IL-17 production in PBMC.

To exclude the first possibility, the concentration of lactase dehydrogenase (LDH) in the
supematant was determined. No significant difference in LDH release was observed,
irrespective o f whether heat-killed or lives C. albicans yeasts were added to PBMC (Fig 1B).
In addition to LDH measurement, trypan blue staining was used to assess cell viability and
similar results was obtained (data not shown). These results rule out the concern that killing of
the PBMC due to the outgrowth of C. albicans may explain the inhibition of IL-17 production
is specific.

Furthermore, IL-1 p and TNF production were also determined, and no inhibition of these two
cytokines was observed when PBMC was co-cultured with heat-killed and live C. albicans
(Fig IC ), implying that this inhibitory effect is specific for T- cell derived cytokines, and
especially IL-17 production. A moderate effect on the production o f IFN-y was also observed
(See later Fig 5C) We further titrated the concentration o f heat-killed and live C. albicans in
the co-culture and we found that the inhibition of IL-17 is directly proportional to the amount
o f live C. albicans microorganisms in the culture when heat-killed C. albicans was used at the
concentration of 104 and 106/ml. (Fig 1D).

To further dissect the possible mechanism o f this inhibitory effect induced by C. albicans, a
transwell system was applied to separate live C. albicans from PBMC. In line with what we
observed in the co-culturing system, IL-17 induced by heat-killed C. albicans was inhibited
when live C. albicans was present in the upper well o f the transwell system (Fig IE).
Similarly, live C. albicans could also inhibit live C. albicans induced IL-17 production in the
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Figure 1 Human PBMCs were stimulated with heat-killed and live C. albicans, respectively or in combination,
for 7 days. Supematant was collected for (A) IL-17, (B) LDH, (C) IL -ip and TNF measurement. (D) Human
PBMCs were stimulated with different doses o f heat-killed C. albicans (104, 105 and 106/ml) in the presence of
different doses o f live C. albicans (103,104 and 105/ml) for 7 days, then the supematant was collected and the IL17 concentration was determined by ELISA. (E) In the transwell system, PBMCs were stimulated with heatkilled C. albicans or live C. ablicans in the lower well and live C. albicans on the upper well and culture for 7
days. Supematant was collected for IL-17 measurement after incubation at 37 °C for 7 days. (F) PBMCs were
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transwell system (Fig IE). In addition, we also assessed this IL-17 inhibition ability by
adding the conditioned medium o f the non-pathogenic Saccharomyces cerevisiae to the heatkilled C. albicans and PBMC coculture system. We found that S. cerevisiae conditioned
medium could slightly enhanced IL-17 production induced by heat-killed C. albicans
(FiglF). Together, these results imply that certain soluble factor(s) secreted by C. albicans
can actively inhibit/suppress IL-17 production induced by both heat-killed and live C.

albicans in PBMC.

The IL-17-inhibiting effect is independent from shedding of PAMPs
It is known that some oligomannose and P-glucan could be shed from C. albicans cell wall
into the culture medium during the culture process. One could hypothesize that instead of
shedding the PAMPs passively during the growing process, these shedded PAMPs might play
an active role by competing with the heat-killed Candida for the PRR binding sites on the
PBMCs, thus blocking downstream signaling. To test whether shedding of the PAMPs plays
a role in inhibiting IL-17 production, the major PRRs o f C. albicans -TLR4, TLR2 and
dectin-1, were blocked by Bartonella LPS, TLR2 antagonist antibody and laminarin,
respectively. However, no difference in IL-17 inhibition was observed by adding any o f these
PRR antagonists (Fig 2A). Apart from the aforementioned PRRs, we previous reported that
mannose receptor (MR) plays a key role in C. albicans induced IL-17 production [12], thus
the role o f MR in this IL-17 inhibition effect was assessed. We found that in the presence of
live C. albicans in the upper well o f transwell system, the IL-17 induced by C. albicans
mannan was totally inhibited (Fig 2B).

Another possibility is that the heat-killed organisms bind to a PRR that is not bound by the
live organisms, and the binding to this second receptor alters the response to live organisms.
To assess this possibility, several TLR agonists were added together with live C. albicans in
PBMCs culture system. However, IL-17 induced by live C. albicans was not inhibited by all
the TLR agonists tested (Fig 2C). Together, either blocking the existing PRRs pathway or
activating MR pathway failed to restore live C. ablicans induced IL-17 inhibition, implying
that the IL-17 inhibition effect is independent from shedding of PAMPs.

Secreted aspartic protease is not responsible for IL-17 inhibiting
Since secreted aspartic proteases (Saps) are identified as an important virulence factor in C.

albicans infection [21], and they can freely diffuse through the membrane from the upper well
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to the lower well of the transwell system. Therefore, pepstatin A, an aspartic protease
inhibitor, was applied in the system to investigate the involvement o f Saps in this IL-17
inhibition effect. Nevertheless, the addition o f pepstatin A also failed to reverse the IL-17
inhibiting effect induced by live C. albicans (Fig 2D), indicating that the enzymatic activity
o f Saps is not responsible for the down regulation o f IL-17 exerted by live C. albicans.
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Figure 2 (A) Human PBMCs were stimulated with heat-killed C. albicans together with laminarin, chitin,
Bartonella LPS and anti-TLR2 antagonist antibody, respectively, in the lower well o f the transwell system, while
live C. albicans was present in the upper well. Supernatant were collected after 7 days and IL-17 concentration
was measured by ELISA. (B) Human PBMCs were stimulated with heat-killed C. albicans together with C.

albicans mannan in the lower well of the transwell in the presence o f live C. albicans on the upper well.
Supernatant were collected after 7 days and IL-17 concentration was measured by ELISA. (C) Human PBMCs
were stimulated with live C. albicans together with LPS, Pam3Cys and mannan , respectively. Supernatant were
collected after 7 days and IL-17 concentration was measured by ELISA. (D) Human PBMCs were stimulated
with heat-killed C. albicans with/without pepstatin A in the lower well o f the transwell in the presence o f live C.

albicans on the upper well. Supematants were collected after 7 days and IL-17 concentration was measured by
ELISA. (mean o f 3 seperate experiments, n=6 volunteers, means ± SD, *p<0.05)

The p attern of Th-specifïc transcription factors is not influenced bv live C. albicans
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The next question we asked ourselves is whether this IL-17 inhibition effect resulted from the
expression impairment o f the Thl7-specifïc RORyT transcription factor. To assess this
possibility, we stimulated PBMC with heat-killed C. albicans in the absence or presence of
live C. albicans for 24 hours, then total mRNA was isolated and different transcription factors
that are specific to the different Th subtypes were determined by RT-PCR. Roryt mRNA
expression, as well as T-bet, Gata-3 and Foxp3 expression, were not altered by live C.

albicans (Fig 3). Therefore, the inhibition of IL-17 secretion induced by live C. albicans is
not mediated by the modulation o f the expression pattems o f Th-specific transcription factors.

X .
S

Heat-killed C. albicans (10*/irt)

Heat-killed C. albicans (10*/ml)

Live C. albicans (104/m))

Live C. albicans (104/ml)

Heat-killed C albicans (10 Art)

Heat-killed C. albicans (106fml)

Live C. albicans (104/ml)

Live C. albicans (104/rrt)

Figure 3 Human PBMCs were stimulated with/without heat-killed C. albicans in the lower well o f the transwell
in the presence/absence o f live C. albicans on the upper well. Total mRNA was isolated after 24 hour incubation.
RORyt, Foxp3, T-bet and GATA-3 mRNA expression level were determined by RT-PCR with gene specific
primer pairs. The individual gene expression was normalized to the non-stimulated PBMC control. (mean o f 3
seperate experiments, n=6 volunteers, means ± SD, *p<0.05)

T ryptophan m etabolites m odulate IL-17 production
It has been demonstrated by Bozza et al. that tryptophan metabolism plays a crucial role in C.

albicans infection through modification o f antifungal host defense mechanisms [22], In view
of this, we hypothesized that tryptophan metabolites might be involved in the IL-17 inhibitory
effect o f live C. albicans.

In mammalian cells, two pathways of tryptophan metabolization have been described. One
pathway depends on the enzymatic activity o f IDO, which leads to the L-kynurenine
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synthesis, and thereafter to niacin as the end metabolite through a cascade o f biochemical
reactions. The second pathway is mediated by the enzymatic activity o f tryptophan
hydroxylase, producing 5-hydroxytryptophan, followed by fiirther metabolization into
serotonin and melatonin. To assess the involvement o f tryptophan metabolites in IL-17
production, we stimulated PBMC with heat-killed C. albicans with tryptophan, 5hydroxytryptophan and L-kynurenine in a dose-dependent manner, respectively. Neither
tryptophan nor L-kynurenine influenced IL-17 production induced by heat-killed C. albicans.
However, 5-hydoxytryptophan inhibited IL-17 production (Fig 4A).

The next step was to identify the presenee of tryptophan metabolites within the supematant of
our experiment. With the help of HPLC analysis, we were able to determine the concentration
of tryptophan and tryptophan metabolites within the culture supematant. We found that
tryptophan was consumed by the PBMC after 7 days o f culture without any obvious increase
o f other tryptophan metabolites, such as L-kynurenine and 5-hydroxytryptophan (Fig 4B).
However, when PBMC were stimulated with heat-killed C. albicans, significant increase of
L-kynurenine concentration was measured in the supematant without any production of 5hydroxytryptophan. This implies that upon stimulations o f PBMC with heat-killed C.

albicans, tryptophan metabolism was shifted towards more L-kynurenine synthesis. On the
contrary, when PBMC were stimulated with live C. albicans or both live and heat-killed C.

albicans, the production of L-kynurenine was lower than PBMC with heat-killed C. albicans
group, and this was accompanied by an increased 5-hydoxytryptophan concentration (Fig 4C,
4D).

Live C. albicans activelv shifts tryptophan m etabolism
Since IDO and tryptophan hydroxylase are the key enzymes that determine the direction to be
taken by tryptophan metabolization, the mRNA expression o f these two enzymes were
determined by RT-PCR. As expected, IDO expression was significantly up-regulated (around
43.3-fold increase) when heat-killed C. albicans was used as the only stimulant. On the
contrary, live C. albicans by itself only induced marginal expression of IDO. Moreover, live
C. albicans can significantly down-regulate IDO expression induced by heat-killed C.

albicans up to 67% (from 43.3-fold to 13.9-fold) (Fig 5A). This result is in agreement with
the tryptophan metabolites within the culture supematant, where we observed that live C.

albicans could down-regulate L-kynurenine induced by heat-killed C. albicans. On the other
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hand, the expression o f tryptophan hydroxylase is constitutive and not influenced by either
heat-killed C. albicans or live C. albicans (Fig 5B).
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Figure 4 (A) Human PBMCs were stimulated with heat-killed C. albicans together with 100 ng/ml of
tryptophan, 5-hydroxytryptophan, and L-kynurenine, respeetively. Supematant was collected after 7 days and the
IL-17 concentration was determined by ELISA. (B, C, D) Human PBMCs were stimulated witb/without heatkilled C. albicans in the lower well o f the transwell in the presence o f live C. albicans in the upper well.
Supematant was collected after 7 days o f culture, then the concentration o f tryptophan, 5-hydroxytryptophan and
L-kynurenine was measured by HPLC.

albicans eould down-regulate L-kynurenine induced by heat-killed C. albicans. On the other
hand, the expression o f tryptophan hydroxylase is constitutive and not influenced by either
heat-killed C. albicans or live C. albicans (Fig 5B).

Following these findings, we further dissected the mechanism through which live C. albicans
modulates IDO expression in the host. It is reported that IFN-y is critical for the induction of
IDO expression [23]. Therefore, we assessed whether the difference we observed in IDO
expression is due to the modulation o f IFN-y production. As expected, IFN-y production
induced by heat-killed C. albicans was significantly reduced by live C. albicans (Fig 5C).
This result further strengthens the conclusion that live C. albicans can actively shift
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tryptophan metabolism from the L-kynurenine arm to the 5-hydroxytryptophan arm, thus
inhibiting host IL-17 production.

Tryptophan hydroxylase
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Live C. albicans (104/irt)
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IFN-y

JL
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Figure 5 Human PBMCs were stimulated with/without heat-killed C. albicans in the lower well o f the transwell
in the presence o f live C. albicans on the upper well. Supematant and total mRNA was isolated after 24 hour
incubation. (A) IDO, and (B) tryptophan hydroxylase mRNA expression level were determined by RT-PCR with
gene specific primer pairs. The individual gene expression was normalized to the non-stimulated PBMC control.
(C) The iFN-y concentration in the supematant after 7 days incubation measured by ELISA. (mean o f 3 seperate
experiments, n=5 volunteers, means ± SD, *p<0.05)
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Discussion
An increasing body o f evidence has demonstrated an important role o f IL-17 for host defense
against C. albicans infections [24,3]. Nevertheless, most of these studies either focused on the
capacity o f host immune system in recognizing C. albicans, leading to IL-17 production [25]
or were conducted by using IL-17 or IL-17R knockout mice to investigate the role o f IL-17 in

C. albicans infection in vivo [26], However, these studies did not address the clinical
observation that approximately 30 % o f healthy individuals at any given moment are
colonized with C. albicans, implying that this commensal fungus possesses an armory to
modulate the host defense mechanisms responsible for its elimination.

We and others have reported that upon stimulation with C. albicans, PBMCs

produce

significant amount o f IL-17 [25,12]. In the present study, we show that when PBMCs were
cocultured, the IL-17 production was down-regulated. One noteworthy fïnding is that the
same concentration o f live C. albicans inhibited more strongly IL-17 production induced by a
higher innoculum of heat-killed C. albicans. A possible explanation is that in the presence of
high innocula of heat-killed C. albicans, PBMCs would preferentially phagocytose heat-killed

C. albicans due to their exposure of P-glucan [27]. This will compete with the phagocytosis
and killing of the live yeasts, leading to higher extracellular growth o f live C. albicans, and
subsequently stronger IL-17 inhibition. Another interesting observation was that with the
increase concentration of live C. albicans in the system, the IL-17 produced by PBMCs was
also lower. This might be due to either more killing o f the PBMC at the higher innocula of
live C. albicans, or a pronounced inhibition o f IL-17 due to more secreted factors released by
live C. albicans. However, a possible decrease in the viability o f PBMCs was not the cause of
IL-17 inhibition, as shown by normal LDH concentration in the presence of live C. albicans,
and the normal release of other proinflammatory cytokines such as TNF and IL-ip.

The biggest hurdle for the study of the in vitro interaction between live microorganisms and
host cells is the outgrowth o f microorganisms, which might result in massive cell death. In
our present study, we found that when live C. albicans was cultured in direct contact with
PBMC at the dose lower than 104/ml, most live C. albicans could be phagocytosed and killed
by monocytic phagocytes. However, when live C. albicans was cultured with the
concentration higher than 105/ml, C. albicans could escape monocytic phagocytes [28] and
forms a big hyphae clumping within the culture well, accompanying with increasing cell
death through trypan blue staining. To bypass this hurdle, we have successfully adopted a
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transwell system to avoid the direct contact between live C. albicans and PBMCs and
demonstrated that soluble factors released by C. albicans actively modulating cytokine
profiles induced by heat-killed C. albicans in PBMCs within 24 hours o f co-culturing [19].

The role of several potential mechanisms responsible for this inhibitory effect has been
assessed. Neither the release of C. albicans PAMPs, nor the enzymatic activity o f secreted
aspartic acid or the altering of the differentiation of T helper cell subsets was responsible for
this IL-17 dampening effect. Therefore, we investigated whether tryptophan metabolism was
altered by live C. albicans, as tryptophan metabolites have been reported to be involved in
Th 17 responses [29]. Surprisingly, by adding different tryptophan metabolites to the C.

albicans stimulated PBMCs, the presenee of 5-hydroxyltrptophan but not L-kynurenine
resulted in the inhibition o f IL-17 production. In line with this finding, there was no
detectable 5-hydroxyltryptophan in the supematant from heat-killed C. albicans cocultured
with PBMC, yet a higher concentration o f 5-hydroxyltryptophan was determined from
PBMCs incubated with live C. albicans. Moreover, we also found that live C. albicans could
inhibit IFN-y production induced by heat-killed C. albicans, and therefore leads to lower IDO
mRNA expression. In contrast, tryptophan hydroxylase expression remains unchanged.
Subsequently, the tryptophan metabolism was shifted towards 5-hydroxyltryptophan
production and the IL-17 production was downregulated.

Bozza et al. previously reported that when mice were infected with C. albicans, an increased
IDO expression and higher kynurenine secretion was detected at the site o f C. albicans
infection [22]. They also demonstrated that if IDO activity was impaired by 1-methyltryptophan treatment, kynurenine level was also reduced and at the same time drastically
impaired resistance to infection. Our current finding o f the role of 5-hyrdoxyltryptophan in
inhibiting IL-17 production further explains how the inhibition o f IDO, shifting tryptophan
metabolisation towards 5-hydroxyltryptophan, could lead to an impaired resistance to
infection, based on the fact that IL-17 was critical for anti C. albicans host defense.

Tryptophan metabolism is involved in the modulation o f several immune responses, ranging
from antimicrobial activity by tryptophan starvation [30], protection of allogeneic fetus [31],
amelioration o f autoimmune diseases [32,33], tumor resistance [34,35] and chronic
granulomatous disease [29], Among the tryptophan metabolic pathways, IDO is one of the
best characterized enzyme in terms o f immunological effects [36,37] and many experiments
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were eonducted to investigate the funetionality of IDO in immune regulation by bloeking its
enzymatic aetivity with 1-methyl-tryptophan. However, the interpretation o f the results by
simply emphasizing the function o f IDO might be risky, since there could be either a
compensation effect by another redundant enzymatic function, or the production o f different
tryptophan metabolites by other homeostatic enzymes. In line with that, we observed that the
expression of tryptophan hydroxylase was not changed yet IDO expression was significantly
reduced by live C. albicans, leading to a shift of the final tryptophan metabolites and
inhibition of downstream IL-17 production. Therefore, our novel finding of the role o f 5hydroxytryptophan for modulation o f C. albicans induced IL-17 production sheds a new light
on the modulatory effects of IDO, and it is tempting to speculate that 5-hydroxyltryptophan or
other tryptophan metabolites might play a role in IDO mediated immune regulation.

