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The Fungal Quorum-Sensing Molecule Farnesol Activates Innate
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ABSTRACT Farnesol, produced by the polymorphic fungus Candida albicans, is the first quorum-sensing molecule discovered in
eukaryotes. Its main function is control of C. albicans filamentation, a process closely linked to pathogenesis. In this study, we
analyzed the effects of farnesol on innate immune cells known to be important for fungal clearance and protective immunity.
Farnesol enhanced the expression of activation markers on monocytes (CD86 and HLA-DR) and neutrophils (CD66b and
CD11b) and promoted oxidative burst and the release of proinflammatory cytokines (tumor necrosis factor alpha [TNF-a] and
macrophage inflammatory protein 1 alpha [MIP-1«]). However, this activation did not result in enhanced fungal uptake or kill-
ing. Furthermore, the differentiation of monocytes to immature dendritic cells (iDC) was significantly affected by farnesol. Sev-
eral markers important for maturation and antigen presentation like CD1a, CD83, CD86, and CD80 were significantly reduced
in the presence of farnesol. Furthermore, farnesol modulated migrational behavior and cytokine release and impaired the ability
of DC to induce T cell proliferation. Of major importance was the absence of interleukin 12 (IL-12) induction in iDC generated
in the presence of farnesol. Transcriptome analyses revealed a farnesol-induced shift in effector molecule expression and a
down-regulation of the granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor during monocytes to iDC differ-
entiation. Taken together, our data unveil the ability of farnesol to act as a virulence factor of C. albicans by influencing innate
immune cells to promote inflammation and mitigating the Th1 response, which is essential for fungal clearance.

IMPORTANCE Farnesol is a quorum-sensing molecule which controls morphological plasticity of the pathogenic yeast Can-
dida albicans. As such, it is a major mediator of intraspecies communication. Here, we investigated the impact of farnesol
on human innate immune cells known to be important for fungal clearance and protective immunity. We show that farne-
sol is able to enhance inflammation by inducing activation of neutrophils and monocytes. At the same time, farnesol im-
pairs differentiation of monocytes into immature dendritic cells (iDC) by modulating surface phenotype, cytokine release
and migrational behavior. Consequently, iDC generated in the presence of farnesol are unable to induce proper T cell re-
sponses and fail to secrete Thl promoting interleukin 12 (IL-12). As farnesol induced down-regulation of the granulocyte-
macrophage colony-stimulating factor (GM-CSF) receptor, desensitization to GM-CSF could potentially explain transcrip-
tional reprofiling of iDC effector molecules. Taken together, our data show that farnesol can also mediate Candida-host
communication and is able to act as a virulence factor.
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uorum sensing (QS) is a major mechanism of intermicrobial

communication mediated by molecules that are continu-
ously released from growing microorganisms and accumulate in
relation to microbial growth and replication (1-3). Candida albi-
cans was the first fungal species for which a QS system was
identified (4, 5). This polymorphic yeast is a common human
commensal which frequently causes superficial and invasive op-
portunistic infections. C. albicans produces three different auto-
regulatory compounds: tyrosol, farnesoic acid, and the best inves-
tigated, farnesol (FOH) (5-7). C. albicans continuously secretes
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FOH atlevels up to 55 uM; however, in local microenvironments,
much higher concentrations may exist (8, 9). In addition to C. al-
bicans, FOH can also be produced by other species, some of them
closely related to C. albicans, like Candida dubliniensis (8). FOH
efficiently controls the transition from yeast to filamentous
growth in C. albicans (4). This also results in FOH-mediated inhi-
bition of biofilm formation in C. albicans (10, 11). Furthermore, it
has been suggested that FOH protects C. albicans from oxidative
stress (12). Aside from the effects of FOH on C. albicans, this QS
molecule has been shown to exert effects on other microbial spe-
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cies and host cells. In a mixed heterogeneous population of C. al-
bicans and Pseudomonas aeruginosa, FOH leads to down-
regulation of the P. aeruginosa quinolone signal and thus enables
the coexistence of these two species (13). Furthermore, FOH en-
hances the permeability of Staphylococcus aureus and Esche-
richia coli to exogenous chemical compounds (14) and induces
apoptosis in the fungal pathogens Aspergillus nidulans and Asper-
gillus flavus (15, 16). Studies on the effects of FOH on host cells
indicate a promotion of apoptosis, e.g., in human gingival cells
and oral and lung carcinoma cells, at concentrations ranging from
30 uM to 300 uM (17-19). Rennemeier et al. reported multiple
types of damage in spermatozoa at a concentration of only 25 uM
(20). In murine macrophages, FOH treatment resulted in a de-
creased phagocytic activity, while in epithelial cells, it enhanced
interleukin 6 (IL-6) and B-defensin 2 secretion (21, 22). To exper-
imentally address potential immunomodulatory effects, we
investigated the impact of FOH on primary human polymorpho-
nuclear neutrophilic granulocytes (PMN), monocytes, and
monocyte-derived dendritic cells (DC). Our data show that
whereas FOH is able to trigger low-grade activation in human
neutrophils, it dramatically impairs functional differentiation of
human monocytes into DC and reduces the capacity of DC to
trigger protective T cell activation and expansion.

