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Complement plays a central role in Candida
albicans-induced cytokine production by human PBMCs
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In experimental studies, the role of complement in antifungal host defense has been at-
tributed to its opsonizing capability. In this study, we report that in humans an activated
complement system mainly augments Candida albicans-induced host proinflammatory
cytokine production via C5a-C5aR signaling, while phagocytosis and intracellular killing
of Candida are not influenced. By blocking the C5a-C5aR signaling pathway, either with
anti-C5a antagonist antibodies or with the C5aR antagonist W-54001, C. albicans-induced
IL-6 and IL-1B levels were significantly reduced. Recombinant C5a augmented cytokine
production. In addition, using serum from patients with various complement deficiencies,
we demonstrated a crucial role of C5, but not C6 or the membrane attack complex, in
C. albicans-induced IL-6 and IL-1p production in monocytes. These findings reveal a cen-
tral role of anaphylatoxin C5a in augmenting host proinflammatory cytokine production
upon contact with C. albicans, and define the role of the complement system in anti-
Candida host defense in humans.
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immunity is compromised, such as in patients with inborn ge-
netic defects [1] or neutropenia due to immune suppression [2],
Candida albicans is the major cause of human fungal diseases.  C. albicans can become invasive and spread systemically. The mor-
Candida colonizes the mucosae of more than 50% of healthy in-  tality due to disseminated candidiasis is very high, up to 30-50%

dividuals, but this is usually asymptomatic. However, once host  [3].
The innate immune system is critical for clearing fungal in-

vasion. The first step in the activation of innate immunity is the
recognition of fungal structures, called pathogen associated molec-
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ular patterns, by pattern 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 (MR)) have been identified to be involved in both the
direct killing of 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 com-
plement system. The complement system can be activated by
three pathways: the classical pathway (CP), the alternative path-
way (AP), and the lectin pathway (LP) that all converge on the
activation of C3, leading to phagocytosis of the C3b-opsonized
microorganisms [7]. It has been shown that all these three activa-
tion pathways can be activated by C. albicans [8-10], and experi-
mental studies have suggested that this facilitates the phagocytosis
of the fungus through the deposition of C3b [11]. Unlike for bacte-
rial pathogens, the membrane attack complex (MAC), comprised
of C5-C9, has not been convincingly demonstrated to lead to
direct lysis of 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 opsoniza-
tion, the activation of complement system also generates anaphy-
latoxins (C3a, C4a, and C5a), which mediate pleiotropic effects
such as triggering degranulation, inducing smooth muscle con-
traction, chemotaxis, or inducing a 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 of Gram-negative bacteria and sub-
sequent oxidative burst by upregulating CR3 [16,17]. The role
of 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 of innate host defense by C. albicans. By a combi-
nation of methodologies using blocking antibodies, recombinant
C5a, and plasma from patients with complement deficiencies, we
demonstrate that the main role of complement activation in hu-
man antifungal defense is to augment C. albicans-induced cytokine
production by the anaphylatoxin C5a.

Results

Heat-inactivated and antimannan Ab-depleted serum
reduce C. albicans-induced cytokine production

In the presence of intact human pooled serum (HPS), human
peripheral blood mononuclear cells (PBMCs) induced significantly
higher proinflammatory cytokines, such as IL-6, IL-1B, and TNEF-
a (Fig. 1A) upon C. albicans stimulation. A clear reduction of
cytokine production was observed after heat inactivation (56°C
for 30 min) of HPS (Fig. 1B).

The presence of antimannan antibodies in the normal human
serum has been reported previously [8]. Depletion of the anti-
mannan antibodies by preabsorption of HPS with C. albicans at
4°C for 30 min resulted in the reduction of cytokine production
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induced by the yeast (Fig. 1C). In addition, when antimannan
antibodies were depleted at 37°C, IL-6, TNF-a, and IL-1B produc-
tion were comparable with the intact HPS (Supporting Informa-
tion Fig. 1).

Cytokine production is downregulated by the addition
of specific Abs against complement components

To further delineate which pathway is involved in augmenting
C. albicans-induced cytokine production, specific antagonist anti-
bodies were used to block the activation of individual complement
factors. Previous reports showed that all the three complement
activation pathways could be activated by C. albicans [8,9,18].
Our results demonstrate that cytokine production, as measured in
our system, was significantly reduced when the classical/LP (by
anti-C2 antibody) and the AP (by anti-Factor D) were inhibited
(Fig. 2A).