In conclusion, our fïndings have several important immunological and clinical consequences.
Firstly, we demonstrate for the first time that a pathogen can actively shift the balance of
tryptophan metabolization in the host, with immunomodulatory effects on the host defense.
Secondly, this has direct implications for the way in which a C. albicans infection is handled.
In an immunocompetent host, rapid phagocytosis and intracellular killing o f C. albicans
prevents the shift o f the tryptophan metabolites and the inhibition o f IL-17, with effective
infection resolution. In contrast, persistence of C. albicans in an immunosuppressed
individual would permit growth, induction of the 5-hydroxytryptophan pathway and further
dampening of host defense by IL-17 inhibition. Moreover, one could hypothesize that IL-17
inhibition may also play a role in the colonization o f mucosal surfaces by C. albicans.
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Abstract
In the mueosa, the immune pathways diseriminating between colonizing and invasive

Candida, thus inducing either tolerance or inflammation are poorly understood. T-helper 17
(Thl7) responses induced by Candida albicans hyphae are central for the activation of
mucosal antifungal immunity. An essential step for the discrimination between yeasts and
hyphae and induction of Th 17 responses is the activation of the inflammasome by C. albicans
hyphae, and the subsequent release o f active IL -lp in macrophages. Inflammasome activation
in macrophages results from differences in cell-wall architecture between yeasts and hyphae,
and is partly mediated by the dectin-l/Syk pathway. These results defïne the dectin1/inflammasome pathway as the mechanism that enables the host immune system to mount a
protective T hl7 response and distinguish between colonization and tissue invasion by

C. albicans.

63

C-hapter 4

Introduction
Candida albicans is a common fungal microorganism that colonizes the mucosa and skin.
Approximately one third of individuals are colonized with C. albicans at any given time.
Despite this, C. albicans does not normally invade host tissues unless the mucosal or skin
barrier is breached or the immune system is compromised, leading to mucosal or even
disseminated Candida infection [1], Recently, Moyes and colleagues have described the
differential pathways of activation o f epithelial cells by C. albicans yeasts and hyphae that are
likely to play an important role in the response to mucosal invasion [2]. However, the
mechanism enabling discrimination between colonizing and invading Candida cells by the
immune system is practically unknown. The presence of colonizing Candida on the mucosa
does not induce a strong inflammatory reaction, but the immune system is triggered as a
consequence o f tissue invasion. This implies that mucosal macrophages and/or dendritic cells,
that survey the luminal flora and other mucosal surfaces, have evolved tailored signalingsensing mechanisms that discriminate between colonizing and invading forms o f the fungus.
However, the nature o f these mechanisms, which are crucial for both host defense and
immune tolerance o f the mucosa, has yet to be identifïed.

The Th 17 response has been reported to be crucial for anti-Candida host defense, principally
resulting in the recruitment o f neutrophils [3], Consequently, IL-17 knock-out mice are highly
susceptible to disseminated and mucosal candidiasis [4], It has been also suggested that IL-17
is impaired in patients with mucosal fungal infections [5,6], reinforcing the role o f T hl7 for

anii-Candida host defenses. IL -lp has been shown to be essential for T hl7 differentiation [7].
The production of bioactive IL -ip is achieved via enzymatic cleavage of the pro-cytokine
form by active caspase-1, which is strictly regulated by a protein complex called the
inflammasome [8,9]. Among the known inflammasomes, Nlrp3 inflammasome has been
suggested to be responsible for anti-C. albicans defense [10,11].

In the present study we aimed to identify the mechanisms that help macrophages to
discriminate between benign colonization and potentially destructive invasive phases o f the
host interaction with C. albicans. By comparing wild-type and mutant strains o f C. albicans
that are unable to germinate and form hyphae, we demonstrate that a vital discriminative
factor for inducing protective mucosal responses is the morphological transition from yeast to
hypha. In contrast to yeasts that do not activate the inflammasome, C. albicans hyphae were
recognized by macrophages and induced inflammasome activation, leading to IL-ip
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produetion by dectin-1 dependent and independent pathways. This was followed by T hl7
differentiation o f naive T-helper cells, with IL-17 and IL-22 produetion.
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Materials and Methods
Reagents
The irreversible caspase-1 inhibitor Ac-Tyr-Val-Ala-Asp-2,6 dimethylbenzoyloxymethylketone (YVAD) was purchased from AlexisBiochemicals, reconstituted in 10 mmol/L
dimethyl sulfoxide (DMSO), and subsequently diluted to the desired concentration in medium
(RPMI 1640). Syk inhibitor was purchased from Calbiochem. In experiments using
pharmacological inhibitors, control cells were treated with an equivalent concentration of
vehicle (0.01%—0.1% DMSO). Synthetic Pani3 Cys4 (TLR2 agonist) was purchased from
EMC Microcollections, and the production o f highly purifïed particulate |3-glucan have been
described elsewhere [12],

Candida strains
C. albicans ATCC MYA-3573 (UC 820) was used in the experiments, unless otherwise
indicated. The Aefgl/Acphl transcription factor double knock-out strain was a kind gift from
dr. G. Fink. CAI-4 strain is the parental strain of the mutants used in this study. The Aochl
and Aochl + OCH1 complemented strains have been characterized previously [13]. The

tShgcl hypha-defïcient mutant and Ahgcl +HGC1 complemented strains were kindly
provided by Dr. Yue Wang [14]. Bw pl7, the Aeedl and Aeedl + EED1 complemented
strains were kindly provided by Dr. Benhard Hube. C. albicans was grown ovemight in
Sabouraud broth at 25°C, and cells were thereafter harvested by centrifugation, washed twice,
and resuspended in culture medium (RPMI 1640; ICN Biomedicals). C. albicans was killed
for 1 h at 100°C or by treatment with 0.04 % thimerosal ovemight. The killed C. albicans
cells were washed three times with PBS and resuspended in culture medium for macrophage
stimulation and cytokine induction.

Patients and donors
Peripheral blood was taken from healthy individuals, three patients with chronic
mucocutanoeus candidiasis, four patients with hyper IgE syndrome, and from two patients
with Tyr238X Dectin-1 mutation with mucocutaneous fungal infection under Institutional
Review Board approval o f Radboud University Nijmegen Medical Center.

Monocvte-derived macrophages
Separation and stimulation of human monocytes or macrophages was performed as described
elsewhere [15]. Human monocytes were cultured in complete RPM I-1640 medium (ICN
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Biomedicals) supplemented with 100 ng/ml hM-CSF and 10% pooled human serum for 6
days. Co-cultures of monocytes or macrophages with lymphocytes were performed for the
induction of IL-17 produetion.

PBMC and macrophage stimulation
A sample of 5x 105 PBMCs/well (or 5x104 macrophages/well) were seeded in 96 well plate
and stimulated with l><105/ml live or 1x 106/ml heat-killed C. albicans yeast cells (fïnal
volume o f 200 |il/well) in RPMI. Supematant was collected after 24 h (for TNF, IL-6 and IL1(3 measurement) or 7 days (for IL-17 and IL-22 measurement).

Cytokine measurements
IL-6, TNF, IL -ip, IL-17 and IL-22 concentrations were measured by commercial sandwich
ELISA kits (R&D, the Netherlands) according to the manufacturer's instructions. For
intracellular IL -ip measurement, after collecting of supematant for extracellular cytokine
measurement, 200 (J.1 o f fresh RPMI was added to macrophage. Then the plate was put into 80°C freezer and rapidly freezing, and thawed at room temperature. This freeze-thaw cycle
was repeated three times. Intracellular IL -ip was determined by ELISA.

Intracellular Cytokine Staining
PBMC cells were stimulated for 4 -6 h with PMA (50 ng/ml) (Sigma) and ionomycine (1
mg/ml) (Sigma) in the presence o f GolgiPlug (BD Biosciences) according to manufacturers’
protocols. Cells were first stained using an anti-CD4 APC antibody (BD Biosciences).
Subsequently, the cells were fixed and permeabilized with Cytofix/Cytoperm solution (BD
Biosciences) and then stained with anti-IFNg PE (eBiosciences) and anti-IL-17 FITC
(eBiosciences). Samples were measured on a FACS Calibur, and data were analyzed using the
CellQuest Pro software (BD Biosciences).

Cell wall porositv measurement
The porosity o f the cell walls of exponential phase yeast cells grown in RPMI and hyphae
grown in 2.5% (v/v) serum at 37 °C for 4 h was compared. This assay is based on the ability
o f polycationic polymers (diethylaminoethyl-dextran (DEAE-dextran) and poly-L-lysine
(PLL)), to enhance the permeability of the cell membrane resulting in release o f UVabsorbing compounds measured at A 26 0 [16].
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Freeze-substitution transmission electron microscopy

C. albicans hyphal cells were grown in 20 % (v/v) serum with 50 ug/ml uridine
supplementation for 3 h.

Samples were collected by centrifugation and immediately

immobilized by high-pressure freezing with a Leica EM PACT2 (Leica Microsystems (UK)
Ltd, Milton Keynes). After freezing, cells were freeze-substituted in substitution reagent (1%
OsÜ 4 / 0.1 % uranyl acetate in acetone) with a Leica EM AFS2. Ultrathin sections were
prepared with a Diatome diamond knife on a Leica UC6 ultramicrotome, stained with uranyl
acetate and lead citrate and examined in a Philips CM10 transmission microscope (FEI UK
Ltd, Cambridge, UK).

Caspase-1 activitv measurement
Caspase-1 activity was determined by Caspase-1 Fluorometric Assay Kit (Biovision, USA)
according to manufacturer’s instruction. Briefly, 2 xlO6 macrophage were stimulated with

C. albicans UC820 or AefgllAcphl strain for 6 h and lysed with cell lysis buffer on ice for 10
min. Then equal volumes o f 2X reaction buffer and YVAD-AFC were added to the cell lysate
within a 96-well plate at 37 °C and the emitted fluorescence was read by FLUOstar Optima
Microplate (BMG Labtech) at 90 secintervals for 200 cycles using 400 nm excitation and 505
nm emission filters. The relative activity was calculated compared to recombinant caspase-1
enzymatic activity.
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Results
The T h l7 pathway is compromised in patients with mucosal candidiasis
Our fïrst step was to define the main components of the mucosal antifungal host defense
mechanism that were responsible for the elimination of the fungus once invasion occurred. In
order to identify this mechanism, individuals with specifïc inbom defects o f mucosal
antifungal immunity were studied, such as hyper IgE syndrome (HIES) [17] and chronic
mucocutaneous candidiasis (CMC) patients [18]. We fïrst assessed the innate host response
triggered in peripheral blood mononuclear cells (PBMCs) of CMC patients by C. albicans.
Production o f monocyte-derived proinflammatory cytokines such as TNF and IL-6 was
normal (Fig. IA). Similar results were found in HIES patients (data not shown). In contrast,
T-cells isolated from CMC and HIES patients secreted significantly less IL-17 in response to

C. albicans stimulation than those o f healthy Controls, as shown both by secreted IL-17, IL-22
(Fig. 1B) and IL-17-positive T-cells (Fig. IC). These results are supported by the previous
reports that both CMC [19] and HIES [20] patients failed to induce protective IL-17
production in response to C. albicans stimulation. Th 17 responses seem therefore to be one of
the main components of the mucosal antifungal defense mechanism.

C. albicans germ tube formation is critical for stimulation of IL-1B production in
macrophages
Because the transformation of Candida yeasts into hyphae is a crucial step in tissue invasion,
we hypothesized that differential recognition o f colonizing yeasts and invasive hyphae by
macrophages may induce distinct cytokine profïles that may be either inductive, or not, for
T hl7 responses. IL-lfS and IL-6 are the two main cytokines required for the initiation o f Thl7
responses [21], while IL-23 is important for the proliferation of T hl7 cells [22]. In order to
test this hypothesis, we stimulated human macrophages derived from monocytes in culture
with a yeast-locked Aefgl/Acphl transcription factor double-knockout C. albicans strain,
which is unable to form hyphae [23] (mimicking colonization), and its corresponding wildtype strain, which forms germ tubes in culture (mimicking tissue invasion). IL-6 stimulation
did not differ between germ tube positive and germ tube negative strains.

However, the

hypha-forming wild-type strain induced strong IL-1 p responses while yeast-locked

Aefgl/Acphl C. albicans strain was completely unable to stimulate production o f IL -ip (Fig.
2A). TNF production induced by the Aefgl/Acphl strain was also slightly lower, most likely
due to endogenous IL -1P-induced TNF. In contrast, both live Candida strains induced
comparable amount o f IL -ip in monocytes (Fig. 2B). To exclude the possibility that the
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Figure 1. CMC and HIES patients have defective IL-17 production upon C. albicans stimulation. (A) PBMCs
from CMC patients (n=3), consisting o f a co-culture o f monocytes and lymphocytes, and healthy Controls were
stimulated with heat-killed C. albicans for 24 h. Supematant was harvested and TNF and IL-6 concentration was
determined by ELISA. (B) PBMCs from CMC (n=3) and HIES (n=4) patients and healthy control were
stimulated with heat-killed C. albicans for 7 days. Supematant was harvested and IL-17 and IL-22 concentration
were determined by ELISA. (C) Intracellular cytokine staining o f IL-17 and IFN-y in human PBMCs stimulated
for 5 days with RPMI or C. albicans and then stimulated for 4 h with PMA and ionomycin. Cells were gated for
CD4. Representative data from two separate experiments with a total n=3 is shown here.
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defective IL -ip production was a pleiotropic consequence o f the Aefgl/Acphl genetic
background, we also examined the C. albicans strain Ahgcl [24], which is also unable to form
germ tubes, and the Aeedl mutant, which was unable to sustain hyphal growth [25]. The
relevant complemented control strains were also tested for their capacity to induce production
of IL -lp in macrophages. Similar results were observed as with the Aefgl/Acphl strain (Fig.2
C and Supplementary Figure 1). These data suggest strongly that induction o f IL-lp
production delineates the level at which the immune system discriminates the colonization
and invasive forms o f C. albicans and suggests that the capacity to form and sustain hyphal
growth is a requirement for a vigorous IL-1(3 response.
Macrophage
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L iv e U C 8 2 0 J v e efg1/cph1

Live UC820

Live eftj1/cph1

Monocyte
IL-1P

Live U C 820

IL-1 p

IL -6

Live efg1/cph1

Live Ü C 8 2 0

Figure
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2. Macrophage responds specifically to

C.

albicans hyphae and induces IL-lp. (A) Monocyte-derived
macrophages and (B) PBMCs were stimulated with live C.

albicans UC820 or a Aefgl/Acphl hypha-negative mutant
for

24

h.

(C)

Monocyte-derived

macrophages

were

stimulated with UC820, Ahgcl and its complemented
control strain for 24 h. Supematant was harvested and IL -ip
and IL-6 concentration were determined by ELISA. (n > 6,
*p<0.05)
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C. albicans hypha induction of IL-1 B secretion is dependent on caspase-1 activity
IL -lp production is regulated at multiple levels: mRNA transcription, translation into inactive
pro-IL-ip, and activation o f the protein platform ealled the inflammasome which results in
caspase-1 activation and processing of the pro-cytokine into the mature active IL -ip [26].
Firstly, we investigated whether this difference in IL -ip induction by yeast and hyphal cells is
caused by the differential activation o f transcription or pro-IL-ip synthesis. IL -ip mRNA
expression did not differ when cells were stimulated with either the wild-type or the

Aefgl/Acphl mutant (Fig. 3A), indicating that transcription is equally induced by yeasts and
hyphae.

Moreover,

both

wild-type

and

the

Aefgl/Acphl

mutant

induced

similar

concentrations o f intracellular pro-IL-ip (Fig. 3B), indicating that the subsequent translation
of pro-IL-ip is not affected. We further investigated whether differential inflammasome
activation could be the cause of the difference in IL -ip secretion. Blocking caspase-1 activity
with a specific inhibitor led to inhibition o f IL-1 p secretion induced by wild-type C. albicans,
indicating that active caspase-1 is required for IL -ip secretion (Fig. 3C). Monocytes express
activated caspase-1 constitutively, and this explains the IL-ip induction by both yeasts and
hyphae in monocytes. In contrast, macrophages lack a constitutively active caspase-1 [27],
providing a target for differential activation by yeast cells and hyphae. Indeed, only the
hypha-competent wild-type strain, and not the Aefgl/Acphl C. albicans strain, was able to
activate

caspase-1,

indicating that hypha formation

is

important for macrophage

inflammasome activation and IL-ip secretion (Fig. 3D).
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Figure 3. C. albicans hyphae specifically activate inflammasome in macrophage. (A) Monocyte-derived
macrophages were stimulated with live C. albicans UC820 or the Aefgl/Acphl mutant for 6 h then total mRNA
was harvested for RT-PCR. IL -lp expression levels were normalized with p-2-microglobulin and show as fold of
relative expression. (n = 6, *p<0.05) (B) Monocyte-derived macrophage was stimulated with live C. albicans
UC820 or the Aefgl/Acphl mutant strain for 3 h then intracellular pro-IL-lp was harvested the concentration
was determined by ELISA. (n = 6, *p<0.05) (C) Monocyte-derived macrophages were stimulated with live C.

albicans UC820 for 24 h in the presence o f DMSO or caspase-1 inhibitor, respectively. Supematant was
harvested the concentration o f IL -ip and TNF was determined by ELISA. (n = 8, *p<0.05)

(D) Caspase-1

activity during was induced by C. albicans UC820, but not by the hypha-deficient Aefgl/Acphl mutant. Cells
were stimulated with the two different C. albicans strains for 6 h, and the caspase-1 activity was measured in the
cell lysate for duration o f 5 h. Each dot represents the measured value o f the fluorescence intensity with the
interval o f 60 sec between each dot. Representative data from two separate experiments was shown here.

Hyphal PAMPs are crucial in the induction of inflammasome activation
Next, we investigated the recognition mechanism responsible for the capacity of macrophage
to distinguish C. albicans hyphae from yeast, leading to IL -ip secretion. Recognition of
fungal PAMPs by specific PRRs is responsible for the innate immunity stimulation [28]. We
manipulated the profile o f PAMPs exposed by the C. albicans yeasts and hyphae by heatkilling, which is known to expose inner cell wall components such as P-glucans and chitin
[29], In contrast, thimerosal fixation kills cells whilst preserving the native cell wall
architecture. Interestingly, heat-killed yeast induced IL -ip production, similarly to heat-killed
hyphae (Fig. 4A). In contrast, thimerosal-killed C. albicans induced very little IL -ip (Fig.
4B), and heat-treatment o f thimerosal-killed C. albicans restored IL -ip inducing ability (not
shown). This suggests that recognition of inner cell wall PAMPs o f yeast cells can also lead
to IL -ip secretion.