RESULTS

FOH triggers low-grade activation of human innate immune
cells. FOH provided by Sigma used for all experiments was ana-
lyzed using high-performance liquid chromatography (HPLC),
HPLC-high-resolution electrospray ionisation mass spectrometry
(HRESI)-mass spectrometry (MS), and matrix-assisted laser de-
sorption/ionization (MALDI)-MS. These analyses confirmed the
molecular formula and excluded any contamination with lipo-
polysaccharide (LPS) (see Materials and Methods). As FOH has
been shown to induce apoptosis in fungal and host cells, we ex-
amined the effects of FOH on viability of human monocytes, DC
and PMN (17, 23). For PMN, no cell death effects could be ob-
served at concentrations up to 200 wM, whereas monocytes and
DC showed significant cell death at concentrations of 200 uM (see
Fig. S1A to C in the supplemental material). In control experi-
ments, the Gram-negative QS molecule 3-oxo-homoserine lac-
tone (HSL), which is known for its potent proapoptotic activity,
induced significant cell death at a concentration of 25 uM in
monocytes and DC (see Fig. SID and E in the supplemental ma-
terial). In accordance with previously published data, the presence
of serum was found to protect cells against FOH induced cell
death (24) (see Fig. S1 in the supplemental material). As lower
concentrations of FOH did not induce cell death in human PMN
and monocytes, we evaluated whether the phenotype of these cells
was altered. After incubation with FOH an activated surface phe-
notype was observed for both PMN and monocytes, indicating
low-grade activation (see Fig. S2A and B in the supplemental ma-
terial). PMN displayed slightly enhanced surface levels of CD66b,
CD11b, and decreased expression of CD16 and CD62L. Further-
more, activation of PMN in the presence of FOH could be dem-
onstrated by a concentration-dependent increase in reactive oxy-
gen species (ROS) (Fig. 1A) and release of myeloperoxidase
(MPO), elastase 2 (both derived from azurophilic granules), and
lactoferrin (derived from specific granules) (Fig. 1B). To assess
whether FOH treatment affects PMN fungicidal activity, phago-
cytosis and killing of C. albicans were quantified after coincuba-
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tion for 1 h (Fig. 1Cand D). Interestingly and despite the activated
phenotype, the ability of FOH-treated neutrophils to phagocytose
and kill Candida was not enhanced (Fig. 1C and D). Comparable
results could be observed for monocytes. FOH treatment of
monocytes resulted in increased levels of CD86 and HLA-DR (see
Fig. S2B in the supplemental material) as well as the release of
proinflammatory cytokines IL-6, IL-8, MIP-13, GRO, MIP-1aq,
tumor necrosis factor alpha (TNF-«), and MCP-1 (Fig. 1E). In
contrast, FOH had no impact on IL-1e, IL-1f3, and the anti-
inflammatory cytokine IL-10 at the tested time points (data not
shown). No significant effects could be observed on phagocytosis
and killing of C. albicans by monocytes (Fig. 1F and G). These data
indicate that despite inducing activation and release of proinflam-
matory mediators, FOH does not trigger enhanced fungicidal ac-
tivity of monocytes and neutrophils.

FOH impairs differentiation of monocytes into iDC. To an-
alyze a potential impact of FOH on differentiation of monocytes
into immature DC (iDC), cells were exposed to FOH or the sol-
vent control throughout the process of differentiation. After
6 days, we checked the viability of iDC generated in the presence of
FOH at concentrations ranging from 10 uM to 100 uM (Fig. 2A
and B). We observed no decrease in viability for FOH in concen-
trations up to 50 uM (viability at 50 uM FOH, 97.3 = 13.1%; P is
not significant) compared to the mock-treated control, whereas
100 uM FOH resulted in reduced viability (78.0 = 15.7%; P <
0.01). Therefore, subsequent experiments were performed only
with FOH concentrations up to 50 uM. To characterize the phe-
notype of DC after differentiation in the presence of FOH, we
investigated the surface expression of several markers for DC dif-
ferentiation and function (Fig. 2C). The most prominent effect
was observed for the transmembrane glycoprotein CD1a. During
differentiation to iDC, CD1a is strongly induced on the cell sur-
face (25). However, in the presence of FOH, CD1la was not ex-
posed on the cell surface (at 50 uM FOH, 1.3 = 0.7%; P < 0.001).
This effect could also be observed for exposure to lower concen-
trations of FOH (10 uM and 25 uM). For CD80, an important
costimulatory molecule, we observed a reduction on the cell sur-
face after 6 days of differentiation in the presence of 50 uM FOH
(71.0 = 21.5%; P < 0.01). In contrast, the activation marker CD86
and the major histocompatibility complex class IT (MHC-II) mol-
ecule HLA-DR showed increased expression on the surfaces of
iDC treated with 25 uM and 50 uM FOH (at 50 uM FOH, CD86
expression was 400.3 = 184.5%, P < 0.001; and HLA-DR expres-
sion was 159.3 = 31.2%, P < 0.001).

iDC undergo a process of maturation after contact with
pathogen-associated patterns, which is accompanied by a change
of surface marker molecules. To test the ability of iDC generated in
the presence of FOH to undergo maturation, these cells were stim-
ulated with LPS for 24 h, which results in a mature DC (mDC)
phenotype in control cells. In line with our data for iDC, CDla
also failed to be up-regulated after LPS-induced maturation of
iDC to mature DC (mDC) (at 50 uM FOH, 1.7 = 0.8%, P <
0.001). Levels of CD80 remained low after LPS-induced matura-
tion (at 50 uM FOH, 47.7 * 21.9%; P < 0.01), and FOH-treated
DC failed to efficiently up-regulate CD83 after LPS-induced mat-
uration (at 50 uM FOH, 31.4 * 19.7%; P < 0.001). Furthermore,
the myeloid marker CD14, which is characteristic of monocytes
and typically down-regulated during differentiation, was retained
on the cell surface after LPS stimulation (at 50 uM FOH, 387.7 =
252.7%; P < 0.01). Altogether, the altered surface phenotype im-
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plied possible functional defects of iDC and mDC differentiated in
the presence of FOH.