All three complement activation pathways converge at the level
of activation of C3, leading to downstream cleavage of C5 into
C5a and C5b. C5a functions as anaphylatoxin and has pleiotropic
effects in the inflammatory process [19]. Therefore, we investi-
gated the role of C5a in augmenting C. albicans-induced cytokine
production. Cytokine production was significantly downregulated
by addition of a blocking anti-C5a antibody (Fig. 2B).

C5a receptor antagonist inhibits C. albicans-induced
IL-6 and IL-B, but not TNF-«

C5a transduces signals through the G-protein coupled C5a
receptor (C5aR) [20]. To delineate the role of C5a-C5aR signaling
pathway in C. albicans-induced cytokine production, C5aR specific
antagonist W-54001 was used to inhibit C5aR dependent signaling
[21]. A clear dose-dependent inhibition of IL-6 and IL-1f produc-
tion was observed (Fig. 3). However, TNF-a production was not
influenced, irrespective of the inhibition of C5aR signaling.

C5a augments C. albicans-induced IL-6 and IL-18
production

To further demonstrate the role of C5a in augmenting C. albicans-
induced cytokine production, recombinant human C5a was added
simultaneously with C. albicans to PBMCs in serum free medium.
In line with the previous finding, recombinant C5a by itself could
not induce cytokine production. However, recombinant C5a signif-
icantly augmented C. albicans-induced IL-6 and IL-1p production
and TNF-« to a lesser extent (Fig. 4A).

C5a crosstalk with TLR2 and TLR4
We have previously demonstrated that fungal cell wall compo-

nents such as mannan and B-glucan could be recognized by TLR2,
TLR4, dectin-1, and MR and induce cytokine production [4].To get
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a better understanding of how C5a augments C. albicans-induced
cytokine production, we stimulated PBMCs simultaneously with
lipopolysaccharide (LPS) (TLR4 agonist), Pam3Cys (TLR2 ago-
nist), pB-glucan (dectin-1 ligand), or mannan (MR and dectin-2
ligand), alone or in combination with recombinant C5a. As shown
in Fig. 4B, we observed that both LPS and Pam3Cys induced higher
IL-6, TNF-a, and IL-1B in the presence of C5a.

C5-deficient serum induced lower cytokine production

To assess whether these findings may impact cytokine produc-
tion in vivo, we investigated the effect of serum collected from
patients with complement deficiencies for C. albicans-induced
cytokine production. C5-deficient serum potentiated less strongly
IL-6 (94% reduction), TNF-a (29% reduction), and IL-18 (75%
reduction) production induced by C. albicans, compared with that
by control 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 of opsonization activity, we performed a
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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 proper cytokine pro-
duction.

In addition, by adding recombinant C5a to the C5-deficient
serum, a clear augmentation of IL-6 and IL-1B 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 deficient sera (Supporting Infor-
mation Fig. 2), only a marginal effect was observed by adding
exogenous C5a.

C5a enhanced C. albicans-induced production of IL-10,
but not IFN-y and IL-17

In addition to its role on promoting proinflammatory cytokine

in monocytes/macrophages, C5a can also modulate adaptive
immunity by altering T-cell differentiation [19]. Therefore, we
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further examined the role of C5a on the production of the signature
cytokines for Th1, Th2, and Th17 cells. No effect of C5a on the pro-
duction of IFN-y and IL-17 was observed, while IL-10 production
was significantly upregulated by C5a (Fig. 6A). In a following set
of experiments, we performed real-time polymerase chain reac-
tion (RT-PCR) to examine whether the transcription factors spe-
cific for T-helper-cell differentiation are influenced by C5a. C5a
did not alter the expression level of T-bet, GATA-3, and RORyt
(Fig. 6B).