Based on these fmdings, we hypothesized that the differential ability o f C. albicans yeast and
hyphae to activate the inflammasome was due to differences in the profile of PAMPs
expressed in the yeast and hyphal cell walls - and that this difference was most likely to be
due to differences in the components of the inner cell wall layer that are known to be exposed
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during invasion o f the tissue by C. albicans hyphae [30], Hypothetically, differences in
porosity o f the cell wall between yeasts and hyphae could facilitate the recognition o f the
inner hyphal cell wall layers by PRRs. However, this proved not to be the case, because
measurements of porosity o f the cell wall demonstrated that hyphal wall porosity was less
than that of the yeast cell wall (Fig. 4C). We therefore assessed the capacity of individual cell
wall components to induce IL-lfS. Mannoproteins constitute the major component o f the outer
cell wall o f both forms, but the rapid growth of hyphae, which does not allow the complex
branching o f mannans, is hypothesized to result in significant structural differences in
mannans of yeasts and hyphae (Fig. 4D). Indeed, TEM (Transmission Electron Microscopy)
analyses showed that the outer wall mannan fringe length was longer in mother cell (yeast)
than in hyphae (0.116 ± 0.014 (im versus 0.073 ± 0.013 (im) (Fig. 4E). The Aoch-1

C. albicans glycosylation mutant lacks most o f the branched outer wall iV-mannan fibrils [31].
We therefore compared IL-lf3 produetion by macrophages stimulated with heat-killed CAI-4
(parental strain), with the Aochl null mutant and its cognate OC///-complcmented strain.
Interestingly, IL-1 p produetion was significantly greater when macrophages are stimulated
with the Aoch-I C. albicans strain, compared with the isogenic parental strain and the
complemented control strain (Fig. 4F). Therefore, short mannans fibrils, that permit “tasting”
o f the C. albicans PAMPs o f the inner cell wall, are associated with induction o f IL-1(3
produetion by macrophages.
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Figure 4. Exposure of PAMPs situated underneath the mannan layer in hyphae is responsible for IL-lf)
production. (A) Monocyte-derived macrophages were stimulated with heat-killed C. albicans yeast or hypha for
24 h. Supematant was harvested and the concentration o f IL -lp and TNF were determined by ELISA. (B)
Monocyte-derived macrophages were stimulated with heat-killed or thimerosal-treated C. albicans yeast for
24 h. Supematant was harvested and the concentration o f IL-1 (3 and TNF were determined by ELISA. (C) The
porosity o f two C. albicans strains, CAF-2 and UC820, was measured by the relative sensitivity to poly-L-lysine
and DEAE-dextran sensitivity. (D) Transmission electron microscopy (TEM) o f yeasts and hyphae (arrow head
indicates mannan fïbrils) (E) Average mannan fibril length from 30 randomly selected C. albicans yeast and
hyphae. (F) Monocyte-derived macrophage was stimulated with heat-killed CAI-4, the Aochl N-mannan
glycosylation mutant, and its complemented control strain, respectively, for 24 h. Supematant was harvested and
the concentration of IL -1p was determined by ELISA. (n = 6, *p<0.05)

Dectin-1 is partially responsible for the C. albicans-m&uccA IL-1B production
The C-type lectin receptors (CLRs) dectin-1 and dectin-2 recognize the C. albicans (3-glucans
and a-mannans respectively, and both signal through Syk kinase [32,33]. A pharmacological
Syk inhibitor partially inhibited C. albicans-induced IL-1p secretion in cells lïom healthy
volunteers (Fig. 5A), suggesting a role o f a Syk-coupled receptor in IL-1[3 secretion.
Macrophages isolated from patients homozygous for the early stop codon mutation Tyr238X
in dectin-1, which completely lack functional dectin-1 expression [34], were exposed to

C. albicans in the presenee or absence o f the Syk inhibitor or a caspase-1 inhibitor.
Macrophages from dectin-1 Tyr238X patients released significantly less IL-1 p than
macrophage from healthy individuals, when challenged with C. albicans cells (Fig. 5A).
75

C h ag tcr^

Moreover, unlike the macrophage from healthy individuals, macrophage from dectin-1
Tyr238X patients were not affected by Syk inhibitor, underlining the putative role o f the
dectin-l/Syk pathway for induction o f IL -ip by macrophages (Fig.5A). This conclusion was
further supported by experiments showing the stimulation of IL-1P by purified p-glucans which is an entirely dectin-1 dependent mechanism (Fig. 5B). However, at least one
additional pathway must be responsible for IL -ip induction in macrophages, because residual
IL -ip production was consistently observed in macrophages defective for dectin-1 expression.
Recognition o f mannans by MR [35] or dectin-2 [36] was not responsible for this residual
production. This was confhmed by siRNA directed knock-down of expression o f these
receptors, which failed to show any effect on IL -ip production (not shown). While chitin is an
important candidate for residual IL -ip production, and the chitin-enriched Aochl strain led to
increased IL -ip production (Fig. 4F), the unknown nature of the PRR for chitin prevented us
from exploring the hypothesis that this residual pathway is related to the recognition o f cell
wall chitin. This second, minor pathway of IL -ip stimulation was also shown to be
inflammasome-dependent, because a caspase-1 inhibitor also reduced IL-ip production in
cells isolated from dectin-1-deficient patients (Fig. 5C).

IL-1B induced by C. albicans hyphae leads to IL-17 production
IL -ip has been demonstrated to be critical for T hl7 differentiation in humans [37], and
blocking the IL-lRI-signaling pathway by IL-1 receptor antagonist inhibited the induction of
IL-17 induced by C. albicans (Fig. 5D). We assessed whether the differences in IL-ip
induction by yeasts and hyphae also lead to differences in Th 17 responses. Indeed, the yeastlocked Aefgl/Acphl C. albicans mutant failed to induce IL-17 in macrophages that were cocultured with T-cells, while hyphae-forming wild-type C. albicans induced Th-17
differentiation and IL-17 production (Fig. 5E). These results demonstrate that the induction of
IL -ip by macrophage is critical for Th 17 differentiation, and the phenotypic switch between
yeasts and hyphae determines the triggering of a Th 17 response.
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Figure 5. Production of IL -ip in both dectin-1 dependent and independent pathway in response to C.

albicans stimulation. (A) Monocyte-derived macrophage from normal dectin-1

C o n tro ls

or dectin-1 Y238X

patients was stimulated with live C. albicans UC820 for 24 h in the presence o f DMSO (opened Symbol), syk
inhibitor (closed symbol). Supematant was harvested and the concentration o f IL-1 (3 was determined by ELISA.
(dectin-1 control, n=8; dectin-1 Y238X, n=2) (B) Monocyte-derived macrophages from healthy volunteers and
dectin-1 Y238X patients were stimulated with (3-glucans (10 ng/ml) alone or in combination with Pam3Cys4 (1
Hg/ml) for 24 h. Supematant was harvested and the concentration o f IL -ip was determined by ELISA. (dectin-1
control, n=3; dectin-1 Y238X, n=2) (C) Monocyte-derived macrophages from dectin-1 Y238X patients were
stimulated with live C. albicans UC820 for 24 h in the presence of DMSO, caspase-1 inhibitor. Supematant was
harvested and the concentration of IL -ip was determined by ELISA. (D) Monocyte-derived macrophages were
stimulated with live C. albicans UC820 in the presence with autologous lymphocytes, in the presence or absence
o f IL -IR a for 7 days. Supematant was harvested and the concentration o f IL-17 was determined by ELISA. (E)
Monocyte-derived macrophages were stimulated either with live C. albicans UC820 o f the Aefgl/Acphl strain in
the presence with autologous lymphocytes, in the presence or absence o f IL -IR a for 7 days. Supematant was
harvested and the concentration o f IL-17 was determined by ELISA.
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Discussion
Much attention has been devoted to the understanding o f how the immune system defends the
host from fungal infection. Both Thl and Th 17 responses have been shown to have beneficial
effects for the host defense against C. albicans infection [38,39]. However, the mechanisms
of discrimination between C. albicans colonization and invasion are still poorly understood. A
recent study has deseribed colonizing yeasts and invading hyphae causing differential
activation o f the c-Jun and c-Fos transcription factors in epithelial cells [40].

The

discriminatory mechanisms operating at the level of the immune response are unknown. In the
present study we report that antifungal defense depends on mounting an efficient Th 17
response. This is the major immune defect in patients with chronic mucosal fungal infections
such as CMC and HIES that share T hl7 defects [41,42], The protective anti-C. albicans Thl7
response is initiated when C. albicans forms germ tubes, which are recognized by
macrophages via a dectin-1/Syk-dependent mechanism. The hypha-induced protective Th 17
differentiation is dependent on inflammasome activation and IL-lf3 produetion.

In the CMC patients, we observed defective produetion o f IL-17 and a partial defective IFN-y
produetion, but no difference in IL-6, TNF and IL-1|3 produetion. The importance o f Th 17
responses for antifungal host defense is supported by two additional lines of evidence (i) IL17 is important for host defense against systemic fungal infection [43,44], and (ii) IL-17 has
been shown to be a crucial component o f mucosal antifungal defense in a murine
experimental model [45]. T hl7 responses are initiated by two signals: presentation of a fungal
antigen in the context of the activation by costimulatory molecules, and the release of an
appropriate cytokine milieu by the antigen presenting cells such as tissue macrophages [46],
IL -ip produetion is essential for mounting an effective Th 17 response, and this is dependent
on the processing of the inactive pro- IL -ip into active IL -ip by the inflammasome and
caspase-1 activation.

Efgl and Cphl are two important transcription factors that regulate C. albicans yeast to hypha
morphogenesis (32). The Aefgl/Acphl double knock-out C. albicans strain is unable to form
hyphae, even when grown in strong hypha-inducing culture conditions [47]. It has been also
shown that Aefgl/Acphl is avirulent in the mouse model, [48] demonstrating that hypha
formation is critical for C. albicans invasion. In addition, from the point o f view o f the
clinical histology of mucosal candidiasis patients, germ tube formation in serum is a muchused clinical diagnostic test. By stimulating macrophage with wild-type and Aefgl/Acphl
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C. albicans strains, we showed that hypha development during tissue invasion is crueial for
macrophage recognition and IL -ip production via inflammasome activation. Similarly,
macrophages stimulated with either Ahgcl and Aeedl strain, that are unable to form [49] or to
sustain hyphal growth [50], produced significantly lower IL -ip, demonstrating that sustained
hyphal development is required for effective inflammasome activation and IL-1 [3 production.
This was not due to alterations in the host transcription o f the IL -ip gene, but rather a hyphaspecific induction o f inflammasome activation in the macrophage. In contrast, both the wildtype and the yeast-locked C. albicans strains induced IL-1 P production in blood monocytes,
which are cells that are present in the normally-sterile bloodstream, where presenee o f yeast
or hyphal cells is indicative o f invasion. The production o f IL-1 P by monocytes stimulated
with both yeasts and hyphae is due to the constitutively active caspase-1 in these circulating
monocytes [51]. These data indicate that the macrophage is the key cell type recognizing the
invading C. albicans in tissues. Similar mechanisms could also be present in dendritic cells
which also lack a constitutively active caspase-1 [52],

Reinforcing these observations in human cells, Joly and colleagues showed earlier that hyphal
formation triggers Nlrp3 inflammasome activation in murine macrophages [53]. However,
there may be intrinsic differences between murine and human macrophages in terms of
hyphal recognition and inflammasome activation. In contrast to human macrophages in which
hyphae induce both IL-1 □ transcription and inflammasome activation, the priming o f murine
macrophage with LPS is a prerequisite for effective IL-1 p production by fungal hyphae. This
implies that in mice hyphae formation triggers Nlrp3 inflammasome activation, but not proIL -ip translation. Because LPS by itself could only induce pro-IL -ip translation in
macrophages, no active IL-1 p could be released without the activation o f inflammasome [54],
Nevertheless, the finding by Joly et al laid the foundation to explore the role of hyphal
germination and inflammasome activation in human macrophages.

We also addressed the question as to why only hyphae, but not yeasts, induced inflammasome
activation in human macrophages. An important difference between these fungal cell types
was noted in terms of the length of the mannan fibrils in yeasts and hyphae. The length of
these fibrils is shorter and mannans may be less branched on the hyphal cell wall. This could
make the inner PAMPs more easily accessible for macrophage PRRs. To test this hypothesis,
we stimulated macrophages with the glycosylation defection Aochl C. albicans strain that
lacks highly branched outer chain mannans. The Aochl C. albicans strain induced a stronger
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stimulation of IL-1 P secretion. From these findings we conclude that, while the mannan fibrils
may not be not responsible for the induction of IL-ip, the absence o f a fully matured
branched outer mannan layer permits the enhanced recognition o f inner structures o f the

C. albicans cell wall, which in turn induce IL-1 p production.

The loss of branched mannans in the Aochl C. albicans strain results in the activation o f cell
wall biosynthetic pathways that result in higher relative amounts o f p-glucans (88.3 % versus
59.5 % in wild type) and chitin (1.8% versus 1.0% in wild type) [55]. This suggests that the
enhanced recognition of these fungal components by specific PRRs, such as dectin-l/Syk
pathway for the recognition of P-glucans, may be responsible for the augmented production
o f IL-1 p. To test this we performed a set of experiments using Syk-inhibitors and cells
isolated from patients with a dectin-1 deficiency [56]. We observed that dectin-l/Syk pathway
was partly responsible for the induction o f IL -ip. A possible secondary mechanism could
involve the recognition o f chitin by an as yet unknown receptor. These data are supported by
a recent in vitro study implicating the P-glucan recognition pathway by dectin-1 for the
activation o f the inflammasome [57].

Colonization by C. albicans yeasts is tolerated by the host defense system and does not elicit
a strong inflammatory reaction. However, during conversion o f C. albicans yeasts to hyphae
and tissue invasion, inflammasome activation leads to caspase-1 activation and IL-1 p
secretion, which is instrumental in inducting a protective Th 17 response (Fig. 5E). The
D ectin-l/Syk pathway appears therefore to act as a master regulator of the differential
recognition o f colonizing yeasts versus invading hyphae, mainly through the activation o f the
IL-1 p/Th 17 pathway.

The model proposed in this study is based on experiments in human cells, but it is supported
by murine studies. Mouse macrophages activate the inflammasome in response to hyphal
components [58], while mice defective in either inflammasome components [59,60] or IL-17
receptor [61] are highly susceptible to systemic or oropharyngeal candidiasis. In addition, a
critical role of macrophages in mucosal immunity has also been shown in clearing primary
and secondary pneumococcal colonization in a Thl7-dependent manner [62]. Here we
propose that in addition to their role in controlling bacterial colonization, macrophages
discriminate colonization from invasion during C. albicans infection.
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In conclusion, in this study we demonstrate that the immune mechanism responsible for the
activation of antifungal defense during tissue invasion by C. albicans hyphae is the IL -ipdriven T hl7 response. The differential induetion o f T hl7 responses by colonizing yeasts (no
induction) and invading hyphae (potent induetion of Th 17) represents one o f the main
immune mechanisms discriminating between C. albicans colonization and invasion states.
The mechanisms behind this process are complex: (i) conversion from yeast cells into hyphae
is essential for Th 17 induction; (ii) inflammasome activation associated with hypha formation
is the discriminating step during production o f IL -ip and the subsequent IL-17 induction; (iii)
dectin-l/Syk recognition o f P-glucans is an essential component o f inflammasome activation
and IL -ip release. This step is defective in patients with dectin-1 deficiency. (iv) Finally,
differences in the mannan architecture in yeast and hyphal cells may result in the recognition
o f inner cell wall components such as P glucans in hyphae. This is supported by the
observation that glycosylation-defective C. albicans strains induce higher IL -ip production
by macrophages.

These findings have important conceptual and practical consequences. Firstly, they describe
one o f the likely mechanisms responsible for discriminating between benign colonization and
harmful invasion by C. albicans. The proper discrimination o f these two states is crucial for
avoiding inappropriate inflammation of colonized mucosal surfaces, while retaining a
vigorous inflammatory response to cells that penetrate beyond the most superficial layers of
the mucosa. Secondly, this model o f tissue recognition o f invasion is likely to be important
for other colonizing microorganisms: in case of bacteria, the second signal needed to trigger
inflammasome activation may be the release o f ATP from dead cells during tissue invasion
[63]. Our model suggests that during non-symptomatic carriage o f C. albicans in nondiseased individuals, an equilibrium may be established in which commensal carriage o f yeast
cells is sustained by successful Thl7-dependent elimination of opportunistic infiltration of
hyphae in the outer mucosal layers. When the normal microbiological or immunological
balance at the mucosal surface is perturbed, increases in the numbers o f invading hyphae may
then represent the trigger for a vigorous inflammatory defense. Future validation o f these
findings in a mucosal candidiasis experimental model, assessing in vivo the role o f dectin1/Syk/inflammasome pathway for IL-17 production, will be o f great importance to
complement the in-vitro findings reported here.
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Finally, our findings provide important clues on the mechanisms through which tolerance
may be lost during inflammatory bowel disease: it is important to note that in Crohn’s disease,
specific anti-C. albicans antibodies (ASCA) have been described [64], genetic variants in the
inflammasome component NLRP3 predispose to disease [65], and C. albicans exacerbates
colitis in mice [66]. This study provides clues of the mechanisms that may have contributed to
a defective anti-C. albicans response in the intestinal mucosa o f these patients, and may offer
a new therapeutic approach to this disease.
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Abstract
In experimental studies, the role o f complement in antifïmgal host defense has been attributed
to its opsonizing capability. In this study, we report that in humans an activated complement
system mainly augments

Candida albicans-induced host pro-inflammatory cytokine

production via C5a-C5a receptor signaling, while phagocytosis and intracellular killing of

Candida are not influenced. By blocking the C5a-C5aR signaling pathway, either with antiC5a antagonist antibodies or with the C5aR antagonist W-54001, C. albicans-induced IL-6
and IL -ip levels were significantly reduced. Recombinant C5a augmented cytokine
production. In addition, using serum from patients with various complement deficiencies, we
demonstrated a crucial role o f C5, but not C6 or the membrane attack complex, in C.

albicans-induced IL-6 and IL -ip production in monocytes. These fmdings reveal a central
role of anaphylatoxin C5a in augmenting host pro-inflammatory cytokine production upon
contact with C. albicans, and defïne the role o f the complement system in anti -Candida host
defense in humans.
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Introduction
Candida albicans is the major cause of human fungal diseases. Candida colonizes the
mueosae o f more than 50% o f healthy individuals, but this is usually asymptomatic. However,
once host immunity is compromised, such as in patients with genetic inbom defects [1] or
neutropenia due to immune suppression [2], C. albicans can become invasive and spread
systemically. The mortality due to disseminated candidiasis is very high, up to 30-50% [3],

The innate immune system is critical for clearing fungal invasion. The first step in the
activation of innate immunity is the recognition of fungal structures called pathogen
associated molecular pattems (PAMPs) by pattem recognition receptors (PRRs) [4], Among
the known PRRs, Toll-like receptors (TLRs; TLR2 and TLR4) and C-type lectin receptors
(CLRs, such as dectin-1, dectin-2, mannose receptor) have been identifïed to be involved in
both the direct killing o f C. albicans through phagocytosis [5], and in the induction of
proinflammatory cytokines that recruit and activate phagocytes to clear and control the
infection [6].

Another important arm of the innate immunity is the complement system. The complement
system can be activated by three pathways: the classical pathway (CP), the altemative
pathway (AP) and the lectin pathway (LP) that all converge on the activation o f C3, leading to
phagocytosis o f the C3b-opsonized microorganisms [7]. It has been shown that all these three
activation pathways can be activated by C. albicans [8,9,10], and experimental studies have
suggested that this facilitates the phagocytosis o f the fungus through the deposition o f C3b
[11]. Unlike for bacterial pathogens, the membrane attack complex (MAC), comprised o f C5
to C9, has not been convincingly demonstrated to lead to direct lysis o f C. albicans, due to the
thick fungal cell wall which presumably blocks the formation of the MAC [12,13],

In addition to its ability to facilitate phagocytosis by opsonization, the activation of
complement system also generates anaphylatoxins (C3a, C4a and C5a), which mediate
pleiotropic effects such as triggering degranulation, inducing smooth muscle contraction,
chemotaxis or inducing local inflammatory response [14], C3a has been reported to act as an
antifungal peptide by perturbing membrane integrity [15], C5a has also been shown to be
crucial for the phagocytosis o f Gram-negative bacteria and subsequent oxidative burst by
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upregulating CR3 [16,17]. The role o f anaphylatoxins in host defense against C. albicans and
other Candida species is not known.