DC generated in the presence of FOH show altered patterns
of transcriptome regulation. To get a more detailed view of the
impact of FOH on DC differentiation, we investigated transcrip-
tomic changes during differentiation under the influence of FOH.
For this, cells differentiated in the presence of 50 uM FOH from 4
independent donors (4 biological replicates) were harvested after
3 days and 6 days of differentiation and after exposure to LPS for
6 h (at day 6) and analyzed on an Illumina HumanHT-12 v4
Expression BeadChip. Upon comparison of gene expression of
FOH-treated cells with that of mock-treated cells, a total of 704
differentially expressed genes (DEG) were identified, indicating
large-scale alterations of the transcriptome by FOH. Distinguish-
ing between the initial differentiation process from monocytes to
immature DC (0 days to 6 days) and the final maturation to ma-
ture DC (after LPS stimulation), DEG at the 3 day and 6 day time
points (“differentiation”) were grouped and compared to DEG at
the 6 day time point plus a 6 h LPS stimulation (“maturation”). A
total of 381 genes were differentially regulated during differentia-
tion (25 genes at day 3 and 356 additional genes at day 6), of which
196 genes were up-regulated and 185 genes down-regulated. A set
of 516 differentially expressed genes (an additional 323 genes after
LPS exposure) was identified during maturation of iDC to mDC,
including 239 up-regulated and 277 down-regulated genes. Gene
correlation networks were constructed for both differentiation
and maturation, with genes being grouped into functional catego-
ries. Networking visualization revealed differential regulation of
genes involved in fungal recognition, cell adhesion and migration
at early time points followed by deviated regulation of chemokine
and cytokine signaling genes (Fig. 3A and B). Pathway analysis
confirmed that a high number of differentially regulated genes are
involved in processes like hematopoietic cell lineage differentia-
tion, cytokine-cytokine receptor interaction, antigen processing
and presentation, and cell adhesion, indicating broad functional
implications of FOH treatment (Fig. 3C and D). After 3 days we
could detect down-regulated expression levels of genes encoding
proteins involved in antigen processing and presentation (CD74,
fold change [FC] of —2.6; CDle, FC of —2.86) and C-type lectin
receptors (CLEC1A, FC of —2.85) and an up-regulation of genes
encoding the chemokine MCP-1 (FC of +4.99) and the surface
molecule CD1d (FC of +4.47). The number of differentially reg-
ulated genes involved in antigen processing and presentation in-
creased throughout the differentiation and maturation process of
DG, including up-regulation of CD1d and CD14 (FC of +17.6
and FC of +13.4, respectively) and down-regulation of CD1a and

CDle (FC of —20.08 and —11.46, respectively). An increased ex-
pression of genes coding for the chemokines MCP-1, MIP-4«, and
eotaxin 2 (FC of +17.85, +9.77, and +6.0, respectively) was de-
tected after 6 days of DC differentiation in the presence of 50 uM
FOH. After LPS-induced maturation, expression levels of genes
involved in chemotactic activity for neutrophils (CXCLI, FC of
—4.01), monocytes (CCL1, FC of —25.46), or activated T cells
(CXCL9, FC of —19.84) were significantly reduced. A number of
genes encoding C-type lectin receptors, including dectin-1 (FC of
—2.32), which is of crucial importance for recognition of fungal
pathogens, showed decreased expression levels in the presence of
FOH during both differentiation and maturation. Furthermore,
we found that several genes with functions in cell adhesion and
migration (AMICAIL, FC of —3.05; MMPI12, FC of —44.67;
MMP25, FC of —7.6) were down-regulated and the gene coding
for the matrix metallopeptidase (MMP) inhibitor TIMP1 was up-
regulated (FC of +4.12). To confirm a functional impact of mi-
croarray findings, we first investigated the alteration of surface
marker CD1d that was found to be strongly up-regulated at all
time points for FOH-treated cells. In our experimental setting,
freshly isolated human monocytes showed a low but measurable
expression level of CD1d on the cell surface. During normal dif-
ferentiation, CD1d levels were not affected. However, after FOH
treatment, DC showed a strongly increased expression of CD1d at
all time points (Fig. 4A). Even at the early differentiation stage
(3 days), a 78.9% higher expression was detectable (176.0 *
105.4%; P < 0.01). This increase was maintained during the mat-
uration process from iDC to mDC. Maintained expression of
CD14 for FOH-treated cells could be confirmed by showing sig-
nificantly increased levels of CD14 on the cell surface of DC gen-
erated in the presence of FOH after LPS treatment (387.5 *
252.7%; P < 0.01) (Fig. 2C) and an 18-fold-higher level of soluble
CD14 in cell culture supernatants (Fig. 4B).

FOH modulates cytokine release by DC and prevents induc-
tion of a protective Thl response. Transcriptomic profiles had
shown differences in the expression profile of various cytokine
encoding genes. To confirm a functional relevance of this regula-
tion, we tested a broad set of cytokines to determine if the presence
of FOH during differentiation to dendritic cells has an impact on
the cytokine profile. Our data reveal that FOH induces signifi-
cantly elevated levels of proinflammatory cytokines as well as
chemokines (Fig. 4C). We detected a >2-fold up-regulation of
IL-6, IL-8, MIP-1a, and MIP-18 and >4-fold-higher levels for
granulocyte-macrophage colony-stimulating factor (GM-CSE),
G-CSF, IL-1 receptor antagonist (IL-1RA), and TNF-c.. With a
15-fold up-regulation, MCP-1 (CCL2) showed the most pro-