Candida albicans pH-regulated 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 of C. albicans
that modulates complement activation [22,23], during interac-
tion with monocytes, we stimulated human PBMCs with a pral A
strain and its parental strain in the presence of serum. As ex-
pected, the pralA strain induced significantly higher amounts of

TNF-a (1.7-fold increase) and IL-1f (2.1-fold increase) as com-
pared with the parental strain. IL-6 production induced by pral A
strain was also higher, although it did not reach statistical signif-
icance (Fig. 7A). Next, a Pral-overexpressing strain was used to
stimulate the PBMCs. However, no differences in cytokine pro-
duction were observed between the overexpressing strain and
its corresponding parental strain (Fig. 7B), implying that the
endogenous Pral expression is sufficient to inhibit complement
activation.

Discussion

Innate immunity is the first line defense against C. albicans in-
fection. 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 crosstalk between C5aR and TLR pathways, the complement
system augments the proinflammatory cytokine production that
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Figure 3. Blocking of C5a receptor with specific antagonist reduces C. albicans-induced cytokine production. Human PBMCs were stimulated with
live C. albicans in the presence of healthy human pooled serum together with C5a receptor antagonist, W54001, in a dose-dependent manner for
24 h. Supernatant was collected for IL-6 (left), IL-1p (right), and TNF-a (middle) measurement (pooled data of three separate experiments, n = 6
volunteers, means + SD, *p < 0.05 determined by paired Wilcoxon test).
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Figure 4. C5a interacts synergistcally with TLR2 and TLR4 to induce cytokine production. (A) Human PBMCs were stimulated with live C. albicans
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the presence or absence of recombinant C5a for 24 h. Supernatant was collected for IL-6, IL-18, and TNF-a measurement (pooled data of three
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will contribute to fungal clearance. As phagocytosis and killing of
Candida by human phagocytes was not significantly reduced when
using complement-deficient plasma, it is likely that the augmen-
tation 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 atten-
tion had been drawn to the opsonization activity of complement
system against C. albicans infection [24-26]. On the pathogen
side, it has been reported that C. albicans interferes with com-
plement activation through several different strategies: first, by
direct degradation of complement components by secreted as-
partic proteases [27]; second, through binding of complement
regulators on the cell wall protein, such as Pral [28-30] and
Hgtlp [31] to inhibit complement activation; and third, by
blocking the activation of complement by surface mannan or
pH-regulated antigen 1 [22,32]. Surprisingly however, the role
of the anaphylatoxins for antifungal host defense has been
less well characterized. In this study, we demonstrate that de-
spite the fact that C. albicans phagocytosis was normally in-
duced by serum from C5-deficient patients, the capacity of
C5-deficient serum to potentiate proinflammatory cytokine pro-
duction induced by C. albicans was significantly reduced. This

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

highlights the role of 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 vari-
ous inflammatory responses such as vasodilation, smooth muscle
contraction, and accumulation of neutrophils at the extravascular
sites [14]. In addition, the crosstalk between C5a and TLR has also
been reported to modulate TLR-mediated cytokine production in
different T-cell types [33]. It has been suggested that C5a poten-
tiated LPS-induced IL-6 production in neutrophils by activation of
ERK1/2 and p38 mitogen-activated protein kinase (MAPK) signal-
ing through C5aR [34]. C5a also enhanced LPS-induced TNF-a and
IL-1B production by monocytes and macrophages [35]. Moreover,
synergistic induction of cAMP and suppression of nitric oxide-
dependent bacterial killing between TLR2 and C5aR was demon-
strated in an in vivo mouse model [36].

The activation of complement was needed for the augmen-
tation of C. albicans-induced cytokine production, as shown
by using heat inactivation of HPS (Fig. 1A). It is known that
naturally occurring antimannan antibodies bind to C. albicans and
initiate complement activation via the CP [37]. By depleting the
antimannan antibodies from the serum, we also observed signifi-
cant reduction of cytokine production, indicating that the classical
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activation of complement system can stimulate cytokine produc-
tion induced by C. albicans. Moreover, addition of antagonist
antibodies against specific complement components to block ei-
ther of the three complement activation pathways also leads to
downregulation of cytokines, further strengthening the hypothesis
that complement activation is needed for proper cytokine induc-
tion against C. albicans infection.