In this study, we aimed to explore the role of complement for the activation o f innate host
defense by C. albicans. By a combination of methodologies using blocking antibodies,
recombinant C5a, and plasma from patients with complement defïciencies, we demonstrate
that the main role o f complement activation in human antifungal defense is to augment C.

albicans-induced cytokine production by the anaphylatoxin C5a.
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Materials and Methods
Reagents
Recombinant human C5a was purchased from R&D. C5a receptor antagonist (W-54001) was
purchased from Santa Cruz Biotechnology (Califomia, USA). Lipopolysaccharide (LPS)
(Escherichia coli serotype 055:B5) was purchased from Sigma (Missouri, USA). Synthetic
Pam3Cys was purchased from EMC Microcollections. Candida P-glucan and mannan were
kindly provided by David Williams (East Tennessee State University, Tennessee, USA).

Inhibitory antibodies
Mouse immunoglobulin G1 (IgGl) mAbs to human C2 (clone 175-26), factor D (clone 16632), C5a (clone 137-26), and the isotype-matched eontrol (clone G3-519, anti-HIVl gp 120)
were a kind gift from Michael Fung (Tanox Inc., Texas, USA). The anti-C5a 137-26 antibody
neutralizes C5a biologie effects by binding to the C5a moiety on native C5, without
interfering with C5 cleavage. The anti-C5a antibody 137-26 is highly human specific, and no
cross-reactivity has been observed with non-primate species.

C. albicans strain
C. albicans ATCC MYA-3573 (UC 820) was used, unless otherwise indicated. C. albicans
organisms were grown ovemight in Sabouraud broth at 37°C, and cells were thereafter
harvested by centrifugation, washed twice, and resuspended in culture medium (RPMI 1640;
ICN Biomedicals) [18].

For overexpression o f Pral, the gene PRA1 was cloned under the eontrol of the C. albicans

ACT1 promoter and integrated into the RPS 10 locus o f C. albicans strain (Losse et al,
unpublished data). Wild type strain CAI4 [pCIPlO] carrying pCIPlO [19] at the RPS10 locus
was used as a eontrol for CAI4[pACTl-PRAl] [20]. Overexpression was confirmed by RTPCR under conditions when PRA l was not expressed in the wild type. The mutant strain

pralK and the corresponding parental wild type strain RM1000 were kindly provided by
Anne Marcil and Malcolm Whiteway, National Research Council of Canada, Montreal,
Québec, Canada [21].

Human pooled serum and complement deficient serum
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Human pooled serum (HPS) was prepared from at least 10 healthy individuals after informed
consent, pooled and stored at -8 0 °C. Anti-mannan antibody depleted serum was prepared as
previous described [22]. In brief, anti-mannan antibody depleted serum was produced by two
successive absorptions, each with 5 x 108 C. albicans yeast cells per ml serum for 30 min at
0 °C. The absorbed serum was passcd through a 0.45-pm filter and used immediately or
stored at -8 0 °C.

Complement factor C5-defïcient serum was derived from a 25-year old woman identified as
C5-defïcient because she and her brother both suffered from invasive meningococcal disease.
In brief the brother, who was found to have the same genetic defect, died from fulminant
meningococcal septic shock at 14 years o f age. The 25-year old woman suffered from
serogroup C meningococcal meningitis at the age of 15 years. Functional analysis in the
woman’s plasma showed absent altemative and classical route induced haemolytic activity
(AP50< 15%; CH50 < 4%), that normalized after reconstitution with C5. Genetic analysis
performed as previously described [23] revealed compound heterozygosity for a 4bp deletion
(del AAAC) causing a frameshift and resulting in a premature stop codon in Asp396
(NP 001726), and a nonsense mutation causing a premature stop codon in Gin1658 o f the C5
preprotein (NP 001726), inherited from the pair’s father and mother respectively. MBLlevels were normal (3.22 mg/L).

C6-deficient serum was obtained from a 25-year old man suffering from recurrent invasive
meningococcal infections who was found to be C6 deficient restored after reconstitution with
C6. Determination o f MBL (MBL < 0.04 mg/L) further revealed complete MBLdeficiency.C7 deficient serum was obtained from a 24-year old woman with a history of
chronic benign meningococcaemia at the age o f 21 years. CH50 and AP50 in this patiënt were
both undetectable, and normalized after reconstitution with C7. MBL in this patiënt was
normal (3.78 mg/L).

Ethics Statement
Patients and healthy volunteer gave written informed consent to participate in each o f the
studies under Institutional Review Board approval of Radboud University Nijmegen Medical
Center.

Isolation and stimulation of peripheral blood mononuclear cells (PBMCs')
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Separation and stimulation o f PBMCs was performed as described elsewhere [24], from buffy
coats obtained from healthy blood donors at the Bloodbank Nijmegen. Cells were adjusted to
a concentration o f 5 x l0 6 cells/mL, and thereafïter incubated at 37°C in round-bottom 96-well
plates (volume, 100 jxL/well) with either live C. albicans (105/ml) or culture medium. After
24h, 48h or 7 days, supematants were collected and stored at -20°C until assay.

Cytokine measurements
IL-6, IL-10, IFN-y (Pelikine Compact, CLB, Amsterdam, Netherlands), IL-ip, TNF-a, IL-17
(R&D, the Netherlands) concentrations from the culture supematant were measured by
commercial ELISA kits according to the manufacturer’s instructions.

Phagocvtosis and killing assay
The phagocytosis and killing assay are performed as described previously [25]. In short,
human PBMCs (5 x 105) in 100 |il o f RPM I-1640 were dispensed into the wells o f a 96-well
flat-bottom plate (Costar) and incubated at 37°C and 5% C 02. Cells were incubated with 1 x
104 cfu C. albicans, which was opsonized with 40 % o f complement-competent control serum
or C5-deficient serum in modified Eagle's medium (Gibco Life Technologies, Paisley,
Scotland; MEM) for 45 min at 24°C. After 30 minutes of incubation, the non-phagocytosed
cells were collected and the colony forming units were quantifïed by plating on Sabouraud
agar plates in a 10-fold dilution manner and incubated at 37°C for 24 h. The percentage o f
yeast phagocytosed by the PBMC was determined as follows: (1 - (cfu after incubation/lx
104)) x 100. Cell-free incubations o f C. albicans yeast were included as a control.

After removal of the non-phagocytosed C. albicans blastoconidia, 200 (il of culture medium,
consisting of Sabouraud in MEM (50% v/v), was added to the monolayers. After 4 h of
incubation at 37 °C and 5% C 02, the wells were gently scraped with a plastic paddle and
washed with 200 |xl distilled H 20 to achieve lysis o f monocyte. This procedure was repeated
three times, after which the pooled washes were adjusted to a fïnal volume o f 1 ml with
distilled water. Microscopie examination o f the culture plates showed that there was a
complete removal o f phagocytes. To quantify the number of viable intracellular C. albicans
yeast, 10-fold dilutions of each sample were spread on Sabouraud agar plates and incubated at
37 °C for 24 h. The percentage of yeast killed by the monocyte was determined as follows:
(1 - (cfu after incubation/number o f phagocytosed cfu)) x 100. Cell-free incubations o f yeast
were included as a control for yeast viability.
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Ouantitative polvmerase chain reaction (qPCR~)
The qPCR experiment are performed as deseribed previously [26]. PBMCs were stimulated as
described above. After 6 hours, the supernatant was removed, and the cells were resuspended
in 200 |iL o f RNAzolB RNA isolation solvent (Campro Scientific) and stored at -80°C.
mRNA was isolated according to the instruction of manufacturer. cDNA was synthesized
from 1 jig of total RNA by use o f SuperScript reverse transcriptase (Invitrogen). Relative
mRNA levels were determined using the Bio-Rad i-Cycler and the SYBR Green method
(Invitrogen).

The

following

primers

were

used:

Roryt

forward

primer

5'-

CCGCTGAGAGGGCTTCAC-3' and reverse primer 5 '-TGCAGGAGTAGGCCACATTACA
-3', GATA-3 forward primer 5'- TCACAAAATGA ACGGACAGAACC-3' and reverse
primer

5'-

G G T G G T C T G A C A G T T C G C A C -3 t-b et

forward

primer

5'-

CAAGGGGGCGTCCAACAAT-3' and reverse primer 5'- TCTGGCTCTCCGTCGTTCA-3',
and P2M forward primer 5'-ATGAGTATGCC TGCCGTGTG-3' and reverse primer 5'CCAAATGCG GCATCTTCAAAC-3' (Biolegio). Values are expressed as fold increases in
mRNA levels, relative to those in unstimulated cells.

Statistical analvsis
Results from at least 3 sets of experiments with minimum six volunteers were pooled and
analyzed using GraphPad Prism software. Data are given as means + SD and the paired
Wilcoxon test was used to compare differences between groups. The level of significance was
set at p < 0.05.
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Results
Heat-inactivated and anti-mannan Ab depleted serum reduce C. albicans-induced
cytokine produetion.
In the presence o f intact human pooled serum (HPS), human peripheral blood mononuclear
cells (PBMC) induced significantly higher pro-inflammatory cytokines, such as IL-6, IL-ip
and TNF-a (Fig. IA) upon C. albicans stimulation. A clear reduction o f cytokine produetion
was observed after heat-inactivation (56°C for 30 minutes) o f HPS (Fig. 1B).

The presence o f anti-mannan antibodies in the normal human serum has been reported
previously [8], Depletion o f the anti-mannan antibodies by preabsorption o f HPS with C.
albicans at 4’C for 30 minutes resulted in the reduction o f cytokine produetion induced by the
yeast (Fig. IC). In addition, when anti-mannan antibodies were depleted at 37°C, IL-6, TNF-a
and IL -ip produetion were comparable with the intact HPS (data not shown).

Cytokine produetion is down-regulated bv the addition of specific Abs against
complement components
To further delineate which pathway is involved in augmenting C. albicans-induced cytokine
produetion, specific antagonist antibodies were used to block the activation o f individual
complement factors. Previous reports showed that all the three complement activation
pathways could be activated by C. albicans [27,8,9], Our results demonstrate that cytokine
produetion, as measured in our system, was significantly redueed when the classical/lectin
pathway (by anti-C2 antibody) and the altemative pathway (by anti-Factor D) were inhibited
(Fig. 2A).

All three complement activation pathways converge at the level o f activation o f C3, leading to
downstream cleavage o f C5 into C5a and C5b. C5a functions as anaphylatoxin and has
pleiotropic effects in the inflammatory process [28]. Therefore, we investigated the role of
C5a in augmenting C. albicans-m&accd cytokine produetion. Cytokine produetion was
significantly down-regulated by addition of a blocking anti-C5a antibody (Fig. 2B).
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C5a receptor antagonist inhibits C. albicans induced IL-6 and IL-B. but not TNF-a.
C5a transduces signals through the G-protein coupled C5a receptor (C5aR) [29]. To delineate
the role o f C5a-C5aR signaling pathway in C. albicans induced cytokine production, C5aR
specific antagonist W-54001 was used to inhibit C5aR dependent signaling [30]. A clear
dose-dependent inhibition of IL-6 and IL -ip production was observed (Fig. 3). However,
TNF-a production was not influenced, irrespective o f the inhibition o f C5aR signaling.

C5a augments C. albicans induced IL-6 and IL-1B production
To fiirther demonstrate the role of C5a in augmenting C. albicans induced cytokine
production, recombinant human C5a was added simultaneously with C. albicans to PBMC in
serum free medium. In line with the previous finding, recombinant C5a by itself could not
induce cytokine production. However, recombinant C5a significantly augmented C. albicansinduced IL-6 and IL-1J3 production and TNF-a to a lesser extent (Fig. 4A).
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Fignre 3 Human PBMCs were stimulated with live C. albicans in the presence o f normal human pooled serum
together with C5a receptor antagonist, W54001, in a dose-dependent manner for 24 hours. Supematant was
collected for IL6, IL-l p and TNF measurement. (pooled data o f 3 separate experiments, n=6 volunteers, means ±
SD, *p<0.05)

C5a cross-talk with TLR2 and TLR4
We have previously demonstrated that fungal cell wall components such as mannan and (3glucan could be recognized by TLR2, TLR4, dectin-1 and mannose receptor (MR) and induce
cytokine production [4], To get a better understanding of how C5a augments C. albicans
induced cytokine production, we stimulated PBMC simultaneously with LPS (TLR4 agonist),
Pam3Cys (TLR2 agonist), P-glucan (dectin-1 ligand) or mannan (MR and dectin-2 ligand),
alone or in combination with recombinant C5a. As shown in Figure 4B, we observed that both
LPS and Pam3Cys induced higher IL-6, TNF-a and IL -ip in the presence o f C5a.

C5 deficient serum induced lower cytokine production
To assess whether these fmdings may impact cytokine production in-vivo, we investigated the
effect o f serum collected from patients with complement deficiencies for C. albicans-induced
cytokine production. C5-deficent serum potentiated less strongly IL-6 (94% reduction), TNFa (29% reduction) and IL -ip (75% reduction) production induced by C. albicans, compared
with that by eontrol serum. This effect however was not observed with serum from patients
suffering from C6 and C7 deficiency (Fig. 5A). To further demonstrate that the observed
cytokine reduction is not due to a defect o f opsonization activity, we performed a C. albicans
phagocytosis and killing assay in the presence of HPS or C5-deficient serum: no significant
difference was observed (Fig. 5B). This implies that C5-deficient serum possesses intact
opsonization activity, while failing to support a proper cytokine production.
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Figure 4 (A)Human PBMCs were stimulated with live C. albicans in serum free medium together with
recombinant C5a in a dose-dependent manner for 24 hours. Supernatant was collected for IL6, IL -ip and TNF
measurement. (B)

Human PBMCs were stimulated with LPS, p-glucan, mannan, Pam3Cys, alone or in

combination, in the presence or absence o f recombinant C5a for 24 hours. Supernatant was collected for IL6, ILlp and TNF measurement. (pooled data of 3 seperate experiments, n=6 volunteers, means ± SD, *p<0.05)

In addition, by adding recombinant C5a to the C5-defient serum, a clear augmentation o f IL-6
and IL -ip production was observed (Fig. 5C). The augmentation effect could be blocked by
preincubation with C5aR antagonist. As for the normal HPS (Fig 5D) and other complement
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Figure 5 (A) Human PBMCs were stimulated with live C. albicans in the presence o f serum from healthy
pooled serum, C5-, C6-, or C7-defïcient patients for 24 hours. Supematant was collected for IL6, IL -ip and TNF
measurement. (B) Phagocytosis and killing ablity after opsonization o f live C. albicans with either control
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seperate experiments, n=6 volunteers, means ± SD, *p<0.05)
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deficient sera (data not shown), only a marginal effect was observed by adding exogenous
C5a.

C5a enhanced C. a/A/cam-induced production of IL-10. but not IFN-y and IL-17
In addition to its role on promoting proinflammatory cytokine in monocyte/macrophages, C5a
can also modulate adaptive immunity by altering T-cell differentiation [28]. Therefore, we
further examined the role o f C5a on the production of the signature cytokines for T hl, Th2
and T hl7. No effect o f C5a on the production o f IFN-y and IL-17 was observed, while IL-10
production was significantly upregulated by C5a (Fig. 6A). In a following set o f experiments,
we performed real-time PCR to examine whether the transcription factors specifïc for Thelper-cell differentiation are influenced by C5a. C5a did not alter the expression level o f Tbet, GATA-3 and RORyt (Fig. 6B).

C. albicans pH-reguIated Antigen 1 (Pral) inhibits C. albicans induced cytokine
production
Pral is a glycoprotein located at the C. albicans cell surface that has been reported to inhibit
complement activation.

To study the role of Pral, a recently identified surface protein o f C. albicans that modulates
complement activation [31,32], during interaction with monocytes, we stimulated human
PBMC with a pralA strain and its parental strain in the presence o f serum. As expected, the
pralA strain induced significantly higher amounts of TNF-a (1.7 fold increase) and IL-1 P (2.1
fold increase) as compared with the parental strain. IL-6 production induced by pralA strain
was also higher, although it did not reach statistical significance (Fig. 7A). Next, a Praloverexpressing strain was used to stimulate the PBMC. However, no differences in cytokine
production were observed between the overexpressing strain and its corresponding parental
strain (Fig. 7B), implying that the endogenous Pral expression is sufficiënt to inhibit
complement activation.
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Discussion
Innate immunity is the first line defense against C. albicans infection. Upon encountering C.
albicans, phagocytes either kill C. albicans by phagocytosis and intracellular killing, or
secrete chemokines and cytokines to recruit and activate effector cells. The present study has
identified a previously unknown effect of C5a for augmenting C. albicans-induced cytokine
production. Through the cross-talk between C5aR and TLR pathways, the complement
system augments the pro-inflammatory cytokine production that will contribute to fungal
clearance. As phagocytosis and killing o f Candida by human phagocytes was not significantly
reduced when using complement-deficient plasma, it is likely that the augmentation of
cytokine production is the main function of complement in human antifungal defense.

The complement system plays an important role in anti-C. albicans host defense. On the host
side, much attention had been drawn to the opsonization activity o f complement system
against C. albicans infection [33,34,35], On the pathogen side, it has been reported that C.
albicans interferes with complement activation through several different strategies: firstly, by
direct degradation o f complement components by secreted aspartic proteases [36]; secondly,
through binding of complement regulators on the cell wall protein, such as Pral [37,38,39] and
H gtlp [40] to inhibit complement activation; and thirdly, by blocking the activation of
complement by surface mannan or pH-regulated antigen 1 [41,31], Surprisingly however, the
role of the anaphylatoxins for antifungal host defence has been less well characterized. In this
study we demonstrate that despite the fact that C. albicans phagocytosis was normally
induced by serum from C5-defïcient patients, the capacity of C5-deficient serum to potentiate
pro-inflammatory cytokine production induced by C. albicans was significantly reduced. This
highlights the role o f the complement system in augmenting cytokine production upon C.
albicans infection, and suggests this is its main role in human antifungal immunity.

C5a is a small peptide generated upon complement activation. It induces various
inflammatory responses such as vasodilation, smooth muscle contraction and accumulation of
neutrophils at the extravascular sites [14], In addition, the cross-talk between C5a and TLR
has also been reported to modulate TLR mediated cytokine production in differenT-cell types
[42], It has been suggested that C5a potentiated LPS-induced IL-6 production in neutrophils
by activation o f ERK1/2 and p38 MAPK signaling through C5aR [43], C5a also enhanced
LPS-induced TNF-a and IL -ip production by monocytes and macrophages [44], Moreover,
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synergistic induction o f cAMP and suppression o f nitric oxide-dependent bacterial killing
between TLR2 and C5aR was demonstrated in an in-vivo mouse model [45].