FIG 1 FOH induces activation of PMN and monocytes. (A) Quantification of intracellularly generated ROS after FOH treatment for 30 min. Data are
percentage of mean fluorescence intensity (MFI). (B) Culture supernatants of PMN treated with FOH at different concentrations for 2 h were analyzed for the
release of myeloperoxidase (MPO), lactoferrin, and elastase 2 and revealed significantly increased levels compared to supernatant of mock-treated PMN. All bars
in panels A and B show means and standard deviations (SD) from at least 4 independent experiments with PMN from different donors; data were normalized to
an untreated control (white bar). (C) Phagocytosis of C. albicans by PMN pretreated with FOH at concentrations ranging from 25 uM to 200 uM was measured
via flow cytometry. GFP-expressing C. albicans cells were used, and extracellular fungi were stained with a specific anti-Candida antibody after a 1-h confron-
tation. (D) Quantification of C. albicans viability after a 1-h confrontation with PMN using the XTT metabolic activity assay. Values were normalized to 100%
metabolic activity of fungal cells in medium and are means = SD from 7 independent experiments. (E) Analysis of cytokine levels in culture supernatants
harvested after 24 h of incubation of monocytes with 50 uM FOH. Mock-treated monocytes served as controls for background secretion of cytokines. Data are
means = SD from 4 independent experiments with monocytes from different donors. (F) Phagocytosis of C. albicans by monocytes pretreated with FOH at
concentrations ranging from 25 uM to 200 uM was measured via flow cytometry. GFP-expressing C. albicans cells were used, and extracellular fungi were stained
with a specific anti-Candida antibody after a 1-h confrontation. (G) Quantification of C. albicans viability after a 1-h confrontation with monocytes using the XTT
metabolic activity assay. Values were normalized to 100% metabolic activity of fungal cells in medium and are means and SD from 7 independent experiments
(*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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nounced increase, reflecting the transcriptomic data, which
showed that the MCP-1 gene belonged to the most up-regulated
genes (12-fold). In contrast, we determined significantly reduced
levels for IL-12 (IL-12p40/p70) and the chemokines RANTES,
MIG, and 1-309 (CCL1). For IL-12, we found a >12-fold-lower
release compared to that in mock-treated DC. Interestingly, we
also observed a substantial reduction in the secretion of IL-12 for
iDC treated with FOH after differentiation (Fig. 4D). For the anti-
inflammatory cytokine IL-10 we could determine significantly
higher levels for DC differentiated in the presence of 50 uM FOH.
These data clearly indicate that iDC generated in the presence of
FOH release cytokines, which promote inflammation but dampen
the Th1 response, which is crucial for fungal clearance. Further-
more, both MCP-3 and eotaxin 2 were up-regulated in DC by
FOH on the transcriptomic level, and elevated concentrations of
MCP-3 and eotaxin-2 could be detected in culture supernatants
(Fig. 4C). These chemokines are known to be chemoattractants
for eosinophils (26). Overall, the observed changes in cytokine
release reflect very well the observed changes in transcript level
(Fig. 4E).

FOH-treated dendritic cells are restricted in migration. DC
need to be mobile to fulfill their immune function. Spreading on
the extracellular matrix displays a functional actin cytoskeleton of
the cells, which is important for cell migration, the ability to es-
tablish contact with T cells, and the induction of T cell responses
(27). After observing a strong down-regulation of genes encoding
metalloproteinases (MMP12, MMP25, and ADAMY), which are
important for migration of DC, we assumed that iDC generated in
the presence of FOH might show a defect in migration and cell
spreading. In line with the transcriptomic data, DC generated in
the presence of FOH showed 6-times-lower levels of MMP12 in
the supernatant than mock-treated cells after stimulation with
LPS (Fig. 5A). To elucidate if FOH had an impact on iDC spread-
ing, the ability to spread on fibronectin was investigated (Fig. 5B).
After differentiation of monocytes to iDC in the presence of FOH,
we allowed the cells to spread on fibronectin-coated slides for
40 min and determined differences using a microscope. iDC gen-
erated in the presence of FOH showed impaired spreading com-
pared to the mock-treated control. After 40 min, FOH-treated
iDC showed mostly a rounded morphology instead of protru-
sions; less than 20% of cells (18.2 £ 5.3%; P < 0.001) showed a
spreading phenotype, in contrast to mock-treated cells (88.4 *+
9.9%).

Impact of FOH on the ability of dendritic cells to act as pro-
fessional antigen-presenting cells. All data reported so far sug-
gested a defect of DC generated in the presence of FOH to induce
proper T cell responses. To investigate if FOH had an impact on
the function of DC to act as antigen-presenting cells (APC), we
determined the ability of DC generated in the presence of FOH to
induce T cell proliferation. For this purpose, we performed a
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mixed allogeneic lymphocyte reaction using 5-(and 6)-
carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling.
On day 6, mock-treated and FOH-treated mDC were cocultured
with allogeneic naive CFSE-labeled CD3* T cells for 4 days. The
percentage of CESE!*W T cells was determined by flow cytometry as
shown in Fig. 6. While mock-treated mature DC induced T cells to
undergo multiple cell division, FOH-treated mDC were signifi-
cantly less potent in inducing T cell proliferation. For all tested
donors, FOH-treated mDC showed a >50%-reduced percentage
of CFSE!*" T cells (49.8 = 24.9%; P < 0.01) compared to mock-
treated mDC (Fig. 6A and B).

FOH effects may be mediated in part by desensitizing mono-
cytes to GM-CSF. With regard to the changes in surface pheno-
type iDC generated in the presence of FOH seem to be trapped in
a monocyte-like state. This could be due to a subpar response to
the cytokines GM-CSF and IL-4 that induce differentiation. The
transcriptomic data show that the gene encoding the GM-CSF
receptor (CSF2R) is more than 3-fold down-regulated. Therefore,
we checked the expression of the cytokine receptors for GM-CSF
and IL-4 on the cell surface of iDC generated in the presence of
FOH compared to mock-treated cells (Fig. 7). We observed a
more than 50% decreased expression of GM-CSFR (44.5 * 22.5;
P < 0.001) on the cell surface after LPS stimulation. In agreement
with the transcriptomic data, no difference in IL-4 receptor ex-
pression (data not shown) was detected.