In a following set of experiments, we set to assess which
complement factors are specifically needed for the effect on cyto-
kine production. By using either an anti-C5a antagonist antibody
or a C5aR antagonist, it was demonstrated that C5a is the key com-
plement component responsible for the cytokine augmentation af-
ter stimulation of PBMCs with C. albicans. Both IL-6 and IL-18
were significantly downregulated when anti-C5a antagonist anti-
body or C5aR antagonist were used. However, TNF-a production
was reduced only when anti-C5a antagonist antibody was used,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

but not C5aR antagonist. Similar cytokine induction pattern was
observed when recombinant C5a was added simultaneously with
C. albicans, with production of IL-6 and IL-1B, but not TNF-a, be-
ing increased. This indicates that the C5a-C5aR signaling probably
contributes directly to the augmentation IL-6 and IL-18 produc-
tion. A different receptor triggered by C5a, the recently described
C5L2, might also be involved for the potentiation of TNF-o produc-
tion. It has recently been demonstrated that the crosstalk between
TLR and C5a is due to downregulation of C5L2 surface expression
after TLR ligand exposure [38]. Therefore, future work is needed
for elucidating the involvement of C5L2 in C. albicans-induced
cytokine production. In line with our finding of the effect of C5a
upon C. albicans infection, an acetylated C5a complementary pep-
tide has been shown to reduce partially the lethal shock induced
by C. albicans water-soluble mannoprotein-f-glucan complex in
mice [39]. We also observed crosstalk between TLR4-C5aR and
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separate experiments, n = 6 volunteers, means + SD, *p < 0.05 determined by paired Wilcoxon test).

TLR2-C5aR by using specific TLR agonists. It is noteworthy that
on top of the synergism between dectin-1 and TLR2, the presence
of C5a could further induce higher cytokine production, indicat-
ing that the crosstalk between TLR2 and C5a is independent from
the crosstalk between TLR2 and dectin-1 (Fig. 4B). However, the
effect of C5a seems to be mainly on monocyte-derived cytokines,
such as IL-6 and IL-1B. In contrast, no effects have been observed
on T-cell derived cytokines such as IFN-y and IL-17, although there
was a significant increase in IL-10 production in the presence of
C5a, but the absolute concentrations were 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 [40,41]. Similar results were also observed
in C3-deficient mouse [42]. Taken together, these in vivo data
from both C3- and C5-deficient mice imply that the activation of
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-deficient mice pro-
duced higher levels of circulating IL-6 in response to C. albicans,
despite higher mortality [41]. The apparent contradiction be-
tween the in vivo and in vitro role of C5a could be attributed
to the difference between humans and mice, or to the different
C. albicans strains used in the experiments. However, this dis-
crepancy might also be due to the nature of the experimental
setting. One main characteristic of innate immunity is the prompt
reaction to pathogen interaction: phagocytosis and proinflamma-
tory cytokine/chemokine production are triggered very rapidly af-
ter encountering the pathogen. Therefore, in C5-deficient mouse,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C. albicans might have the chance to escape the host immune
defense because of insufficient proinflammatory cytokine secre-
tion due to the lack of C5a bioactivity, therefore leading to in-
creased growth of C. albicans, resulting in cytokine storm due
to the presence of excess amount of fungal burden [43,44]. 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 the
recruitment of neutrophils [14]. Since neutropenia is one of the
risk factors predisposing individuals to C. albicans infection [2],
C5-deficiency might be detrimental.

The clinical significance of 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 of the anti-C5 antibody eculizumab,
which prevents the cleavage of C5 by C5 convertase, in the treat-
ment of paroxysmal nocturnal hemoglobinuria [45] and hemolytic
uremic syndrome [46], acquired C5 deficiency will become more
prevalent in the near future. Our results are an argument to
monitor more carefully 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 [47]. On the one hand, it has been
demonstrated that C. albicans evades the complement system by
binding Factor H [31], FHL-1 [47] and complement inhibitor C4b-
binding protein [23] on the fungal surface. Pral is crucial for this
effect. On the other hand, Pral could also block the activation and
the conversion of complement C3 both in fluid and on the fungal
surface [22]. This ability to inhibit complement activation might
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be a strategy utilized by C. albicans to evade host complement
activation [23,47]. Subsequently, C. albicans pral A strain induced
higher TNF-o and IL-1p at the cellular level. However, as the Pral
overexpressing strain failed to further inhibit host cytokine pro-
duction, the endogenous expression Pral seems to be sufficient
for executing its role in inhibiting complement activation. It might
be interesting to compare the differential complement inhibition
ability and the surface expression profile of Pral among clini-
cal isolates from mucosal and systemic candidiasis patients. In
addition, it might be worthwhile also to compare the virulence of
pral A and Pral overexpressing strains in an in vivo model in the
future.