The activation o f complement was needed for the augmentation of C. albicans-'mduccd
cytokine production, as shown by using heat-inactivation o f human pooled serum (Fig IA). It
is known that naturally-occurring anti-mannan antibodies bind to C. albicans and initiate
complement activation via the classical pathway [22]. By depleting the anti-mannan
antibodies from the serum, we also observed significant reduction o f cytokine production,
indicating that the classical activation o f complement system can stimulate cytokine
production induced by C. albicans. Moreover, addition of antagonist antibodies against
specifïc complement components to block either of the three complement activation pathways
also leads to downregulation of cytokines, further strengthening the hypothesis that
complement activation is needed for proper cytokine induction against C. albicans infection.

In a following set o f experiments, we set to assess which complement factors are specifically
needed for the effect on cytokine production. By using either an anti-C5a antagonist antibody
or a C5aR antagonist, it was demonstrated that C5a is the key complement component
responsible for the cytokine augmentation after stimulation o f PBMCs with C. albicans. Both
IL-6 and IL -ip were significantly downregulated when anti-C5a antagonist antibody or C5aR
antagonist were used. However, TNF-a production was reduced only when anti-C5a
antagonist antibody was used, but not C5aR antagonist. Similar cytokine induction pattem
was observed when recombinant C5a was added simultaneously with C. albicans, with
production of IL-6 and IL-1 p, but not TNF-a, being increased. This indicates that the C5aC5aR signaling probably contributes directly to the augmentation IL-6 and IL -ip production.
A different receptor triggered by C5a, the recently described C5L2, might also be involved for
the potentiation o f TNF-a production. It is recently demonstrated that the cross talk between
TLR and C5a is due to downregulation o f C5L2 surface expression after TLR ligands
exposure [46]. Therefore, future work is needed for elucidating the involvement o f C5L2 in
C. albicans induced cytokine production. In line with our finding o f the effect o f C5a upon C.
albicans infection, an acetylated C5a complementary peptide has been shown to reduce
partially the lethal shock induced by C. albicans water-soluble mannoprotein-P-glucan
complex in mice [47]. We also observed cross-talk between TLR4~C5aR and TLR2-C5aR by
using specifïc TLR agonists. It is noteworthy that on top of the synergism between dectin-1
and TLR2, the presence o f C5a could further induce higher cytokine production, indicating
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that the crosstalk between TLR2 and C5a is independent from the crosstalk between TLR2
and dectin-1 (Fig 4B). However, the effect o f C5a seems to be mainly on monocyte-derived
cytokines, such as IL-6 and IL-ip. In contrast, no effects has been observed on T-cell derived
cytokines such as IFN-y and IL-17, although there is significant increase of IL-10 production
in the presence o f C5a, but the absolute concentrations are low (25 pg/ml (no C5a) versus 75
pg/ml(with C5a)). In addition, the T helper-cell specific transcription factors were not
influence by C5a.

In addition to these in vitro observations, C5-deficient mice were demonstrated to be more
susceptible to systemic C. albicans infection [48,49], Similar results were also observed in
C3-deficient mouse [50]. Taken together, these in vivo data from both C3- and C5-defïcient
mouse imply that the activation o f C5 could render a protective effect against C. albicans
infection. However, in contrast to our in vitro finding that demonstrates a role of C5a in
augmenting IL-6 production, C5-defïcient mouse produced higher levels of circulating IL-6 in
response to C. albicans, despite higher mortality [49]. The seemingly contradiction between
the in vivo and in vitro role o f C5a could be attributed to the difference between human and
mice, or to the different C. albicans strains used in the experiments. However, this
discrepancy might also be due to the nature o f the experimental setting. One main
characteristic o f the innate immunity is the prompt reaction to pathogen interaction:
phagocytosis and pro-inflammatory cytokine/chemokine production are triggered very rapidly
after encountering the pathogen. Therefore, in C5-defïcient mouse, C. albicans might have the
chance to escape the host immune defense because of insufficiënt pro-inflammatory cytokine
secretion due to the lack of C5a bioactivity, therefore leading to increased growth o f C.
albicans, resulting in cytokine storm due to the presence o f excess amount of fungal burden
[51,52], A time-course experiment, especially during the early time-point of C. albicans
infection, in C5-deficient mice is needed to validate this hypothesis. In addition, C5a is a
potent chemotactic agent for recruitment o f neutrophils [14]. Since neutropenia is one o f the
risk factor predisposing individual to C. albicans infection [2], C5-deficiency might be
detrimental.

The clinical significance o f this finding has to be evaluated in future. Genetic C5-deficiency
in humans is extremely rare and predisposes mainly to Neisserial infections. It might be
anticipated that, with the increasing use o f the anti-C5 antibody eculizumab, which prevents
the cleavage o f C5 by C5 convertase, in the treatment of paroxysmal noctumal
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hemoglobunuria [53] and hemolytic uremic syndrome [54], acquired C5-deficiency will
become more prevalent in the near future. Our results are an argument to monitor more
earefully for the occurrence of mucosal Candida infections in these patients.

The Pral cell wall protein is released by both yeast and hyphae into the culture medium.
Interestingly, soluble Pral could bind back to the fungal surface [55]. On the one hand, it has
been demonstrated that C. albicans evades complement system by binding Factor H [40],
FHL-1 [55] and complement inhibitor C4b-binding protein [32] on the fungal surface. Pral is
crucial for this effect. On the other hand, Pral could also block the activation and the
conversion o f complement C3 both in fluid and on the fungal surface [31]. This ability to
inhibit complement activation might be a strategy utilized by C. albicans to evade host
complement activation [55,32]. Subsequently, C. albicans pralA strain induced higher TNF-a
and IL-1 (3 at the cellular level. However, as the Pral overexpression strain failed to further
inhibit host cytokine production, the endogenous expression Pral seems to be sufficiënt for
executing its role in inhibiting complement activation. It might be interesting to compare the
differential complements inhibition ability and the surface expression profile o f Pral among
clinical isolates from mucosal and systemic candidiasis patients. In addition, it might be
worthwhile also to compare the virulence o f pralA and Pral overexpression strains in an in
vivo model in the future.

In conclusion, using complementary in vitro techniques and serum isolated from patients with
various complement deficiencies, we demonstrate an important role of C5, specifically C5a,
but not C6 or C7 and thus not the membrane attack complex, for the C. albicans-raAucoA IL-6
and IL-1p in human monocytes.
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Abstract
During both commensalism and infection, Candida albicans must match the immunological
defences of its host and adapt to the local nutriënt status, developing sufficiënt metabolic
flexibility to assimilate the available nutrients in the various anatomie niches available. As it
commonly colonizes glucose-poor niches, C. albicans often relies upon altemative carbon
sources to grow and establish infections. However, most studies on host immune responses to
this pathogen have been performed on C. albicans glucose-grown cells, and the extent to
which physiological carbon sources impact antifungal innate immunity has not been studied.
The fungal cell wall is dramatically influenced by growth conditions and the nutrients
assimilated, and due to the wide variety of PAMPs decorating its surface, the cell wall is the
main target to be recognized by host innate immune cells. We analysed the impact of carbon
source on the host immune responses and recognition of C. albicans. We found that growth
on lactate, a non-fermentative carbon source present/abundant in different anatomical niches
inhabited by this fungus, modulates the cytokine profile and interaction with immune cells.
Notably, lactate-grown C. albicans induced higher amounts o f the anti-inflammatory
cytokine IL-10 compared to glucose-grown C. albicans, while IL-17 production was less
potently induced by lactate-grown cells. This trend was consistently observed in pathogenic
strains isolated from different host niches and classified under different C. albicans clades. In
addition, although less taken up by macrophages, lactate-grown cells were more efficient at
killing and escaping these cells. In conclusion, we demonstrate that carbon source has a major
impact upon C. albicans interaction with the innate immune system and we hypothesise that
this effect is largely mediated by changes in the cell wall architecture.
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Introduction
Fungal infections are characterized by a large number o f microenvironments occupied during
the course of infection. Commonly harmless, the fungus Candida albicans is present in 4080% o f normal population. In situation in which the balance between colonization and host
defence is disrupted, infections occur, with vaginal, esophageal and oropharyngeal
candidiasis being some o f the most frequent mucosal infections in humans. A significant
proportion of these infections are often recurrent [1]. In immunocompromised individuals, C.
albicans can proliferate unimpeded, invade the bloodstream and the tissues, and cause a
variety o f infections including pneumonia, septicaemia, endocarditis or systemic candidiasis.
In these patients, nearly 40% o f disseminated candidiasis cases are fatal [2],
C. albicans can shift from harmless commensal to opportunistic pathogen and this shift
requires the ability to evade mechanisms of the host immune system, among which the innate
immunity is paramount [3]. The first step in mounting protective immunity is the recognition
o f the fungal pathogen by cells of the innate immune system. Pattem recognition receptors
(PRRs) recognise pathogen-associated molecular pattems (PAMPs), followed by activation
o f intracellular signalling cascades, release o f chemokines and cytokines as well as
accumulation o f inflammatory cells at the site of infection [4].
As the main fungal barrier in host-pathogen interactions, the cell wall is therefore an ideal
target for immune recognition. Several receptor families recognise the different components
o f the cell wall, with the major structural polysaccharides chitin and (3-glucan recognised at
bud scars, while mannans and mannoproteins are recognised at the fungal cell surface [5,6].
These structures are sensed by two main classes of PRRs - Toll-like receptors (TLRs),
recognising phospholipomannan [7] and O-linked mannan [8], and C-type lectin receptors
(CLRs) recognising fi-glucan and other types of glycosylated mannan [9,10]. Cell wall
glycosylation is critical for the recognition and uptake of C. albicans, as defects in
phosphomannan biosynthesis decrease phagocytosis o f fungal cells by macrophages [11].
Additionally, proteins covalently associated with mannose polymers on the outer cell wall
layer are major antigens [12,13,14].
The fungal cell wall is a highly dynamic structure, with both morphology and growth
conditions modulating its architecture. Phenotypic switching (yeast-hyphal and whiteopaque) and variations in growth conditions are likely scenarios in the variety o f niches that
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C. albicans inhabits in the human host. In addition, environmental conditions such as pH or
carbon source determine changes in the C. albicans cell wall proteome [15,16]or the
thickness and architecture o f the different cell wall layers. This complex level o f cell wall
regulation, and the importance of the carbon source for determining the expression of
molecular structures has not yet been studied in the context o f immune recognition o f C.
albicans.
In the present study, we test the impact o f non-fermentative growth on the immune response
and recognition o f C. albicans by cells o f the innate immune system. We show that carbon
sources such as lactate efficiently modulate cytokine production induced by C. albicans in
human peripheral blood mononuclear cells (PBMCs) and macrophages, while also
influencing their ability to be taken up and escape such cells during phagocytosis.
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Materials and Methods
Strains and growth conditions
Strains used in this study (Table 1) were grown at 30°C in minimal medium containing 2%
carbon source (glucose, lactate or glucose plus lactate each at 1%), 0.67% yeast nitrogen base
without amino acids (YNB), pH 5.4 - 5.6, and supplemented with 10 ng/ml of the appropriate
auxotrophic requirements. Cells were grown ovemight at 30°C, 200 rpm, diluted to an OD6oo
of 0.1 in fresh medium, and harvested at mid-exponential phase (OD6oo = 0.5) for analyses
and sensitivity assays.
Isolation and stimulation o f peripheral blood mononuclear cells (PBMCs)
Separation and stimulation o f PBMCs was performed as previously described [17], from
buffy coats obtained from healthy blood donors at the Bloodbank Nijmegen. Cells were
adjusted to a concentration o f 5 x 106 cells/mL, and incubated at 37°C in round-bottom 96well plates (volume, 100 pL/wcll) with either live C. albicans (105 cells/ml) or culture
medium. After 24 h, 48 h or 7 days, supematants were collected and stored at -20°C until
assay.
Cytokine measurements
IL-6, IL-10, IFN-y (Pelikine Compact, CLB, Amsterdam, Netherlands), TNF-a, IL-17 (R&D,
the Netherlands) concentrations from the culture supematant were measured by commercial
ELISA kits according to the manufacturer’s instructions.
Antifungal drug susceptibilitv
Antifungal drug susceptibility was analysed by treating mid-exponential C. albicans cells
grown on the speeified carbon source with tunicamycin (4 (ig/ml), caspofungin (0.08 (ig/ml),
amphotericin B (Ambisome, 10 (ig/ml) or miconazole (25 |xg/ml) for 1 h at 30°C and 200
rpm. Cells were then serially diluted and plated onto YPD agar. CFUs were quantified and
antifungal drug sensitivities calculated relative to those observed for untreated eontrol cells.
Means ± S.E.M . for at least 3 independent experiments are presented.
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Macrophage cell culture
J774.1 murine macrophages (European Collection o f Cell Culture) were cultured in
Dulbecco’s modifïed Eagle’s medium (DMEM; Lonza Group, Ltd., Braine-rAlleud,
Belgium), supplemented with 10% (vol/vol) fetal calf serum (FCS; Biosera, Ringmer, United
Kingdom), 2% (wt/vol) penicillin and streptomycin antibiotics (Invitrogen, Ltd., Paisley,
United Kingdom) and 1% L-glutamine (Invitrogen), in tissue culture flasks (Nagle Nunc,
International, Hereford, United Kingdom) at 37°C and 5% (vol/vol) CO 2 .
Yeast cell phagocytosis assav
Uptake o f C. albicans by macrophages was assessed using a Standard phagocytosis assay
(McKenzie et al. 2010) with the only difference that macrophages and fungal cells were
incubated for 2 h at 3:1 C. a/feans/m acrophage ratios. Data were obtained in triplicate from
4 independent experiments by analysing at least 100 macrophages per well.
Macrophage killing assav
The macrophage killing assay was conducted as previously described (McKenzie et al. 2010)
and under the same conditions described above for the phagocytosis assay. Macrophages and
fungal cells were incubated for 2 h at 3:1 C. a/Wcaws/macrophage ratios. Data were obtained
in triplicate from at least 4 separate experiments by analysing at least 400 macrophages per
well.
Statistical analyses
Results from at least 3 independent sets o f experiments are expressed as means ± S.E.M.
Wilcoxon tests (SPSS 16.0) and TTests (Excel) were used to determine statistical
signifïcance. The level o f signifïcance was set at a P value o f < 0.05 (*).
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Results
Growth of C. albicans on lactate dampens the subsequent immune stimulation of
PBMCs and macrophages
We have previously shown that growth on lactate significantly alters the conformation of
mannan fibrils, as well as the expression o f cell wall and secreted proteins. As mannoproteins
on the C. albicans surface are the first point of contact between the pathogen and immune
cells o f the innate immunity, the effect o f carbon source assimilation on host immune
responses was examined. First, we tested the ability of cells grown on lactate, glucose or
glucose plus lactate to stimulate primary human PBMCs.

We found that growth on lactate altered the PBMC cytokine profile induced by UV-killed
C. albicans yeast cells (Fig. 1). In particular, these cells stimulated increased levels o f IL-10
(Fig. IA) and TNF-a (Fig. IC) along with decreased levels o f IL-17 (Fig. 1B), compared to
C. albicans grown on glucose. These changes in cytokine levels were also observed in
PBMCs stimulated with cells grown on a mix of glucose and lactate (Fig. 1A & B ),
suggesting that mixes o f carbon sources found in the host could also induce alterations in the
cytokine profile. No significant changes were observed in the levels of IFN-y or IL-6 in these
conditions (Fig. 1D & E).

In addition to circulating cells, an even more relevant population are human macrophages,
due to their local interaction with colonizing microorganisms. Upon incubation with human
macrophages, cells grown on lactate failed to induce the same levels o f IL-6 and TNF-a when
compared to glucose-grown cells (Fig. 2A & B), suggesting a dampened immune response in
response to these cells. These results imply that the change in cell wall components in certain
environments with a changed carbon source assimilation of altemative carbon by C. albicans
cells in host niches significantly impacts their ability to induce a host immune response.

The anti-inflammatorv response of PBMCs to lactate-grown cells was consistent in the
SC5314 C. albicans lineage
To test whether the immuno-protective effects o f growth on lactate are restricted to the
RM1000 strain or might have arisen through chromosomal defects in this strain, we examined
the impact of carbon source on the SC5314 lineage. CAI4, RM1000 and BWP17 (Table 1),
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are cumulative results from 8-12 different donors and are expressed as means ± SEM, *, P < 0.05 relative to
cytokine production induced by glucose-grown C. albicans.

belonging to the first C. albicans elade [18], represent a set of strains derived from the
clinical isolate SC5314 that have been widely used in C. albicans studies. Some of
thesestrains have accumulated aneuploidies which frequently occur during the production of
recombinant strains [19,20]. Therefore, we analysed the impact o f carbon source on PBMC
cytokine production induced by these strains. We observed clear trends of increased IL-10 in
this lineage, with several strains inducing significantly more anti-inflammatory cytokine (Fig.
3). Interestingly, the differences in cytokine production were more dramatic in the BWP17
strain. We hypothesise that some chromosomal rearrangements have occurred during its
construction which might have had subtle effects upon PAMPs and, consequently, on the host
immune response.
The impact of carbon source on C. albicans induced cytokine production varies among
clinical isolates
C. albicans strains were initially classified into five major clades based on DNA
fingerprinting o f the moderately repetitive sequence Ca3, showing geographical specificity
[21]. Further typing based on more than 400 isolates revealed a population structure o f four
major and eight minor clades showing differences in drug resistance and their tendency to
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infect or colonise different niches [22], These studies revealed the need to analyse pathogenic
characteristics in representatives from all clades, rather than one classical strain such as
SC5314.
In this context, we examined whether differences in immune responses to cells grown on
altemative carbon were a common feature o f C. albicans strains, and we focused on IL-10
and IL-17 as we found the most pronounced differences in the induction of these cytokines.
To test potential differences that might have arisen due to their growth on different niches, we
selected strains that were isolated from blood, oropharynx, vaginal mucosa or wound (Table
1). Nearly half o f these isolates displayed differences in the induction of IL-10 and IL-17
production that were similar to those observed in the RM1000 strain (Fig. 4A & B).
However, there were large variations between strams and no correlation was found with
either the C. albicans clade or the niche from which the strains were isolated.
As major differences were observed among second clade isolates (Fig. 4A & B), we extended
our analyses to 9 other pathogenic strains belonging to this clade, which were isolated from
blood, oropharynx, semen or the vaginal mucosa (Table 1). H alf of these strains displayed
increased production o f IL-10 (Fig. 5A) and decreased IL-17 levels (Fig. 5B). However, three
strains grown on lactate showed an increased capacity to induce 11-17 synthesis. Again,
differences among these strains were not dependent on the site o f infection they had
originated from. We hypothesise that these variations might be due to sporadic strain
differences that have arisen from their passage through the host. C. albicans clinical strains
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have a very high toleranee for aneuploidies and other genome rearrangements and stresses
encountered in the host are known to induce such effects [23],
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Figure 4. Impact o f carbon source on C. albicans induced cytokine production in clinical isolates from the four
major clades. Strams from each clade have been isolated from different host niches (Table 1). Human PBMCs
were incubated with UV-killed C. albicans cells grown on glucose or lactate. The supematant was collected for
ELISA measurements after 48 h for (A) IL-10 and after 7 days for (B) IL-17. The data are cumulative results
from 6 different donors and are expressed as means ± SEM, *, P < 0.05 compared to PBMCs relative to the
glucose-grown respective C. albicans strain.
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Figure 5. Impact of carbon source on C. albicans induced cytokine production in 12 clinical isolates from clade
2. The strains have been isolated from different host niches (Table 1). Human PBMCs were incubated with UVkilled C. albicans cells grown on glucose or lactate. The supernatant was collected for ELISA measurements
after 48 h for (A) IL-10 and after 7 days for (B) IL-17. The data are cumulative results from 6 different donors
and are expressed as means ± SEM, *, P < 0.05 relative to PBMCs incubated with the glucose-grown respective

C. albicans strain.

The relationship between IL-10 and the Th 17 response to C. albicans is not fully understood.
C. albicans or the fungal cell wall component zymosan promotes IL-17 differentiation but
also increased production o f IL-10 [24]. Anti-IL-10 caused a reduction in the proportion o f T
cells that were able to produce IL-17 [25], but it was also shown that IL-10 is inhibitory on
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Th 17 cell generation [26]. Strains inducing higher levels o f IL-10 seemed to correlate with
those suppressing IL-17 and the opposite upon growth on lactate (Fig. 4). Taken together,
these results indicate that C. albicans growth on lactate significantly impacts cytokine
production, and in more than half o f the strains tested this effect was consistent and towards
shifting the balance from a T hl7 towards a Th2 response. However, the high level of
genomic variability between clinical strains may mask these effects in some strains.