DISCUSSION

In the first study identifying FOH as a QS molecule of the patho-
genic yeast C. albicans, Hornby et al. defined two competing hy-
potheses with FOH either being a possible therapeutic compound
due to its ability to block the transition from yeast to filamentous
form or acting as a virulence factor by triggering infection-
promoting effects in host cells (4). Later, several publications in-
dicated that FOH more likely acts as a virulence factor. C. albicans
pretreated with subinhibitory concentrations of fluconazole
showed increased extracellular, membrane-bound, and intracel-
lular FOH levels associated with increased virulence and higher
mortality rates in a murine infection model (28). In a more direct
experiment, administration of FOH during murine C. albicans
infection resulted in increased mortality and kidney fungal bur-
den (29). During these experiments, it was also noted that FOH
could be detected for several hours in the serum (29). Exogenous
administration of FOH inhibited production of IL-12 in murine
macrophages, thus preventing effective induction of protective
immunity against C. albicans (30). Finally, treatment with prava-
statin, which inhibits biosynthesis of FOH, or genetic deletion of
DPP3, the phosphatase required for converting farnesyl pyro-
phosphate to FOH, resulted in reduced mortality and fungal bur-
den (29, 31). In our study, we systematically analyzed effects of
FOH on human innate immune cells. In line with previous stud-

FIG 3 Networking and analysis of FOH-induced differentially expressed DC genes. (A and B) Networking visualization showed differential regulation of genes
involved in fungal recognition, cell adhesion and migration at early time points followed by deviated regulation of chemokine and cytokine signaling genes. A
gene correlation network using Cytoscape was constructed based on the whole-genome expression data. Nodes represent up-regulated (green) or down-
regulated (red) genes. Edges represent positive (brown) or negative (orange) correlation. Significant correlations of =0.85 are displayed distinguishing between
the initial differentiation process from monocytes to iDC (3 days and 6 day time point) (A) and the final maturation step to mDC (6 days + 6 h LPS) (B). Genes
were grouped into functional categories. For ease of visualization, a smaller core network was edited from the full subnetwork of specific time points and grouped
into functional categories. (C) Enrichment of KEGG pathways within the set of differentially expressed genes was carried out to associate genes with known
cellular functions. Analysis showed that a high number of differentially regulated genes are involved in processes like hematopoietic cell lineage, cytokine-
cytokine receptor interaction, antigen processing and presentation and cell adhesion molecules. Enrichment scores are shown as —log, o(P) (P < 0.05).
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FIG 4 Impact of FOH on dendritic cell characteristics and effector mechanisms. (A) CD1d is enhanced on the surface after FOH treatment. Surface marker
CD1d was analyzed during generation of iDC in the presence of FOH (50 uM) at day 3, day 6 and after stimulation with LPS for 24 h. Representative histograms
(left) and quantified levels of CD1d (right) are shown. Graphs show means = SD normalized to an untreated control (white bar). (B and C) Release of soluble
CD14 (sCD14) (B) and secretion of cytokines/chemokines (C) were measured in cell culture supernatants after 24 h LPS stimulation of mock-treated iDC and
iDC generated in the presence of 50 uM FOH. Bars show means and SD from at least 4 independent experiments with cells from different donors. (D) IL-12
release of iDC after stimulation with LPS (24 h) alone or in addition to FOH, shown as means and SD. (E) Changes in cytokine transcript expression level (6 days

+ 6 h LPS) and cytokine release in supernatants (after 24 h LPS stimulation) are plotted. Data are displayed as fold change of FOH (50 uM)-treated cells relative
to mock-treated cells (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).
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FIG 5 Altered migrational behavior of iDC generated in the presence of FOH. (A) Elevated levels of MMP12 in the supernatants of DC differentiated in the
presence of FOH. Supernatants after 24 h LPS stimulation of mock-treated and FOH-treated iDC were analyzed for MMP12 secretion. (B) FOH-treated iDC
showed limited ability to spread. After day 6 of differentiation, mock-treated and FOH-treated iDC were plated on fibronectin-coated plates and allowed to attach
for 40 min. Representative images of cell spreading are shown (top, mock-treated cells; bottom, iDC generated in the presence of 50 uM FOH). The percentage
of spread cells was scored. Data are means and SD normalized to the level of untreated cells (white bars) (***, P < 0.001).
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FIG 6 Impact of FOH on ability of DC to act as professional antigen-presenting cells. FOH-treated mDC induced a >50%-reduced percentage of CFSElew T
cells. (A) Representative histograms and dot plots of CFSE fluorescence intensity, gated on CD3™ T cells, are shown after 4 days of in vitro stimulation with
untreated mDC and mDC pretreated with FOH (50 uM). As a negative control, CFSE-labeled unstimulated T cells are shown. In the histograms, each peak
represents a round of cell division; percentages of cells that have undergone numbers of divisions are shown above the peaks. Representative dot plots show the
percentages of CFSE*"-gated cells. Similar results were obtained in three independent experiments. (B) Quantitative analysis of the percentage of CESE!*" T cells
by fluorescence-activated cell sorting analysis. Data are normalized to values for an untreated control (white bar) (**, P < 0.01).

ies, we showed that in contrast to the bacterial QS molecule ho-
moserine lactone (HSL), proapoptotic activity of FOH can be ob-
served only at very high concentrations in the presence of serum
(17,24, 32). For primary neutrophils and monocytes, we observed
a low-grade activation characterized by an activated surface phe-
notype and induction of effector mechanisms like oxidative burst
and secretion of cytokines, similar to what has been observed in
previous experiments and also for HSL (33, 34). FOH-induced
activation did not result in enhanced fungal uptake and killing.
Major effects of FOH were observed for the differentiation of
monocytes into iDC. iDC generated in the presence of FOH failed
to undergo both phenotypic and functional maturation and re-
tained monocyte specific markers like CD14. Functionally indis-
pensable surface markers, e.g., the costimulatory molecules CD80
and CD86, and the maturation marker CD83 were significantly
diminished on the cell surface (35).