In conclusion, using complementary in vitro techniques and
serum isolated from patients with various complement deficien-
cies, we demonstrate an important role of C5, specifically C5a, but
not C6 or C7 and thus not the MAC, for the C. albicans-induced
IL-6 and IL-1pB in human monocytes.

Materials and methods

Reagents

Recombinant human C5a was purchased from R&D. Cb5a
receptor antagonist (W-54001) was purchased from Santa Cruz
Biotechnology (CA, USA). LPS (Escherichia coli serotype 055:B5)
was purchased from Sigma (MO, USA). Synthetic Pam3Cys was
purchased from EMC Microcollections (Tuebingen, Germany).
Candida B-glucan and mannan were kindly provided by David
Williams (East Tennessee State University, TN, USA).

Inhibitory antibodies

Mouse immunoglobulin G1 (IgGl) mAbs to human C2
(clone 175-26), factor D (clone 166-32), C5a (clone 137-26),
and the isotype-matched control (clone G3-519, anti-HIV1 gp
120) were a kind gift from Michael Fung (Tanox Inc., TX, USA).
The anti-C5a 137-26 antibody neutralizes C5a biologic effects by
binding to the C5a moiety on native C5, without interfering with
C5 cleavage. The anti-C5a antibody 137-26 is highly human spe-
cific, and no cross-reactivity has been observed with nonprimate
species.

C. albicans strain

C. albicans ATCC MYA-3573 (UC 820) was used, unless other-
wise indicated. C. albicans organisms were grown overnight in
Sabouraud broth at 37°C, and cells were thereafter harvested by
centrifugation, washed twice, and resuspended in culture medium
(RPMI 1640; ICN Biomedicals, PA, USA) [48].

For overexpression of Pral, the gene PRA1 was cloned un-
der the control of the C. albicans ACT1 promoter and integrated
into the RPS10 locus of the C. albicans strain (Losse et al., un-
published data). Wild-type strain CAI4 [pCIP10] carrying pCIP10
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[49] at the RPS10 locus was used as a control for CAI4 (pACT1-
PRA1) [50]. Overexpression was confirmed by RT-PCR under
conditions when PRA1 was not expressed in the wild type. The
mutant strain pral A and the corresponding parental wild type
strain RM1000 were kindly provided by Anne Marcil and Mal-
colm Whiteway, National Research Council of Canada, Montreal,
Québec, Canada [51].

HPS and complement deficient serum

HPS was prepared from at least ten healthy individuals after
informed consent, pooled and stored at —80°C. Antimannan an-
tibody depleted serum was prepared as previous described [37].
In brief, antimannan 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
passed through a 0.45-pm filter and used immediately or stored
at —80°C.

Complement factor C5-deficient serum was derived from a
25-year-old woman identified as C5-deficient 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 of age. The 25-year-old woman suffered from serogroup C
meningococcal meningitis at the age of 15 years. Functional analy-
sis in the woman’s plasma showed absent alternative and classical
route induced haemolytic activity (AP50 < 15%; CH50 < 4%) that
normalized after reconstitution with C5. Genetic analysis per-
formed as previously described [52] revealed compound heterozy-
gosity for a 4 bp deletion (del AAAC) causing a frameshift and
resulting in a premature stop codon in Asp>%® (NP_001726), and a
nonsense mutation causing a premature stop codon in GIn'®%® of
the C5 preprotein (NP_001726), inherited from the pair’s father
and mother, respectively. MBL levels 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 of MBL (MBL < 0.04 mg/L) further revealed com-
plete MBL deficiency. C7-deficient serum was obtained from a
24-year-old woman with a history of chronic benign meningococ-
caemia at the age of 21 years. CH50 and AP50 in this patient were
both undetectable, and normalized after reconstitution with C7.
MBL in this patient was normal (3.78 mg/L).