Impact of carbon source on C. albicans antifungal resistance
We previously reported that carbon source impacts upon C. albicans antifungal resistance.
Therefore, we examined the sensitivity to amphotericin B, caspofungin, miconazole and
tunicamycin of strains from the four major clades (Table 1). Growth on lactate significantly
altered antifungal resistance in C. albicans and this effect was consistent throughout all
pathogenic isolates and clades tested (Fig. 6A & B; Supplemental fig. 2A & B). We conclude
that the effects of carbon source upon drug resistance are not overridden by strain phylogeny,
anatomical source or strain variations (genome alterations) that might follow host passage.

Carbon source alters C. albicans interaction with macrophages
Next, we assessed the contribution o f this non-fermentative carbon source to fungusmacrophage interactions. We hypothesised that the lowered immune response to lactategrown C. albicans cells would also affect the rate o f recognition and phagocytosis by
macrophages. Therefore, we challenged a murine macrophage cell line (J774.1) with live
fungal cells grown on glucose, lactate or glucose plus lactate. In all three conditions, most
macrophages (>80%) efficiently took up C. albicans within the 2h o f the interaction assay.
Co-incubation experiments revealed that cells grown on lactate or a mix o f glucose plus
lactate were significantly less taken up by macrophages (Fig. 7A & B), consistent with
cytokine results (Fig. 2). Although they were less taken up, lactate-grown cells and in
particular cells grown on the mixed medium were more efficient at killing macrophages (Fig.
IC). This might be due to differences in cell wall architecture and in particular elasticity, as
lactate-grown cells have a more rigid cell wall which could promote efficient macrophage
penetration and killing. These observations confirm the importance of carbon source in
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recognition and ingestion o f C. albicans cells by macrophages, suggesting that differential
nutriënt availability in host niches alters phagocytosis.
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Strain

Ciade

Genotype/Slte of infection

Source
(Gillum, Tsay & Kirsch
1984)

SC5314

1

Clinical isolate from blood

C'AI4

1

CAI4 -r CIplO

1

RM1000

1

RMIOOO + CIp20

1

(Smith et al. 2004)

BWP17

1

BWP17 + CIp30

1

ura3A::kimm434/ura3A::/.imm434
ura3A::/.imm434/ura3A::).imm434 RPS1:
ClplO (URA3)
ura3A::ktmm434lum3A::/imm434,
hisI::hisG/hisl ::hisG
ura3A::Aimm434/ura3A:: /.imm434,
hisl::hisG/hisl::hisG, RSPl::Clp20 (URA3,
HIS1)
ura3A::t.imm434/u.ra3A::Ximm434,
hisl::hisG/hisl::hisG, arg4::hisG/arg4::hisG
ura3A::Ximm434/ura3A: :/.imm434,
his 1::hisG,hisl::hisG, arg4::hisG/arg4: hisG,
RPS1 ::CIp30 (URA3, HIS1, ARG4)

ATCC90028

1

Clinical isolate from blood

Donna MacCallum

AM2003-016

1

Clinical isolate from the oropharynx

(MacCallum et al. 2009)

J981301

1

Clinical isolate from the vagina

Donna MacCallum

AM2003/0182

2

Clinical isolate from blood

(MacCallum et al. 2009)

AM2004/0028

2

Clinical isolate from the oropharynx

(MacCallum et al. 2009)

FC22

2

Clinical isolate from the vagina

(MacCallum et al. 2009)

AM2003 '0089

2

Clinical isolate from blood

(MacCallum et al. 2009)

IHEM16972

2

Clinical isolate from the oropharynx

(MacCallum et al. 2009)

IHEM16614

2

Clinical isolate from the oropharynx

(MacCallum et al. 2009)

AM2003/0100

2

Clinical isolate from blood

(MacCallum et al. 2009)

HEM 16945

2

Clinical isolate from the oropharynx

(MacCallum et al. 2009)

AM2003/0191

2

Clinical isolate from blood

(MacCallum et al. 2009)

AM2003/0069

2
2

Clinical isolate from the vagina

(MacCallum et al. 2009)

FC17

Clinical isolate from the vagina

Donna MacCallum

FC 13

2

Clinical isolate from semen

Donna MacCallum

b30708/5

3

Clinical isolate from blood

(MacCallum et al. 2009)

T101

3

Clinical isolate from the oropharynx

(MacCallum et al. 2009)

FC28

3

Clinical isolate from the vagina

(MacCallum et al. 2009)

s20122.0'73

4

Clinical isolate from blood

(MacCallum et al. 2009)

AM2003-020

4

Clinical isolate from the oropharynx

(MacCallum et al. 2009)

LI 086

4

Clinical isolate from wouiid

(MacCallum et al. 2009)

Table 1. List o f C. albicans strains and clinical isolates used in this study.
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Discussion
In the present study we investigated the effects o f carbon source during C. albicans growth
for the recognition o f the fungus by human immune cells, and for its capacity to induce
immune responses. Many o f the lactate-grown C. albicans strains shifted the immune
response from protective Th 17 responses towards anti-inflammatory Th2 responses, while at
the same time being less phagocytosed and killed by the cells. Moreover, the Candida strains
grown on lactate were significantly more resistant to antifungal agents. Considering the
different niches in which Candida grows in the body, these findings have the potential to
fundamentally change our understanding o f interaction between the fungus and the human
host.
Host defence against C. albicans infection represents a dynamic interplay between immunity
and the ability of the pathogen to mask or downplay molecules recognised by the immune
system. A fïrst stage in triggering the host innate immunity is the recognition o f the various
PAMPs displayed by fungal cells. A large number o f receptors (TLRs and C-type lectin
receptors) recognise components of the cell wall such as chitin, P-glucan, mannan and
covalently attached proteins, events followed by the release o f proinflammatory cytokines
and phagocytosis. Altemative carbon sources induce fungal cell wall remodelling and
modulation o f the cell wall proteome and secretome, subsequently affecting important
virulence parameters such as stress and drug resistance, adherence, biofilm formation and
infection outcome (Ene et al, in preparation). In this study we show that growth on lactate
alters the cytokine profile induced by C. albicans in human PBMC and macrophage (Figs. 1
& 2). In particular, a lactate source o f carbon leads to increased IL-10 production and
decreased IL-17 levels. We hypothesise that these effects are mediated by changes in cell
wall architecture and remodelling o f PAMPs driving altered immune response and
recognition. These changes were consistent in several sets of C. albicans strains selected on
the basis o f their position in various major clades. Moreover, we found correlations between
increased production o f IL-10 and decreased IL-17 (Fig. 4, Supplemental fig. 1), but no
correlation with either clade or site o f infection for the strains tested.
The existing typing systems such as MLST measure the properties of a handful o f genes,
compared with the thousands present in the genome. A shift in metabolism such as that
induced by growth on lactate rather than glucose is likely to affect a large proportion o f the
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genome. Thus, it is not surprising that we did not observe a clade correlation and these
differences could be due to recent mutations, possibly at sites affecting cell surface PAMPs.
Both IL-10 and IL-17 represent key cytokines for the host defence against C. albicans
infection. IL-17 is one o f the key cytokines in stimulating host immunity in response to
Candida infection, stimulating granulopoiesis [27] and neutrophil recruitment [28],
C. albicans mannan directly induces prostaglandin E2 via the macrophage mannan receptor
(MR) [29], a strong pro-inflammatory mediator essential for the Thl7 response. Furthermore,
[3-glucan recognition via the dectin-1 receptor synergistically induces production o f PGE2
[30]. Thus, both mannan and (3-glucan contribute to activation of the Th 17 response via the
MR and the dectin-1/TLR2 pathway, respectively. An early stop codon mutation o f dectin-1
recognising [3-glucan, or a STAT-1 mutation in the IL-23R pathway, led to defecting IL-17
production and recurrent mucosal fungal infections and onychomycosis [31,32], indicating
the importance o f the Th 17 response in mucosal and skin infections. Therefore, it is rational
to conclude that downregulation o f IL-17 production is likely to be benefïcial for the fungus.
Th2-derived anti-inflammatory cytokines such as IL-10 also play an important role in the
host defence against disseminated candidiasis [33]. Increased IL-10 production, modulated
through different TLRs and dectin-1, shifts the balance towards anti-inflammatory cytokine
responses [34], and this can exacerbate Candida infection in mice [35]. IL-10-defïcient mice
are more resistant to Candida infection due to an upregulated Thl antifungal response [36].
Hence, the increased production o f IL-10 might predispose the host to Candida infection, and
the increased production o f IL-10 by lactate-grown Candida may be a second mechanism
benefïting the survival of the fungus.
We have previously shown that the cell wall architecture is dramatically altered upon lactate
assimilation by C. albicans. Subsequently, this metabolic shift also is likely to affect
recognition of the different cell wall components, explaining the changes in the induction of
pro- and anti-inflammatory cytokines. It has been shown that the polysaccharides present on
the Candida cell wall are recognized by the host immune cell and induce cytokine
production. Candida mannan is recognized by the MR which drives Th 17 differentiation and
IL-17 production [37]. Phspholipomannan is recognized by TLR2 (Jouault et al. 2003) and
the production o f IL-10 is TLR2 [38] and dectin-1 [39] dependent. The differences in cell
wall architecture might either have a direct effect on both IL-10 and IL-17 production, or the
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effect on IL17 may be an indirectly through the upregulation of IL-10. Overall, the
upregulation o f IL-10 and downregulation o f IL-17 suggests that lactate-grown C. albicans is
more virulent than glucose-grown C. albicans. This is in close agreement with in vivo studies
showing that lactate-grown cells are more virulent in both vaginal and systemic infection.
In addition, we show that carbon source significantly impacts the interaction between fungal
cells and macrophages, key immune cells in mucosal infection. Lactate-grown cells were
consistently less taken up by macrophages and those taken up were more efficient at escaping
and killing the macrophages (Fig. 7). C. albicans cells grown on a mix o f glucose and lactate
behaved similarly, stressing the importance o f these fmdings for in vivo situations were mixes
of nutrients rather than sole carbon sources are the probable scenario. We hypothesise that the
decrease in uptake could be due to architectural changes in the structure of mannan fibrils as
well as differences in the GPI-linked component leading to less immune recognition. A more
rigid lactate wall combined with the active cell wall remodelling and increased secretion of
proteases (e.g. Sap7, Sap9) observed in these cells could explain the increase in macrophage
escape and killing.
The mucosal layers colonized by the human fungal pathogen C. albicans differ widely in the
amount o f nutrients available and the stresses present. Skin surfaces, oropharyngeal and
vaginal mucosae are different in terms o f microbiota, pH, carbon source and immune cells
present. In terms of lactate source, a very relevant niche is colonization o f the vaginal
mucosa, in which lactic acid-producing Lactobacillus spp are the main colonizing flora.
Interestingly, while older studies have suggested a protective effect o f Lactobacilli on vaginal
colonization with fungi [40], more recent research showed that Lactobacillus colonization of
vagina is a strong risk for vulvovaginal candidiasis [41]. Our study provides the first evidence
o f how lactate provided by Lactobacillus vaginal flora could contribute to this process.
Moreover, the pathophysiology o f W C stands out from the other Candida mucosal
infections, being associated with an overactive rather than deficient immune response [42].
These in vitro flndings are relevant to C. albicans infections in vivo, since the pathogen
encounters such non-fermentative carbon sources during mucosal infections. Several lines of
evidence have stressed that assimilation o f altemative carbon sources increases the fitness of
the pathogen in certain niches [43,44,45,46,47]. This study further strengthens these
observations, albeit by different mechanism. The fate of fungal cells in a host niche is
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therefore under constant dynamic regulation, by environmental conditions such as nutrients
and pH, interaction with cells o f the immune system and cytokines that determine the balance
between commensalism and infection.
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Recognizing the intruder
I. Pattem Recognition Receptors
The first fundamental aim o f host innate immunity is to distinguish self from non-self. Since
Janeway proposed the concept o f pattem recognition [4], a plethora of pattem recognition
receptors (PRRs) have been identified that recognize so-called pathogen-associated molecular
pattems (PAMPs). Several excellent reviews have extensively discussed how innate immune
system recognizes Candida species [5-7]. In this review we will therefore only point out the
key receptors and their specifïc fungal ligands (Figurel).

O-linked
mannan
Ligands

a-mannan
fJ-glucan
Phopholipomannan

Toll-like receptors
Extracellular TLR4

TLR2

N-linked
mannan

Hyphal
high-mannose

Unknown
Mannan

Unknown
Mannan

p-mannosides

C-type lectin receptors
Dectin-1

Dectin-2

MR

DC-SIGN

Mincle

MBL

CD36

Galectin-3

Figure 1 The major pattem recognition receptors (PRRs) and their corresponding Candida
PAMPs. Candida cell wall components are mainly recognized extracellularly by Toll-like
receptors and C-type lectin receptors on the host cell surface and leads to different
downstream signaling such as chemokine/cytokine production and phagocytosis. Once
Candida is intemalized/phagocytosed, the fungal PAMPs could further activate TLR9 or
NLRP3 inflammasome activation.
Candida cell wall structure is composed o f chitin, P-glucans and mannoproteins. The
polysaccharide structures o f the cell wall o f C. albicans are recognized by two classes of
membrane-bound PRRs: the Toll-like receptors (TLRs) and the C-type lectin receptors
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(CLRs). The first PRRs discovered to recognize C. albicans were the TLRs, with TLR2
recognizing phospholipomannan [8], while the O-linked mannan has been shown to be
recognized by TLR4 [9; 10]. In contrast, other TLRs such as TLR1 and TLR6 play a
secondary role, and they do not seem to be essential for antifungal defense in candidiasis [11].
The second major PRR family that recognizes Candida PAMPs is the CLRs. While P-glucans
are recognized by dectin-1 [12], the N-linked mannan is recognized by the macrophage
mannose receptor [9]. Dectin-2 was initially reported to recognize the high-mannose structure
in hyphae [13; 14], but recently a-mannan on both yeast and hyphae was shown to be
recognized by dectin-2 as well [15]. DC-SIGN is another important receptor on the dendritic
cells that recognizes Candida mannan [16], Galectin-3 has been shown to play a role in
recognizing the P-mannosides o f C. albicans [17]. Besides, several additional C-type lectin
receptors (CLR), such as Mincle [18] and SCARF1/CD36 [19] were reported to be involved
in Candida recognition, but the specifïc ligands are yet to be identified. Last but not least,
MBL (mannose-binding lectin), a soluble CLR, mediates Candida opsonization and uptake
via binding to Candida mannan and to the surface C lq receptor on the phagocyte [20].

In addition to the recognition of fungal PAMPs by membrane-bound receptors, several PRRs
were shown to recognize Candida intracellularly. TLR9 has been demonstrated to recognize
C. albicans DNA and induce cytokine production in dendritic cells [21]. However, there was
no difference reported o f susceptibility between wild type and Tlr9 '~ mice in a model of
disseminated candidiasis, suggesting a redundant role o f TLR9 for systemic anti-Candida
defense [22]. Although TLR9 is recruited to C. albicans containing phagosomes, one study
showed that the macrophages from Tlr9'f~ mice produce higher TNF-a, suggesting a
modulatory role of TLR9 in host anti-Candida innate immune response [23]. Receptors o f the
nucleotide-binding domain leucine-rich repeat-containing receptors (NLRs) are PRRs
recognizing intracellular PAMPs, and one o f their main function is to activate caspase-1
within a protein complex called the inflammasome, leading to processing and activation of
cytokines of the IL-1 family [24]. Among the NLRs, NLRP3 (NLR family pyrin domaincontaining 3) has been suggested to play an important role for anü-Candida host defense. It
has been reported that Nlrp3 and ASC knockout mice were more susceptible to both systemic
[25;26] and mucosal [27] Candida infections, suggesting a role o f NLRP3 inflammasome for
anti-Candida defense. Intriguingly, caspase-1 knockout mice are not more susceptible to
disseminated candidiasis [28], arguing for the presence o f altemative inflammasomeindependent mechanisms for the production o f bioactive IL-ip. Therefore, further
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investigations o f the role o f NLRP3 and ASC in inflammasome-independent function are
warranted.

II. Danger Recognition Receptors
In addition to PRRs, danger recognition receptors have been proposed to activate host defense
by recognizing endogenous danger signals. The protease-activated receptors (PARs) are Gprotein coupled receptors that are activated upon proteolytic cleavage o f their N-terminal tail.
Instead o f directly sensing the PAMPs, PARs function as danger-sensing receptors that are
activated by either a protease from host, e.g. elastase and cathepsin G from neutrophils, or by
proteases from Candida, e.g., secreted aspartic proteases. It has been shown that PARI
expression was upregulated in mice infected with Candida and the cross talk between PARI
and TLR2 could promote Candida-induced inflammation [29]. However, in an attempt to
translate these finding from mice to humans, we were not able to fïnd direct evidence o f the
involvement o f PAR1/PAR2 in C. albicans-induced pro-inflammatory cytokine in human
peripheral mononuclear cells [30]. Nevertheless, this does not yet exclude an in-vivo role of
PARs in Candida infections. Therefore, future studies of the role o f PAR during Candida
infection in different niches are needed.