The lipid antigen-presenting molecule CDla, a functional
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marker for T-cell-activating DC, was minimally expressed on the
surface of iDC generated in the presence of FOH (36, 37). In
contrast to CD1a, CD1d levels increased on the surface of DC
generated in the presence of FOH. CD1d presents lipid antigens to
NKT cells that are known to be powerful modulators of immune
response by producing Thl and Th2 cytokines. However, the
dominant expression of CD1d seems to be an alternative attempt
of inducing an adequate immune response. Cohen et al. showed
that CD1d-restricted T cells are important for anti-fungal immu-
nity but pointed out that anti-fungal NKT cell cytokine secretion
is dependent on IL-12 (38, 39). However, iDC generated in the
presence of FOH showed an impaired release of IL-12 and an
enhanced release of the anti-inflammatory cytokine IL-10. Our
results, indicating a profound alteration of DC differentiation in-
duced by FOH, were corroborated by analyses of transcriptome
changes during the differentiation process, showing a profound
rewiring of transcriptional regulation affecting major functional
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FIG 7 Effect of FOH on the GM-CSF receptor (GM-CSFR). GM-CSEFR is
reduced on the surface of DC generated in the presence of FOH. Surface re-
ceptor expression of GM-CSFR is shown after 24 h LPS stimulation of mock-
treated mDC and mDC pretreated with FOH (50 uM). Data are means = SD
normalized to levels of untreated cells (white bar) (***, P < 0.001).

categories of both monocyte-to-DC differentiation and matura-
tion of DC after LPS stimulation. DC generated in the presence of
FOH displayed impaired migration and cell spreading and a delay
in forming protrusions. Genes relevant for migration of mDC,
such as MMP12, AMICA1, and MMP25, were not sufficiently
up-regulated (40). In antifungal immunity, DC play a major role
in triggering a protective Th1 response via IL-12 (41-45). How-
ever, iDC generated in the presence of FOH failed to induce an
adequate T cell response. These results establish a novel function
for FOH as an immune-modulatory compound. Interestingly, a
comparable profile of monocyte-derived DC has been evaluated
in patients with chronic mucocutaneous Candida infections
(CMC). Ryan et al. (46) treated monocyte-derived DC from au-
toimmune polyendocrinopathy-candidiasis-ectodermal dystro-
phy (APECED) and non-APECED CMC patients with C. albicans
or LPS to assess cell surface maturation marker and cytokine pro-
duction. Both APECED and non-APECED patients showed hy-
perresponsive cytokine expression profiles following LPS stimu-
lation (e.g., hyperproduction of TNF-a) and impaired DC
maturation following C. albicans stimulation (impaired up-
regulation of CD83) (46). These data are consistent with our find-
ings of suppressed DC maturation after FOH treatment. Those
authors suggested that the impaired DC maturation in APECED
patients might be the pathogenic mechanism behind the increased
susceptibility to Candida infections. Our data suggest that the im-
paired maturation of DC may also be due to the chronic Candida
infection. Compared to other QS molecules, similar effects have
been observed for 3-oxo-HSL produced by Pseudomonas aerugi-
nosa (34, 47, 48). Furthermore, our data provide a suitable expla-
nation for the effects of FOH: in transcriptome analyses, we ob-
served a significant down-regulation of the GM-CSF receptor,
which could be confirmed by flow cytometry. GM-CSF is known
to regulate multiple biological actions via the GM-CSF receptor
(49) and is of central importance in promoting dendritic cell de-
velopment from human monocytes (50-52). Overall, our results
show that the fungal quorum-sensing molecule FOH modulates
differentiation into iDC and shifts their response pattern toward a
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nonprotective and dysfunctional response that fails to activate T
cells and lacks Th1-promoting cytokines. This establishes a new
role of FOH as a virulence factor of C. albicans and strongly argues
against the therapeutic use of FOH in systemic C. albicans infec-
tion.

MATERIALS AND METHODS

Ethics statement. This study was conducted according to the principles
expressed in the Declaration of Helsinki. All protocols were approved by
the Ethics Committee of the University Hospital Jena (permit number
2734-12/09). Written informed consent was obtained from all blood do-
nors.

Reagent preparation. FOH was obtained as a 4 M stock solution
(Sigma-Aldrich) and then diluted in 100% methanol. The FOH purity
grade and molecular formula were assessed by HPLC, HPLC-HRESI-MS,
and MALDI-MS analyses. Purity was found to be approximately 95%, and
no contamination with LPS was detected by MALDI-MS analysis. Analyt-
ical HPLC was performed on a Shimadzu LC-10Avp series HPLC system
consisting of an autosampler, high-pressure pumps, a column oven, and a
photodiode array detector (Shimadzu, Japan). HPLC conditions were as
follows: a C18 column (Eurospher 100-5, 250 by 4.6 mm) and a linear
gradient from acetonitrile/0.1% (v/v) trifluoroacetic acid 0.5/99.5 to ace-
tonitrile/0.1% (v/v) trifluoroacetic acid 100/0 in 30 min, followed by iso-
cratic conditions of 100% acetonitrile for 10 min, at a flow rate of 1 ml
min~!. LC-MS measurements were performed using a Q Exactive hybrid
quadrupole-Orbitrap mass spectrometer with an electrospray ion source
coupled to an Accela HPLC system (Thermo, Fisher Scientific, Bremen,
Germany). HPLC conditions were as follows: a C,4 column (Accucore
C,g52.6 wm, 100 by 2.1 mm) and gradient elution (acetonitrile/H,0, each
containing 0.1% [vol/vol] formic acid, at a ratio of 5/95, going up to 98/2
in 10 min, and then 98/2 for another 4 min), and a flow rate of 0.2 ml
min~!'. MALDI-TOF MS measurements were performed with a Bruker
UltrafleXtreme mass spectrometer (Bruker Daltonics) in positive reflec-
tor mode wusing «-cyano-4-hydroxycinnamic acid or 2,5-
dihydroxyacetophenone as a matrix and collecting data in the range of
m/z 5 to 35 kDa. The working concentrations of FOH used ranged from
10 uM to 200 uM. Methanol was used as a solvent control (mock-
treated). The biological activity of each lot of FOH was tested by a C. al-
bicans filamentation inhibition assay, as previously described (24). N-3-
Oxo-dodecanoyl-L-homoserine lactone (3-oxo-HSL) was purchased
from Sigma-Aldrich, dissolved in DMSO, and used at concentrations up
to 50 uM.

