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The immune system is essential to maintain the mutualistic
homeostatic interaction between the host and its micro- and
mycobiota. Living as a commensal, Saccharomyces cerevisiae
could potentially shape the immune response in a significant
way. We observed that S. cerevisiae cells induce trained immunity in monocytes in a strain-dependent manner through
enhanced TNF␣ and IL-6 production upon secondary stimulation with TLR ligands, as well as bacterial and fungal commensals. Differential chitin content accounts for the differences in
training properties observed among strains, driving induction
of trained immunity by increasing cytokine production and
direct antimicrobial activity both in vitro and in vivo. These chitin-induced protective properties are intimately associated with
its internalization, identifying a critical role of phagosome acidification to facilitate microbial digestion. This study reveals how
commensal and passenger microorganisms could be important
in promoting health and preventing mucosal diseases by modulating host defense toward pathogens and thus influencing the
host microbiota-immune system interactions.

In several higher organisms, including plants, a central
mechanism for efficient protection from infection is defense
priming, the preconditioning of immunity induced by microbial colonization after germination or birth (1, 2), supporting
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the relevance of innate immune memory (3). This property of
host defense is also referred to as “trained immunity,” which is
defined as an increased responsiveness of the innate immune
system to secondary stimuli after an initial encounter with
training microorganisms (4, 5).
Similarly to root symbioses, human microbiota functionally
contributes to the nutrition and protection of the host, significantly shaping mammalian immunity both at the mucosal surface of the host and systemically (6 –9). Recent studies have
shown that fungal microbiota, or mycobiota, is an important
player in the host-microbe interaction and that its effects are
integrated with those of the dominant bacterial component
(10 –12). The complex interaction between bacterial microbiota, mycobiota, and the immune system is critical for establishing a balance between immunity and tissue health. A recent
publication (9) added another fundamental contribution to the
role of skin microbiota in activating and educating host immunity, shedding new light on the interplay between immune systems and microbiota in shaping each other. It was earlier demonstrated that Candida albicans triggers differential immune
signaling upon interaction with either inflammatory or tolerogenic dendritic cells (6) and, similar to what occurred for Aspergillus fumigatus (8) and harmless fungi such as Saccharomyces
cerevisiae,4 the type and intensity of immune reactivity is strain-dependent (7). Moreover, fungi modulate responses toward other
microorganisms such as intestinal and skin bacteria (14, 15).
Candida spp. are not the only fungal colonizer of humans.
S. cerevisiae was earlier demonstrated to be a constant colonizer of skin (16) and human intestinal tract (17), and a recent
study has shown that it may even surpass Candida species in
some human populations (18). Even if it is a harmless fungus,
S. cerevisiae shares with Candida many of the same cell wall
structures, often leading to similar effects on host defense. In
this work, we assessed the capacity of various S. cerevisiae
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strains to train human myeloid cells to react more strongly
toward other microorganisms such as bacteria or Candida.
S. cerevisiae can efficiently induce trained immunity in human
monocytes in a strain- and strain origin-dependent manner,
leading to enhanced cytokine production in vitro. This effect
was driven by chitin, explaining the major training properties
observed upon challenge with strains presenting a chitin-rich
cell wall, i.e. human isolates. The differences in the stimulatory
capacities of Saccharomyces, depending on the strain and the
context from which they were isolated, underline the need to
understand the interaction between mycobiota and the host, to
identify the boundaries between friend and foe and between
health and disease.

Experimental Procedures
Ethics Statement—The in vitro study using human cells was
designed in conformity with the international recommendation (Dir. EU 2001/20/EC) and its Italian counterpart (DM 15
Luglio 1997; D.Lvo 211/2003; D.Lvo 200/2007) for clinical trial
and following the Declaration of Helsinki to assure protection
and care of subjects involved. Human peripheral blood mononuclear cells (PBMCs)5 were isolated from buffy coats provided
by the Sanquin Bloodbank in Nijmegen or by Careggi Hospital
in Florence. Before taking blood, informed written consent was
obtained from each human subject. Dectin-1-deficient cells
were isolated from patients homozygous for the stop mutation
Y238X (40). The study was approved by the review board of the
Department of Medicine of the Radboud University Nijmegen
Medical Centre and by the Ethical Committee NijmegenArnhem (approval no. NL32357.091.10), by the Azienda
Ospedaliera Careggi (Florence, Italy; approval no. 87/10), and
by the Centro Trasfusionale Ospedale Santa Chiara (Trento,
Italy; approval document no. 54896583). All data analyzed were
anonymized.