Cell types involved in host innate defense against Candida infection

I. Epithelial cells
The mucosal epithelium is the fïrst line o f defense against Candida species. It has been long
acknowledged that the epithelium has a function as a passive physical barrier to restrain

Candida from invasion of the underlying tissue. However, recent studies have broadened our
knowledge about the active role played by epithelial cells in triggering immune responses.
Oral epithelial cells express most of the TLRs, with the exception of TLR5 and TLR7 [31], to
recognize invading microorganisms. Upon recognition o f the invading Candida, epithelial
cells secrete antimicrobial peptides, such as (3-defensins [32] and LL-37 [33], to clear/control
fungal infection directly. For example, in response to C. parapsilosis, human gingival
epithelial cells upregulate TLRs and anti-microbial pepetides, such as hBD-1 (human (3defensin 1) and hBD-2, to inhibit fungal growth [34]. Similar results were also observed when

C.famata was used to stimulate oral epithelial cells [35].

In addition, both oral [36] and vaginal [37] epithelial cells could inhibit Candida growth in a
contact-dependent manner. Although proinflammatory cytokines produced by epithelial cells
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have no direct anti-fungal effects [38], they serve as signals to mucosal inflammatory cells to
boost their anti-fungal function. Weindl and colleagues have shown in a reconstituted human
epithelial model that epithelial cells were protected from Candida infection when neutrophils
were present [31]. By addition with anti-TNF-a antibody, the protective effect was partially
inhibited. Therefore, epithelial cells may “sound the alarm” by inducing the production of
cytokines and chemokines to recruit/activate other immune cells.

Cytokines produced from immune cells also play an important role in epithelial immunity
against Candida infection. It has been shown that IL-22, the key cytokine produced by Thelper 22 subset o f lymphocytes (Th22), synergistically induce the production o f hBD2,
S100A7 and CXCL-10 together with TNF-a in keratinocytes [39]. IL-22 and TNF-a
combination also render a protective effect o f increasing epidermal integrity against C.

albicans infection [39]. This highlights the cross-talk between epithelial and immune cells in
waA-Candida infection.

Site-specific differences o f anti -Candida immunity also need to be taken into account. Oral
and vaginal candidiasis are two most commonly found Candida infections in humans. It is
generally considered that innate and cell-mediated immunity are important for mucosal antifungal defense, as exemplifïed by the high prevalence o f oropharyngeal candidiasis (OPC) in
the AIDS patients due to the loss o f CD4 T cells [40]. The role o f cell mediated immunity for
host defense at the level o f vaginal mucosa is less clear, and no solid evidence for the
protective role o f the innate immunity against vaginal infection was found [41], Moreover,
vaginal epithelia was shown to express S100A8 and S100A9 upon Candida infection, which
recruit PMNs to the infected vagina [42]. However, unlike the protective role o f PMNs in the
oral candidiasis [43], the infiltrated PMNs in the vagina are associated with symptomatic
vaginal infection [44].

II. Phagocytic cells
A.

Polymorphonuclear neutrophils - PMNs

Phagocytes are believed to be the most effective cell type for controlling and clearing

Candida infection. Among the phagocytes, PMNs play a critical role in host defense against
both mucosal and disseminated candidiasis [45]. Several proinflammatory cytokines have
been reported to be responsible for the recruitment o f PMNs to the site of infection, such as
IL-6 [46;47], IL-8 [48] and TNF-a [49]. Recently, IL-17 has been shown to be crucial to
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stimulate granulopoiesis [50] and recruitment o f neutrophils to the site o f infection [51].
Several studies, though not all, have shown that mice deficient in IL-17 or IL-17 receptor are
more susceptible to systemic [52] or mucosal Candida infection [53]. In contrast, others have
suggested deleterious role o f IL-17 through overwhelming inflammatory reactions [54], In
humans, Th 17 responses are severely defective in patients with chronic mucocutaneous
candidiasis [55]. Similarly, patients with hyper-Ig E syndrome also suffer from oral and
mucocutaneous candidiasis due to the defective Th 17 response [56], Another line o f evidence
on the role o f T h l7 for antifungal defense comes from the dectin-l/CARD9/Thl7 pathway, as
well as for the occurrence o f chronic mucocutaneous candidiasis in patients with IL-17F or
IL-17 receptor defïciencies [57]. Patients with defective dectin-1 [58] and /or downstream
adaptor CARD9 [59] suffer from mucocutaneous candidiasis. Therefore, Thl7 response is
less likely to be deleterious, but rather protective in human mucosal anti-fungal response.

In addition to proinflammatory cytokines, the hematopoietic growth factors granulocyte
colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor
(GM-CSF) are also critical for recruitment and activation of PMNs [60;61]. In addition to
direct killing o f C. albicans, it was demonstrated that PMNs are the only cell type in the blood
which could inhibit C. albicans germtube formation [62],

Phagocytes, and especially PMNs, kill Candida both intracellularly and extracellularly. Once

Candida is phagocytosed by phagocytes, the engulfed microorganisms are processed through
fusion with lysosomes into phagolysosomes. The engulfed Candida is killed within the
phagolysosome by hydrolytic enzymes, antimicrobial peptides and the reactive oxygen
species (ROS) [63]. The formation o f the candidacidal radical peroxynitrite (ONOO ) due to
superoxide anion (O 2 ') and nitric oxide release is another mechanism o f intracellular killing
[64]. Recently, a novel extracellular mechanism o f killing Candida was shown to be exerted
by neutrophils.

Upon encountering Candida, in addition to direct killing through

phagocytosis, neutrophils inhibit Candida growth by releasing neutrophil extracellular traps
(NETs) which contain the antifungal peptide calprotectin [65].

B.

Mononuclear phagocytes - monocytes/macrophages

The role o f mononuclear phagocytes in disseminated candidiasis is less well established. In a
mouse model o f macrophage depletion, a slower clearance of Candida from the bloodstream
was observed [66], suggesting the involvement o f macrophages in host defense against
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systemic Candida infections. However, one study using depletion of monocytes has suggested
that mice with monocytopenia are equally susceptible to Candida as control mice, reinforcing
the dominant role played by PMNs in terms of anti-Candida infection by the host [45]. It was
proposed that the low candidacidal activity o f macrophages is due to the reduced
myeloperoxidase activity and decreased superoxide generation during the macrophage
differentiation [67], In addition to the oxidative candidacidal mechanism, macrophages
adherent to type 1 collagen matrices were more capable of killing ingested Candida by
enhancing the fusion o f yeast-containing phagosomes with the lysosomes [68]. This implies
that macrophages in contact with the extracellular matrix might be more efficient to kill

Candida, compared to macrophage in an in vitro experimental setup.

C. Dendritic cells
As a professional antigen-presenting cell, DCs reside and patrol in the skin and mucosal
surface, and they ingest Candida once tissues are invaded. Candida is intemalized by DCs via
MR and DC-SIGN [16;69], leading to processing and presentation of Candida specific
antigen via MHC class II. DCs discriminate between yeast and hyphae forms of C. albicans,
and induce T helper cell differentiation. Ingestion o f yeasts primes T helper type 1 cells (Thl),
whereas ingestion o f hyphae inhibits IL-12 and T hl

differentiation, favoring Th2

differentiation. Thus, DCs bridge the innate and adaptive antifungal response by recognizing
different morphologies o f Candida [70].

Soluble factors
In addition to aforementioned cell-mediated anti-fungal responses, several blood soluble
factors, such as complement and antibodies, also contribute to host anti-Candida immunity.
The complement system can be activated through three pathways: the classical pathway (CP),
the altemative pathway (AP) and the lectin pathway (LP). All three pathways can be activated
by Candida [71-73], The opsonized Candida can be more efficiently ingested by phagocytes
through the interaction between the CR3 and C3b, which is deposited on the Candida surface
[74], or Fc receptor and the anti-Candida antibody [75]. In contrast, the thick fungal cell wall
prevents the killing mechanisms mediated by the membrane attack complex.

Apart from the role o f mediating phagocytosis through surface opsonization, we have
identified a crucial role of anaphylatoxin C5a in augmenting C. albicans-induced IL-6 and IL1p production in PBMCs [76], By using the specific blocking antibody against C5a or the C5a
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adenylcyclase and cAMP-dependent protein kinase A pathway, thereby activating Efglp,
which is the major transcription factor responsible for yeast-to-hyphal transition. Formation of
hyphae will eventually lead to piercing and killing o f macrophages by C. albicans hyphae
[81 ;82]. In the oral experimental candidiasis model, hyphae formation was also shown to
inhibit human-defensins expression, as another example o f how yeast-to-hyphae transition
subverts host innate immunity [83].

Intriguingly, hyphae-locked mutants as well as yeast-locked mutant both have been
demonstrated to be less virulent than wild type strains [84;85]. This implies that the
morphological switch from yeast to hyphae, and vice versa, accounts for the full virulence of

C. albicans. While hyphae might be regarded as an invasive form required for piercing
through phagocytes and invading epithelium barrier, the yeast form is also needed for the free
dissemination in the systemic infection.

II. Epithelium invasion
C. albicans invades the epithelial barrier via two different routes: active tissue invasion and
passively-induced endocytosis. Recently, Wachtler and colleagues have performed an
extensive study to elucidate the genes involved in the active penetration of epithelium by C.

albicans at different stages: from epithelial attachment, tissue invasion and, eventually, tissue
damage [86], Many hyphal-associated genes, including ALS3, HWP1, ECE1, SOD5, PHR1
and PRA1 are upregulated in C. albicans in contact with epithelial cells. Hyphae is the
invasive form o f C. albicans found within epithelial cells in the invaded tissue [87],
Therefore, upregulation of hyphal-associated genes upon contact with epithelial cells might be
crucial for C. albicans active penetration of epithelial cells. In addition to active penetration,

C. albicans can also cause transepithelial infection through induced endocytosis. It is
demonstrated that ALS-3 mimics host cadherins and induccs endocytosis through binding to
E-cadherin on oral epithelial cells [88]. This endocytosis process is passive and does not
require cell viability, because even the killed C. albicans could be endocytosed by the
epithelial cells. Once C. albicans is inside the epithelial cells, it forms hyphae leading to
piercing o f the cells through the function of EED1 (Epithelial Escape and Dissemination 1).
An eedlA defïcient strain failed to maintain hyphae formation and was trapped within the
cells [89], hl addition to invasion of epithelial cells, C. albicans is also able to downregulate
epithelial TLR4 expression, which in turn increased the vulnerability o f epithelial cells to C.

albicans infection [31].
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III. Escape from Phagocytosis
A. Shielding o f the surface PAMPs
To phagocytose Candida, the host cells first need to “sense” the microorganism, which is
achieved through recognizing the PAMPs o f Candida. One mechanism through which this
step is prevented is shielding o f important PAMPs from recognition by PRRs. It has been
shown that [i-glucan is shielded by the outer cell-wall components, thus preventing the
recognition o f dectin-1 [90], In line with this, live C. albicans induced low amounts of
cytokines in human peripheral blood mononuclear cells, yet heat-killed C. albicans in which
the architecture of the cell wall is disrupted induced significant amounts o f cytokines through
the recognition of the now-exposed p-glucan by dectin-1 [91]. Mckenzie and colleagues have
also demonstrated that mutants defïcient in O-linked and N-linked mannans were more
readily phagocytosed by macrophages [92], However, during a live infection model, [3glucans are exposed in the damaged Candida cells by the action of host factors, demonstrating
the continuous “arm race” between the host and the pathogen [93].

B. Complement inhibition and degradation
C. albicans possesses several strategies to interfere with complement activation in order to
avoid phagocytosis or to reduce produetion of proinflammatory cytokines. It has been shown
that secreted aspartic protease degrades C3b, thus inhibiting the opsonization o f Candida by
human serum in vitro [94]. Furthermore, C. albicans could also bind on the cell surface the
complement regulatory proteins, such as complement regulator C4b-binding protein, factor H,
FHL-1 and plasminogen-binding surface protein, in order to inhibit the activation o f the
complement system [95-97]. A recently identified C. albicans surface protein, P ral, has been
shown to bind factor H and C4b-binding protein to regulate complement activation [98;99],
and subsequently blocks the activation and conversion o f C3 [100]. On the other hand,
strikingly, Pral also serves as the primary ligand recognized by CR3 and facilitates
phagocytosis [101]. This demonstrates once more the complex interplay between Candida
and host innate immune system.

C. Inhibition o f phagolysosomeformation
An important step in the process o f killing o f a pathogen is the fusion of the phagosome
containing the microorganism with the lysosomes. It has been recently reported that C.

albicans can modulate intracellular membrane traffïcking by inhibiting the formation of
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phagolysosome. Only live C. albicans was able to inhibit phagolysosome formation, but not
heat-killed C. albicans, implying that this is an active inhibition dependent on the viability of
the fungi. Interestingly, wild-type C. albicans is more capable o f controlling phagosomal
composition than the non-fïlamentous mutants [102]. This is also in line with the fact that
morphological transition is one o f the critical virulence factors o f C. albicans. However, the
genetic background o f C. albicans strams also plays an important role in the ability to survive
within the phagosome. Tavanti and colleagues have reported that C. albicans isolates with ckaryotype are more resistant to intracellular killing and able to replicate and escape from
THP-1 cells as compared to the b-karyotype [103], It is to be expected that a further dissection
o f the underlying mechanisms through which C. albicans prevents the phagolysosome fusion
may be translated into potential novel anti-fungal intervention strategies.

D. ROS inhibition
ROS production is a major antifungal mechanism in phagocytes. To counteract the oxidative
stress, Candida species possess several defensive armories. C. albicans catalase has been
suggested to counteract the respiratory burst, and a catlA C. albicans mutant is less virulent
and was cleared faster than a wild-type strain in an experimental model [104], Similarly, the

C. albicans surface superoxide dismutase has also been implicated for counteracting the ROS
production from the phagocytes [105]. In line with this, Wellington and colleagues have
demonstrated that C. albicans and C. glabrata, but not S. cerevisiae, could actively suppress
ROS production in a murine macrophage cell line. Interestingly, although the recognition of
fungal cell wall is needed for the ROS production, as demonstrated by stimulating
macrophages with heat-killed Candida or caspofungin-treated Candida, the Candida viability
is needed for the suppression effect, implying an active role for live Candida in suppressing
the ROS production [106], Candida vacuole formation was also suggested to play a role in
resistance against stress and for hyphal growth [107], vpsllA strain is defective in vacuole
biogenesis, and as a consequence, more sensitive to oxidative stress and severely retarded in
fïlamentous growth. However, although the partially functional vp sllh r strain also bears
similar defect in hyphae formation, vpsllhr strain shows similar survival pattem as wild type
strain in the macrophage J774A.1 cell line [108],

E. Farnesol
Famesol was fïrst identified as a quorum-sensing molecule (QSM) that repressed the yeast-tohyphae transition o f C. albicans in an autoregulatory manner [109]. Recently, famesol has
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also been suggested to be a virulence factor o f C. albicans. It has been demonstrated that
famesol might decrease macrophage viability through induction o f ROS [110]. Furthermore,
famesol has been suggested to protect C. albicans from oxidative stress via upregulating
CAT1, SOD1, SOD2 and SOD4 [111]. In an in-vivo infection model, the pretreatment with
exogenous famesol led to inhibition o f T hl cytokine IFN-y and IL-12, and enhanced Th2
cytokine [112].

On the other hand, famesol also seems to function as a danger signal that activates anti-fungal
defense. Exogenous famesol upregulates TLR2 expression in epithelial cells, which results in
more IL-6 and P-defensin 2 expression upon C. albicans stimulation [113]. It has also been
demonstrated that murine macrophages produced more IL-6 when stimulated with wild-type

C. albicans, than with a famesol-deficient strain [114]. In addition, the conditioned medium
o f C. albicans cultures has also been demonstrated to potentiate IL-6 and IL-8 production in
human PBMCs [30], and it has been suggested that this may be attributed to the presence of
famesol.

IV. Modulating cytokine production by soluble factors
A lot has been leamed in the past decades about the mechanisms through which Candida
induces production of cytokines in the host, yet little is known about the active role o f C.

albicans in exploiting host cytokine production for its own benefit.

Live C. albicans, but not C. krusei, has been demonstrated to inhibit IL-12 and IFN-y
production from human PBMCs [115]. This IL-12 inhibitory effect was dependent on the
viability o f C. albicans, because both heat-killed C. albicans and C. krusei induced similar
amounts o f IL-12. Further studies showed that IL-12 inhibitory activity is due to the secretion
o f a glycoprotein [116] and signaling through selective activation o f ERK mitogen-activated
protein kinase [117]. However, the identity o f this soluble glycoprotein and the receptor
responsible for the IL-12 inhibition signaling is unknown.

Recently, we have also reported the active role played by soluble factors released by C.

albicans. We have demonstrated that although conditioned medium from C. albicans culture
by itself did not induce host cytokine production, it could amplify host IL-6 and IL-8
production [30]. On the other hand, the conditioned medium downregulated host IFN-y
synthesis, yet upregulated IL-10 production, thus shifting the T helper cell response from a
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Despite the discovery in the last decades of new and more effective anti-fungal drugs such as
azoles and echinocandins, morbidity and mortality due to C. albicans remains very high in
patients at high risk [1], Therefore, to unravel the host defense mechanisms against C.

albicans is of crucial importance for our understanding of disease progression, and potentially
for designing new therapeutic approaches.

The concept o f pattem recognition, firstly proposed by Charles Janeway, provides the
explanation o f how the immune system recognizes invading pathogens [2]. In the past
decades, four families o f pattem recognition receptors (PRRs): the Toll-like receptors (TLRs),
C-type lectin receptors (CLRs), Nod-like receptors (NLRs) and Rig-I helicases, have been
discovered, and their corresponding ligands have been identifïed [3]. Several PRRs are
reported to be important for the recognition of pathogen-associated molecular pattems
(PAMPs) on Candida albicans, and the intracellular downstream signaling have been
described [4].

The interaction between the host and the pathogen is dynamic. However, in order to study the
effect of a certain factor, scientific reductionism is applied to simplify the complicated
interaction between them. In the case of C. albicans research, two major reasons have
represented the reason why many studies have used killed C. albicans as a stimulus to
investigate the effect o f C. albicans in inducing host cytokine production. Firstly, live C.

albicans escapes phagocytes by germtube formation and causes massive cell death,
precluding the possibility to assess the responses o f the cell. Secondly, exact counting o f C.

albicans hyphae is nearly impossible because they form big fungal conglomerates, rather than
single hyphae cell. However, although much knowledge has been gained using heat-killed C.

albicans, the role o f the biological functions o f the live pathogen that could influence hostpathogen interaction is, henceforth, greatly overlooked. Therefore, we attempted to study the
role of live C. albicans in the transwell system to circumvent the aforementioned hurdles. In
C h apter 2 we demonstrated that heat-killed C. albicans-induced IL-6 and IL-8 production
was potentiated when live C. albicans is present in a transwell system. The transwell system
provides the physical barrier to prevent the direct contact between live C. albicans and
immune cells, yet allowing the soluble factors secreted by live C. albicans to freely spread
and interact with immune cells. Interestingly, live C. albicans by itself does not induce any
cytokine production in the transwell. This indicates that at least two signals, namely, the
recognition of the Candida PAMPs and presence o f the live Candida, are needed to achieve
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the fiill effect of the fungus on the cytokine produetion. The same effect was observed when
PBMCs were stimulated with heat-killed C. albicans in the presence of the conditioned
medium from live C. albicans culture. It could be argued that this is the physiological
scenario at the site o f infection, where Candida PAMPs are recognized by the immune cells,
while the viable Candida are growing and secreting immunologically-active metabolites. By
sensing the active metabolites or yet unidentified soluble factors, the immune system responds
to the invading Candida in a more robust way to control the infection, in this case, more proinflammatory cytokine produetion.