Ethics statement
Patients and healthy volunteer gave written informed consent to

participate in each of the studies under Institutional Review Board
approval of Radboud University Nijmegen Medical Center.

Isolation and stimulation of PBMCs

Separation and stimulation of PBMCs was performed as described
elsewhere [53], from buffy coats obtained from healthy blood

www.eji-journal.eu

1001 =



= 1002

Shih-Chin Cheng et al.

donors at the Bloodbank Nijmegen. Cells were adjusted to a con-
centration of 5 x 10° cells/mL, and thereafter incubated at 37°C
in round-bottom 96-well plates (volume, 100 L/well) with either
live C. albicans (105/mL) or culture medium. After 24 h, 48 h, or
7 days, supernatants were collected and stored at —20°C until
assay.

Cytokine measurements

IL-6, IL-10, IFN-y (Pelikine Compact, CLB, Amsterdam, Nether-
lands), IL-1B8, TNF-a, IL-17 (R&D, the Netherlands) concentra-
tions from the culture supernatant were measured by commercial
enzyme-linked immunosorbent assay (ELISA) kits according to the
manufacturer’s instructions.

Phagocytosis and killing assay

The phagocytosis and killing assay are performed as described
previously [54]. In short, human PBMCs (5 x 10°) in 100 pL of
RPMI-1640 were dispensed into the wells of a 96-well flat-bottom
plate (Costar) and incubated at 37°C and 5% CO,. Cells were
incubated with 1 x 10* colony-forming unit (CFU) C. albicans,
which was opsonized with 40 % of complement-competent control
serum or C5-deficient serum in modified Eagle’s medium (Gibco
Life Technologies, Paisley, Scotland; minimal essential medium,
MEM) for 45 min at 24°C. After 30 min of incubation, the non-
phagocytosed cells were collected and the CFUs were quantified
by plating on Sabouraud agar plates in a tenfold dilution manner
and incubated at 37°C for 24 h. The percentage of yeast phago-
cytosed by the PBMCs was determined as follows: (1 - (CFU after
incubation/1x 10%)) x 100. Cell-free incubations of C. albicans
yeast were included as a control.

After removal of the nonphagocytosed C. albicans blastoconi-
dia, 200 L of culture medium, consisting of Sabouraud in MEM
(50% v/v), was added to the monolayers. After 4 h of incuba-
tion at 37°C and 5% CO,, the wells were gently scraped with a
plastic paddle and washed with 200 pL distilled H,O to achieve
lysis of monocytes. This procedure was repeated three times, af-
ter which the pooled washes were adjusted to a final volume of
1 mL with distilled water. Microscopic examination of the culture
plates showed that there was a complete removal of phagocytes.
To quantify the number of viable intracellular C. albicans yeast,
tenfold 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 monocytes was determined as follows: (1 - (CFU
after incubation/number of phagocytosed CFU)) x 100. Cell-free
incubations of yeast were included as a control for yeast viability.

Quantitative PCR
The quantitative PCR (qPCR) experiment are performed as de-

scribed previously [55]. PBMCs were stimulated as described
above. After 6 h, the supernatant was removed, and the cells
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were resuspended in 200 pL of RNAzolB RNA isolation sol-
vent (Campro Scientific, The Netherlands) and stored at —80°C.
mRNA was isolated according to the instruction of manufac-
turer. cDNA was synthesized from 1 pg of total RNA by use
of SuperScript reverse transcriptase (Invitrogen, NY, USA). Rel-
ative 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-GGTGGTCTGACAGTTCGCAC-3/, t-bet
forward primer 5-CAAGGGGGCGTCCAACAAT-3' and reverse
primer 5-TCTGGCTCTCCGTCGTTCA-3’, and B2M forward
primer 5-ATGAGTATGCC TGCCGTGTG-3' and reverse primer 5'-
CCAAATGCG GCATCTTCAAAC-3' (Biolegio, The Netherlands).
Values are expressed as fold increases in mRNA levels, relative
to those in unstimulated cells.

Statistical analysis

Results from at least three 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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Human PBMCs were stimulated with live C. albicans in the presence of serum from (A) C6-

deficient or (B) C7-deficient serum with recombinant C5a or C5a receptor antagonist, alone

or in combination. Supernatant was collected for IL6, IL-18 and TNF measurement.