In mouse models, experiments were performed according to
the Italian Approved Animal Welfare Assurance A-3143-01
and Legislative decree 157/2008-B regarding the animal license
obtained by the Italian Ministry of Health lasting for 3 years
(2008 –2011). Infections were performed under avertin anesthesia, and all efforts were made to minimize suffering. The
experimental protocol was designed in conformity with the recommendations of the European Economic Community (86/
609/CEE) for the care and the use of laboratory animals, was in
agreement with the good laboratory practices, and was
approved by the animal care Committee of the University of
Perugia (Perugia, Italy).
Reagents—Ficoll-Paque (GE Healthcare) was used to isolate
PBMCs by differential centrifugation. RPMI 1640 Dutch modification (RPMI; Sigma-Aldrich), supplemented with 1% gentamicin, 1% L-glutamine, and 1% pyruvate (Life Technologies,
Nieuwekerk, The Netherlands) was used as culture medium.
Monocytes were isolates using magnetic CD14 positive selection (Miltenyi Biotec, Bologna, Italy). In a challenge experiment, IL-4 and GM-CSF (both from Gentaur, Kampenhout,
Belgium) were added to induce monocyte differentiation into
5
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dendritic cells. Oregon Green 488 and NucBlue Live Cell Stain
Ready Probes reagent were from Molecular Probes, Life Technologies (Monza, Italy). Calcofluor white, PHK26 red fluorescent cell linker kit, cytochalasin D, the histone demethylase
inhibitor pargyline, the histone methyltransferase inhibitor (5⬘deoxy-5⬘(methylthio)adenosine (MTA)), and standards for
sugar determination were purchased from Sigma-Aldrich,
Milan, Italy. C. albicans and S. cerevisiae ␤-glucan and mannan
were isolated and purified as described previously (19, 20).
Pam3Cys4 and LPS (Escherichia coli serotype 055:B5) were purchased from Sigma-Aldrich, with an additional purification
step for LPS (21). Only preparations with ⬎98% purity were
used in the experiments.
Microorganisms—S. cerevisiae strains, previously isolated
from different environmental sources, were cultured in complete medium (YPD, 2% yeast extract, 1% peptone, 2% glucose)
for 18 h and then collected. C. albicans ATCC MYA-3573
(UC820) was grown overnight to yeast cells in Sabouraud broth
at 37 °C. Staphyloccus aureus and E. coli were grown overnight
in tryptic soy broth (Difco) at 37 °C. The cells were harvested by
centrifugation, washed twice with PBS, and resuspended in
culture medium (RPMI; ICN Biomedicals, Aurora, OH). For
trained immunity assays, S. cerevisiae yeasts and Candida were
heat-killed for 30 min at 95 °C and resuspended in culture
medium to a cell inoculum size of 106 cells/ml.
Cell Wall Extraction—The sugar composition of cell walls
was analyzed as described by Dallies et al. (22) with the following modifications. Briefly, about 20 mg of cell dry mass of stationary phase cells were harvested and washed with deionized
water. The cells were resuspended in 1 ml of 10 mM Tris-HCl
(pH 8.5) using glass beads (0.45– 0.55 mm) and subsequently
disrupted by three rounds of vortexing at maximum speed
(30 s) and chilling on ice (1 min). Cell pellets were subjected to
extraction with 100 l of 72% (w/w) H2SO4 for 3 h at room
temperature. The resulting slurry was diluted with MilliQ
water, but without adding galactose, to a final volume of 1 ml
and heated for 4 h at 100 °C. The hydrolysate was then diluted
to 9 ml with MilliQ water, neutralized with saturated Ba(OH)2,
and left overnight at 4 °C to allow the precipitation of sulfate
ions. After centrifugation at 3800 ⫻ g for 5 min, the supernatant
was subjected to monosaccharide analysis with a high performance anion exchange chromatography pulsed amperometric
detector.
Cell Wall Characterization and Chitin Purification—Cell
wall characterization has been performed as described by Ferreira et al. (23) with modifications. The cells were cultured in
YPD liquid medium at 28 °C and collected at late exponential
phase. The cells were washed once with distilled water and
three times with 0.1 M Tris-HCl buffer (pH 8.5) containing 1
mM phenyl sulfonyl fluoride and disrupted in the same buffer
with 0.5-mm-diameter glass beads by serial cycles of vortexing
(30 s at maximum speed) and ice cooling (20 s). Cell walls were
harvested by centrifugation for 30 min at 4200 ⫻ g and dried in
a SpeedVac concentrator. To extract chitin, cell wall dried biomass was subjected to alkaline extraction, followed by acid
extraction according to the protocol described by Ferreira et al.