Bearing in mind the complex interaction between the host immune system and Candida
interaction, we found that the metabolic activity o f live Candida not only alerts the host
immune system, it could also actively modulate host immune response for its own benefit. We
discovered a novel escape mechanism o f Candida through suppression of the host IL-17
produetion in C h ap ter 3. IL-17 has been demonstrated to be important for host anti-fungal
infection both in a murine model [5,6], as well as in patients who could not moimt effïcient
Th 17 response and suffer from mucocutaneous candidiasis [7,8]. When human peripheral
blood mononuclear cells (PBMCs) were stimulated with heat-killed C. albicans or low
numbers of live C. albicans, a significant induction of IL-17 produetion was observed. To our
surprise, when high numbers o f live C. albicans were present in the system, even if the cells
were stimulated with dead fungi, almost no IL-17 produetion was observed. In contrast,
produetion o f other proinflammatory cytokines was not influenced. In order to identify the
mechanism responsible for this effect, we analyzed the metabolites within the supematant and
found that the profile o f tryptophan-derived metabolites was altered by live C. albicans. When
PBMCs were stimulated with heat-killed C. albicans, the main tryptophan metabolite was Lkynurenin, with trace amounts of 5-hydroxytryptophan. However, 5-hydroxytryptophan was
the main tryptophan metabolites when live C. albicans was present. Moreover, addition o f 5hydroxytryptophan downregulated heat-killed C. albicans-induced IL-17 produetion in
PBMCs.

Therefore, we conclude that when C. albicans invades the tissue, if a vigorous innate immune
response is present that permits only the growth o f small numbers o f Candida, the protective
Th 17 response is mounted and the infection is cleared. However, when the immune system
fails to control the initial Candida infection, such as in the case o f immunocompromised
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patients, C. albicans will be given the opportunity to overgrow and suppress the anti-fungal
T hl7 response and establish a chronic and potentially lethal infection.

As a commensal, C. albicans could colonize at the mucosae asymptomatically, yet it can also
invade the host in case of immunodeficiencies. To establish the infection, morphological
change from yeast to hyphae has been demonstrated to be critical for virulence in mouse
models, where morphologically-locked C. albicans strains were avirulent as compared to the
wild-type strain [9]. Hyphae formation has also been demonstrated to be important in
triggering inflammasome activation in murine macrophage [10]. Therefore, on the one hand
the hyphae formation is important for the invasion o f C. albicans; and on the other hand,
hyphae are also recognized by the host and trigger protective anti-fungal effects. In C h apter 4
we demonstrated that the dectin-l/inflammasome pathway is required for the host
discrimination between yeast and hyphae form o f C. albicans and induces downstream
protective anti-fungal Th 17 response. This finding explains why during asymptomatic
carriage o f C. albicans in healthy individuals, equilibrium may be established in which
commensal carriage o f yeast cells is sustained by successful Thl7-dependent elimination of
opportunistic infiltration of hyphae in the outer mucosal layers. When the normal
microbiological or immunological balance at the mucosal surface is perturbed, increases in
the numbers o f invading hyphae may then represent the trigger for a vigorous inflammatory
defense.

In C h ap ter 5, I report the role o f complement in Candida induced cytokine production in
PBMCs. Complement opsonization has been shown to be important for assisting the
phagocytosis o f Candida [11]. We found that in addition to its role of opsonization, the
anaphylatoxin C5a, a cleaved fragment o f C5 after complement activation, could signal
through C5a receptor and crosstalk with TLRs takes place to potentiate Candida induced IL1p and IL-6 production. In contrast, serum isolated from C5-deficient donors was not able to
potentiate the production of pro-inflammatory cytokines. It has been previously shown that
pH regulated antigen 1 (PRA1) expressed by Candida could inhibit complement activation by
recruiting complement regulatory proteins and inhibit the cleavage o f the C3 [12,13]. We
further confirmed that a PRA1 mutant Candida strain induces significantly lower cytokine
production than wild-type strain in the presenee o f serum. This example highlights once again
the complex interaction between host and pathogen interaction.
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Most commensal microorganisms colonize only limited niches within an organism. However,
in humans C. albicans colonizes a wild range o f host niches, such as skin surface,
oropharyngeal and vaginal mucosae. The nutrition availability and the local pH differ from
niche to niche. Therefore, C. albicans must adapt promptly and be able to take up essential
nutrients from different niches. It is reasonable to conjecture that the cell wall, which not only
maintain the integrity o f the organism but also bear the sensors to respond promptly to the
change of the environment, differs in C. albicans isolated from different niches, both in
composition and structure. The change in the cell wall structure and composition might be
reflected in the differential immune response, since most of the Candida PAMPs are located
at the level of the cell wall. In C hap ter 6 we compared the immune responses of PBMCs
after stimulation o f Candida grown with different carbon sources: lactate (mimicking mucosal
colonization of vagina) and glucose (mimicking bloodstream infection). The lactate-grown

Candida induced less EL-17 and more IL-10 and was more resistant to the anti-fungal
treatment. In addition, lactate-grown Candida was more resistant to phagocytosis and more
effïcient in killing macrophage after being engulfed by macrophages. However, Candida are
grown in glucose rich medium and subsequently used as a stimulant in most in vitro
experiments. Hence, our results provide novel information very important to consider when
extrapolating the data obtained in-vitro to the in-vivo infections.

After the extensive studies described in the first six chapters o f the thesis, in C hapter 7 I
summarized the current knowledge o f the interplay between Candida and host immunity. It is
not surprising that with a healthy, normal immune system, the host can defend itself from

Candida infection by several mechanisms, ranging from physical barrier to prompt innate
response and tedious tailor-made adaptive response. In turn, several host-evasion mechanisms
are used by Candida to prolong its colonization and/or invasion in the host, some o f them that
have been for the first time described in the chapters o f this thesis.

To conclude, important new pieces o f information have been gained in the last years about
antifimgal host defense. However, our knowledge conceming the interaction between host and

Candida is still not complete, and further studies are warranted. The answer to questions such
as “what is the benefit o f Candida colonization to the host” or ”what is the tuming point of
colonization and invasion o f Candida” are still unknown. Nevertheless, with the incremental
advances o f our knowledge o f this complex interaction, we gradually appreciate the view that
sees Candida as a “living” organism, not just an intruder, which actively interacts with the
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host immune system. With this knowledge as the foundation, we might get closer to the
panoramic view o f this delicate interaction.
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Ondanks de ontdekking in de laatste decennia van nieuwe en meer effectieve anti-schimmel
middelen zoals azoles en echinocandins, morbiditeit en mortaliteit ten gevolge van C.

albicans blijven zeer hoog in patiënten met een verhoogd risico [1], Daarom is het ontrafelen
afweermechanismen van de gastheer tegen C. albicans van cruciaal belang voor het begrijpen
van progressie van de ziekte, en mogelijk voor het ontwerpen van nieuwe therapeutische
benaderingen.

Het concept van patroonherkenning, ten eerste voorgesteld door Charles Janeway, biedt uitleg
over hoe het immuunsysteem binnendringende ziekteverwekkers herkend [2], In de afgelopen
decennia, vier families van patroonherkenning receptoren (PRRs): de Toll-like receptoren
(TLR), C-type lectine receptoren (CLRs), Nod-like receptoren (NLRs) en Rig-I helicases, zijn
ontdekt, en de bijbehorende liganden zijn geïdentificeerd [3], Verschillende PRRs zijn
belangrijk voor de herkenning van pathogeen-geassocieerd moleculaire patronen (PAMPs) op
C. albicans, en de intracellulaire signalen die hieruit voorkomen zijn ontdekt [4].

De interactie tussen de gastheer en de ziekteverwekker is dynamisch. Echter, om het effect
van een bepaalde factor onderzoeken wordt wetenschappelijk reductionisme toegepast om de
gecompliceerde interactie te vereenvoudigen. Er zijn twee belangrijke redenen waarom voor
vele onderzoeken dode C. albicans als stimulus wordt gebruikt om het effect van Candidageinduceerde cytokine productie te onderzoeken. Ten eerste, levende C. albicans ontsnapt aan
fagocyten door germtube vorming en veroorzaakt massale celdood, hierdoor zich verzet tegen
de mogelijkheid om de reacties van de cel te beoordelen. Ten tweede, exacte telling van C.

albicans hyfen is bijna onmogelijk, omdat ze grote schimmel accumulatie vormen, in plaats
van enkele hyfae. Hoewel veel kennis is opgedaan door middel van hitte-dode C. albicans, de
rol van de biologische functies van de levende ziekteverwekker die op gastheer-pathogeen
interactie van invloed kunnen zijn was niet goed beschreven. Daarom hebben we getracht de
rol van levende C. albicans in het transwell system te bestuderen om de eerder genoemde
obstakels te omzeilen. In H oofdstuk 2 hebben we aangetoond dat hitte gedode C. albicansgeïnduceerde IL-6 en IL-8 productie werd versterkt waneer levende C. albicans aanwezig is
in een transwell systeem. Het transwell systeem biedt een fysieke barrière ter voorkoming van
direct contact tussen levende C. albicans en immuuncellen, maar waardoor de oplosbare
factoren die uit gescheiden worden door levende C. albicans zich vrij kunnen verspreiden en
met immuuncellen communiceren. Opvallend is dat levende C. albicans op zichzelf niet leidt
tot een cytokine productie in de transwell. Dit betekent dat ten minste twee signalen, te weten
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de herkenning van de Candida PAMPs en de aanwezigheid van levende Candida, nodig zijn
voor de volledige cytokine productie. Hetzelfde effect werd waargenomen wanneer PBMCs
werden gestimuleerd met hitte gedode C. albicans in aanwezigheid van het geconditioneerde
medium van een cultuur met levende C. albicans. Men zou kunnen stellen dat dit het
fysiologische scenario op de plaats van infectie is, waar de Candida PAMPs worden herkend
door de immuun cellen, terwijl de levende Candida groeit en immunologisch-actieve
metabolieten afscheidt. Door het waarnemen van de actieve metabolieten of nog onbekende
oplosbare factoren reageert het immuunsysteem tegen de indringende Candida op robuuste
wijze, in dit geval, met pro-inflammatoire cytokine productie.

Rekening houdend met de complexe interactie tussen het immuunsysteem van de gastheer en
interactie met Candida, vonden we dat de metaboliet activiteit van levende Candida niet
alleen immuunsysteem van de gastheer waarschuwt, maar kan het ook actief de
immuunrespons moduleren in zijn eigen voordeel. We ontdekten een nieuw ontsnapping
mechanisme van Candida door onderdrukking van de gastheer IL-17 productie van de
gastheer in H oofdstuk 3. IL-17 is aangetoond belangrijk te zijn voor gastheer antischimmelinfectie zowel in een muizenmodel [5,6], maar bij patiënten die niet in staat waren
een efficiënte T hl7 respons op te werken en last hebben van mucocutane candidiasis [7,8].
Wanneer humane perifere bloed mononucleaire cellen (PBMCs) werden gestimuleerd met
hitte gedode C. albicans o f een gering aantal levende C. albicans, een significante inductie
van IL-17 productie werd waargenomen. Tot onze verbazing, wanneer een groot aantal
levende C. albicans aanwezig is in het systeem en zelfs wanneer de cellen werden
gestimuleerd met dode schimmels, werd bijna geen IL-17 productie waargenomen.
Daarentegen werd de productie van andere pro-inflammatoire cytokines niet beïnvloed. Om
het mechanisme dat verantwoordelijk is voor dit effect te identificeren, analyseerden we de
metabolieten in het supematant en vonden dat de aanwezigheid van tryptofaan afgeleide
metabolieten werd veranderd door levende C. albicans. Wanneer PBMC's werden
gestimuleerd met hitte gedode C. albicans het belangrijkste geproduceerde metaboliet was
tryptofaan L-kynurenin met sporen van 5-hydroxytryptofaan. Echter, 5-hydroxytryptofaan
was de belangrijkste tryptofaan metabolieten wanneer levende C. albicans aanwezig was.
Bovendien werd IL-17 productie in PBMCs door hitte-gedode C. albicans
toevoeging van 5-hydroxytryptofaan aan het medium.
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Daarom concluderen we dat wanneer C. albicans het weefsel is binnengedrongen en een
krachtige immuunreactie aanwezig is die mogelijk alleen de groei van kleine aantallen

Candida toelaat, de beschermende T hl7 respons is geïnduceerd en de infectie verdwenen is.
Echter, wanneer het immuunsysteem niet instaat is de eerste Candida infectie te bestrijden,
zoals bij immuungecompromitteerde patiënten, zal C. albicans in de gelegenheid zijn te
overwoekeren en de onderdrukken anti-schimmel Th 17 respons te onderdrukken en zo de
kans op een chronische en potentieel dodelijke infectie te vergroten.

Als een commensaal kan C. albicans asymptomatisch koloniseren op de slijmvliezen, maar
kan ook doordringen tot diepere weefsels in het geval van immuundeficiënties. Om de infectie
vast te stellen werd morfologische verandering van gist tot hyphae aangetoond als factor voor
virulentie in muizen modellen, waarbij morfologisch grenzende C. albicans-stammen
avirulent waren in vergelijking met de wild-type stam [9]. Vorming van hyfen is ook
belangrijk bij inflammasoom activatie in muis macrofagen [10]. Hyfe hebben een dubbele
werking: vorming van hyfen belangrijk is voor de invasie van C. albicans, maar worden
voornamelijk herkend door de gastheer en initiëren de beschermende anti-schimmel werking.
In H oofdstuk 4 is aangetoond dat de dectin-1/inflammasoom signaalcasscade is voor het
onderscheid tussen gist en hyfen vorm van C. albicans en niet induceren van de
beschermende anti-schimmel T hl7 respons. Deze bevinding verklaart waarom tijdens
asymptomatisch dragerschap van C. albicans bij gezonde personen, er een staat van
evenwicht kan ontstaan tussen commensaal dragerschap van gistcellen die wordt onderhouden
door Thl7-afhankelijke eliminatie van opportunistische infiltratie van hyfen in de buitenste
mucosale lagen. W anneer de normale microbiologische o f immunologische status van het
mucosale oppervlak wordt verstoord, kan toename van het aantal binnendringende hyfen de
trekker zijn voor een krachtige inflammatoire verdediging.

In H oofdstuk 5 rapporteer ik de rol van complement in Candida geïnduceerde cytokine
productie in PBMC's. Complement opsonisatie is aangetoond belangrijk te zijn voor het
ondersteunen van de fagocytose van Candida [11]. We vonden dat C5a, een geknipt fragment
van C5 na complement activatie, naast de rol van opsonisatie kan signaleren door C5a
receptor en communiceren met TLRs CawcMa-afhankelijk IL -ip en IL-6 productie te
induceren. Daarentegen, serum van een C5-deficiënte donor was niet in staat de productie van
pro-inflammatoire cytokines te versterken. Eerder is aangetoond dat pH-geregeld antigen 1
(PRA1) complement activatie door Candida kan remmen door het aantrekken van
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complement regulatoire eiwitten, welke de splitsing van C3 remmen [12,13]. Eerde ik
bevestigd

en

verder

dat

de

PRAl-genuteerde

Candida

stam

significant

lagere

cytokineproductie als de wildtype stam in de aanwezigheid van serum kon induceren. Dit
voorbeeld onderstreept nogmaals keer de complexe interactie tussen gastheer en pathogeen
interactie.

De meeste commensale micro-organismen koloniseren slechts beperkte niches binnen een
organisme. Echter, C. albicans koloniseert een grote variëteit aan niches bij de mens, zoals
huidoppervlak, orofaryngeale en vaginale slijmvliezen. De beschikbaarheid van voeding en de
lokale pH verschillen tussen niches. Daarom moet C. albicans snel aan te passen en in staat
zijn tot de opname van essentiële voedingsstoffen uit verschillende niches. Het is redelijk te
veronderstellen dat de celwand, die niet alleen de integriteit van het organisme verzorgt, maar
eveneens de sensoren bevat die nodig zijn snel te reageren op de verandering van het milieu,
verschilt tussen C. albicans stammen die geïsoleerd zijn uit verschillende niches, zowel in
samenstelling en structuur. De verandering in de structuur en samenstelling van de celwand
wordt uit zich ook in de immuunrespons, aangezien de meeste Candida PAMPs zich op het
niveau van de celwand bevinden. In H oofdstuk 6 hebben we de immuunrespons van PBMC's
vergeleken na stimulatie van Candida gekweekt met toevoeging van verschillende
koolstofbronnen; lactaat (het nabootsen van mucosale kolonisatie van de vagina) en glucose
(nabootsende bloedbaan infectie). De lactaat-gekweekte Candida induceerde minder IL-17 en
IL-10 en was bestand tegen de anti-schimmel behandeling. Lactaat gekweekte Candida was
ook tegen fagocytose beschermd en was in staat efficiënter macrofagen te doden nadat deze

Candida gefagocyteerd was. Echter, Candida gekweekt in glucose rijk medium wordt
momenteel het meest gebruikt als een stimulant in in-vitro experimenten. Onze resultaten
geven nieuwe informatie die zeer belangrijk is om de gegevens verkregen na in-vitro de invivo experimenten te kunnen extrapoleren.

Na de uitgebreide studies beschreven in de eerste zes hoofdstukken van dit proefschrift, heb ik
in H oofdstuk 7 de huidige kennis van de wisselwerking tussen Candida en immuniteit van de
gastheer beschreven. Het is niet verwonderlijk dat met een gezond, normaal immuunsysteem,
de gastheer zich kan verdedigen tegen Candida-infccüc door verschillende mechanismen,
variërend van de fysieke barrière voor vroege immuun-respons tot een specifieke late respons.

Candida op zijn beurt heeft ook verschillende mechanismen om de kolonisatie en / of invasie
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in de gastheer te ontwijken, waarvan sommigen voor het eerst beschreven zijn in de
hoofdstukken van dit proefschrift.

Tot slot, er is belangrijke nieuwe informatie opgedaan in de afgelopen jaren over
antischimmel afweer. Maar onze kennis over de interactie tussen gastheer en Candida is nog
niet compleet, en verdere studies zijn nodig. Het antwoord op vragen als “wat is het voordeel
van Candida kolonisatie van de gastheer” o f “wat is het keerpunt van de kolonisatie en
invasie van Candida” zijn nog onbekend. Maar met de incrementele vooruitgang in kennis
van deze complexe interactie, accepteren we geleidelijk de mening dat Candida wordt gezien
als een "levende" organisme, niet alleen als indringer, die actief samenwerkt met het gastheer
immuunsysteem. Met deze kennis als basis, kunnen we dichter bij het panoramische uitzicht
over deze delicate interactie komen.
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