Cell isolation and stimulation. Human polymorphonuclear neutro-
philic granulocytes (PMN) were isolated and purified from peripheral
venous blood of healthy donors by density gradient centrifugation using
the Polymorphprep system (Progen Biotechnik GmbH) as described else-
where (53). Human monocytes were isolated from buffy coats of healthy
volunteers. First, primary human peripheral blood mononuclear cells
(PBMC) were isolated by density gradient centrifugation using Biocoll
(Biochrom AG). Monocytes were separated from PBMC by negative mag-
netic bead selection via a magnetic cell sorting system (MACS) using
isolation kit IT (Miltenyi Biotech) or, when used for dendritic cell gener-
ation, via CD14" microbeads (Miltenyi Biotech) according to the manu-
facturer’s instructions. Freshly isolated monocytes were either used im-
mediately for stimulation assay or differentiated to monocyte-derived
dendritic cells (iDC) over 6 days in the presence of GM-CSF (800 U/ml)
and IL-4 (1,000 U/ml; Miltenyi Biotech). Culture in LPS (10 ng/ml;
Sigma-Aldrich) was used for the final maturation step to mature DC
(mDC). All stimulation assays were performed in RPMI 1640 (Biochrom
AG) with 10 mM L-glutamine containing 5% heat-inactivated fetal bovine
serum (FBS) for PMN and 10% FBS for monocytes and DC. Cells were
stimulated with methanol as a solvent control (mock-treated) and FOH at
different concentrations (25 uM to 200 uM) at 37°C for various times.
For experiments concerning the impact of FOH on the differentiation
process to iDC, freshly isolated monocytes were exposed to cytokines for
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differentiation and in addition to FOH in concentrations ranging from
10 uM to 100 uM or the solvent control. To ensure that FOH was present
during the entire differentiation process, FOH was included in the me-
dium, and therefore the concentration was constant even after medium
replenishment. Supernatants were obtained by centrifugation and stored
at —80°C until further analysis.

Antibodies and flow cytometry. Phenotypic characterization of
PMN, monocytes, and dendritic cells was performed by flow cytometry
using fluorochrome-conjugated antibodies. For this purpose, 100 ul of
cell suspension was stained with the following antibodies: mouse anti-
human CD16-APC, CD66b-FITC, CD62L-FITC, and CD11b-PE (for
PMN), HLA-DR-PerCp, CD14-FITC, CD1d-APC, and CD116-PE (for
monocytes and DC), and CD80-PE, CD1a-PE, CD83-APC, and CD86-
V450 (for DC). All antibodies were purchased from BioLegend except
CD86-V450, which was obtained from BD. In parallel, staining with the
appropriate isotype control (mouse IgG) was performed as a binding
specificity control. After 15 min staining at 4°C, cells were washed and
harvested in CellWash (BD Bioscience). For determination of cell death,
cells were harvested and stained using annexin V-fluorescein isothiocya-
nate (FITC) apoptosis detection kit II (BD Biosciences) according to the
manufacturer’s instructions. The percentage of viable (annexin V-FITC-
negative and propidium iodide [PI]-negative) cells was quantified, and
the distribution of cell death was displayed in a dot plot. Annexin
V-positive and PI-negative cells were considered apoptotic, whereas an-
nexin V- and PI-positive cells represent either late apoptotic cells or ne-
crotic cells. All flow cytometry analyses were performed on a FACSCanto
I analyzer (BD Bioscience), and the data were analyzed with FlowJo soft-
ware 7.6.4.

Quantification of oxidative burst. The oxidative burst of PMN was
measured using the Bursttest from Orpegen Pharma. After 30 min of
incubation with FOH, 100 ul of cell suspension was treated with the
fluorogenic substrate DHR-123. After incubation for 10 min at 37°C,
formation of reactive oxidant species was monitored by oxidation of
DHR-123 to R-123. After analysis with FlowJo software 7.6.4, results were
presented as median fluorescence intensity.

Measurement of secreted proteins. Following stimulation with FOH
(50 uM), secretion of cytokines and other proteins (MMP12) by mono-
cytes, dendritic cells, and antimicrobial peptides (lactoferrin, elastase 2,
and myeloperoxidase) released by PMN was assessed in cell-free superna-
tants using the MilliplexMap kits from Millipore and the ProcartaPlex
immunoassay from eBioscience according to the manufacturer’s instruc-
tions. Soluble CD14 was measured in cell-free supernatants according to
the instructions of the manufacturer of the Quantikine ELISA kit from
R&D Systems.

Candida culture. C. albicans wild-type SC5314 or the GFP-expressing
mutant strain was maintained on YPD agar. For experiments, colonies
were transferred to YPD medium (2% p-glucose, 1% peptone, 0.5% yeast
extract in water) and cultured at 30°C to stationary phase. Germ tubes
were induced by culturing in RPMI 1640 medium for 1 h at 37°C. For
confrontation with PMN or monocytes, germ tubes were washed in
phosphate-buffered saline (PBS) and used at a multiplicity of infection of
0.5.

Phagocytosis assay. Phagocytosis of C. albicans by PMN and mono-
cytes was measured via flow cytometry after 1 h of coincubation. To dis-
tinguish between intra- and extracellular fungal cells, a GFP-expressing
C. albicans strain was used, and extracellular fungal cells were stained with
a specific anti-Candida antibody after coincubation with immune cells.
Phagocytosis rate was calculated as a percentage of all Candida cells asso-
ciated with either PMN or monocytes.

Metabolic activity assay. Following confrontation with PMN or
monocytes the metabolic activity of Candida wild-type was determined
via the XTT {2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)-carbonyl]-2H-tetrazolium hydroxide} (Sigma) assay as
described previously (53). In a Tecan Infinite 200 plate reader, absorbance
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of supernatants was measured at 450 nm. Fungal metabolic activity was
determined as percentage of the metabolic activity of Candida in medium.

RNA isolation and quantification and Illumina expression array.
Cells treated with FOH or solvent control were harvested after various
times, and the cell pellet was resuspended in RNAprotect cell reagent
(Qiagen) and stored at —20°C until further use for RNA isolation. RNA
isolation was performed using the RNeasy Plus Mini Kit (Qiagen) corre-
sponding with manufacturer’s instruction. The Illumina TotalPrep RNA
amplification kit (Ambion) was used for RNA amplification and cRNA
transcription. RNA concentrations and quality were assessed with a
NanoDrop 1000 spectrophotometer (Thermo Scientific) and an Agilent
2100 Bioanalyzer (Agilent Technologies). Expression levels of RNA sam-
ples were analyzed with an Illumina HumanHT-12 v4 Expression Bead-
Chip kit following the manufacturer’s protocol.

Preprocessing of Illumina HT-12 chips. Raw microarray data were
preprocessed using functions of the R package lumi. Intensity values were
log, transformed and quantile normalized to allow further statistical anal-
ysis of the samples. Detection calls were used to select probes with detect-
able intensity values in at least three samples. Differentially expressed
genes were identified using the Limma package. A linear model was gen-
erated using provided functions, followed by the application of specific
contrasts to obtain significantly differentially expressed probes. Selection
criteria required an adjusted P value of <0.05 and a minimum 2-fold
change. Probes were linked using the Bioconductor annotation package
illuminaHumanv4.db. Enrichment of Gene Ontology categories and
KEGG pathways within the set of differentially expressed genes was car-
ried out to associate genes with known cellular functions. Annotation lists
and manually downloaded KEGG pathways were tested for statistical en-
richment based on a background gene set, which included all annotated
genes on the microarray. Significant categories with P values of <0.05
were selected. Pearson product measure correlation (PPMC) was used to
calculate correlation. Correlation network figures were visualized using
Cytoscape software (http://www.cytoscape.org) version 3.1.1. Significant
correlations of =0.85 are displayed, with nodes representing genes and
edges representing correlation.

Allogeneic mixed lymphocyte reaction. Dendritic cells were gener-
ated from peripheral blood monocytes as described before. At day 5 iDC
were stimulated with LPS (10 ng/ml; Sigma-Aldrich) and pulsed with
tetanus toxoid (10 pg/ml; Sigma-Aldrich). On day 6, when DC were har-
vested, fresh CD3* lymphocytes were obtained from buffy coats by den-
sity gradient centrifugation and separation via AutoMACS device (Milte-
nyi Biotech) using CD3* microbeads according to the manufacturer’s
instructions. Purified CD3* T cells were suspended in 0.5 uM CFSE (In-
vitrogen) diluted in RPMI 1640, and incubated at 37°C in the dark for
10 min. An equal volume of RPMI 1640 containing 10% human serum
(type AB, PAA Laboratories GmbH) was added to inactivate the extracel-
lular CFSE. The cells were washed three times in PBS and then resus-
pended in the proliferation medium consisting of RPMI 1640 medium
enriched with 10% human serum, IL-2 (10 U/ml; Immunotools), IL-4
(145 U/ml; Miltenyi Biotech), and GM-CSF (140 U/ml). Mature dendritic
cells (mDC) were harvested at day 6, washed with PBS, and resuspended
in proliferation medium as well. CFSE CD3" T cells were mixed at a ratio
of 10:1 (10° T cells to 10* dendritic cells per well) in a volume of 1 ml.
CFSE-labeled T cells alone were used as a negative control. After day 4,
cells were harvested, and CFSE fluorescence was analyzed via flow cytom-
etry.

Cell spreading. Cells were seeded in an 8-well ibidi plate coated with
fibronectin (10 wg/ml; Sigma-Aldrich) at a density of 2 X 10* cells per
well. Following 40 min of incubation, cell spreading was monitored via
microscopy. Nonspread cells were defined as small and round with few or
no membrane protrusions, while spread cells were defined as larger cells
with visible lamellipodia. Bright field images were obtained with a Zeiss
LSM 780 confocal microscope, and the percentage of spread cells was
scored.
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Statistics. Statistical significance was determined by a two-tailed un-
paired Student’s ¢ test. Data were analyzed using GraphPad Prism v5.0.

Microarray raw data. Microarray raw data are available at ArrayEx-
press (https://www.ebi.ac.uk/arrayexpress/arrays/) under accession no.
E-MTAB-2813.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBi0.00143-15/-/DCSupplemental.

Figure S1, TIF file, 0.9 MB.

Figure S2, TIF file, 0.6 MB.
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