(23). Chitin was finally obtained by dialysis of the extract and
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FIGURE 1. In vitro training of monocytes with S. cerevisiae. Monocytes were trained with S. cerevisiae (A) or C. albicans (B) (priming stimulus) and after 24 h
washed to remove the stimulus. TNF␣ and IL-6 were measured in supernatants after bacterial cell wall pure components or C. albicans second stimulation (n ⫽
8; four independent experiments). The bars indicate means ⫾ S.D. (n ⫽ 10, four independent experiments). *, p ⬍ 0.05 trained cells versus RPMI-stimulated,
Wilcoxon nonparametric test for two related samples. P3C, Pam3Cys4.

lyophilized to determine the dry weight. Only preparation with
⬎98% purity were used in the experiments.
Quantification of Sugars by High Performance Anion Exchange Chromatography—All samples were filtered through a
0.2-mm Spartan 13 filter (Schleicher & Schuell Microscience,
Dassel, Germany) prior to analysis on a Dionex high performance anion exchange chromatography equipped with a CarboPac PA10 (4 ⫻ 50 mm) guard column and a CarboPac PA10
(4 ⫻ 250 mm) analytical column. Separation was performed
according to Dallies et al. (22). Sugars were quantified with a
pulsed amperometric detector with gold electrode. Glucosamine, galactose, glucose, and mannose (for chitin, glucan, and
mannan content determination, respectively) were identified
by comparison with reference compounds and quantified
according to calibration curves obtained for each sugar.
Human Cell Preparation—The PBMC fraction was obtained
by density centrifugation of diluted blood (1:1 ratio between
blood and pyrogen-free saline) over Ficoll-Paque. PBMCs were
washed twice in saline and resuspended in culture medium.
Monocytes were isolated from low density PBMCs by magnetic
enrichment with anti-CD14 beads. In a challenge experiment,
monocytes were cultured in the presence of GM-CSF (800
units/ml) and recombinant IL-4 (1000 units/ml) for 6 days to
allow DC differentiation (24). DC activation was induced by
S. cerevisiae strains. A serial dilution of live yeast preparations
was added to the monocyte-derived DCs at different stimuli to
DC ratios. For confirmation experiments, PBMCs from the
same healthy subjects were used; stimulation was performed as
in DC challenge experiments. Depending on the experiment,
supernatants were collected after 24 h or 5 days and stored at
⫺20 °C until the assays.
APRIL 8, 2016 • VOLUME 291 • NUMBER 15

In Vitro Induction of Trained Immunity—Monocytes (106
cells/ml) were added in a volume of 100 l/well in flat-bottomed 96-well plates (Greiner, Nurnberg, Germany). The cells
were incubated with one of the first stimuli for 24 h, rested for 5
days, and reincubated for another 24 h with one of the second
stimuli. As priming stimuli, we used 1 ⫻ 104 cells/ml of the
different S. cerevisiae strains and S. cerevisiae-derived chitin
(10 g/ml). After 24 h, the cells were washed to remove all
stimuli, and they were allowed to rest for 5 days before being
exposed for 24 h to a second stimulation with various stimuli.
Cytokines were measured after the second stimulation. For specific experiments to inhibit phagocytosis, cytochalasin D has
been dissolved at a concentration of 5 mg/ml in DMSO and
used in a concentration of 1 g/ml 60 min before chitin exposure. Inhibition of phagosomal acidification was done by preloading the cells with 50 nM bafilomycin A (Calbiochem, San
Diego, CA) 60 min before the stimulation. Cells pretreated with
the same volume of vehicle (DMSO) were used as a negative
control for both inhibitors. For inhibiting the methylation processes, before training with S. cerevisiae or with chitin, monocytes were preincubated for 1 h with pargyline (3 M) or MTA
(1 mM).
In Vivo Induction of Trained Immunity—C57BL/6 mice were
intraperitoneally injected with 1 mg of chitin particles from
S. cerevisiae or sterile PBS on days ⫺7 and ⫺4 prior to tail vein
inoculation with 5 ⫻ 105 C. albicans yeasts (15). Mice were then
monitored at 3 and 10 days postinfection (dpi) for survival,
fungal burden in kidney, liver and brain, kidney histopathology,
and cytokine production in kidney homogenates.
Cytokine Assay—TNF␣ and IL-6 levels on monocytes were
determined by enzyme-linked immunosorbent assays on
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FIGURE 2. S. cerevisiae strains enhance differently the cytokine responses of cells restimulated with TLR ligands. In vitro training of monocytes with
different strains of S. cerevisiae toward LPS (A), Pam3Cys4 (B), or C. albicans (C) stimulation. TNF␣ and IL-6 have been measured on culture supernatants
24 h after adding stimulator inducer. White bars, laboratory strains; dark gray bars, clinical strains; light gray bars, Tuscan wine isolates; hatched bars,
Barriada wild isolates. The bars indicate means ⫾ S.D. (n ⫽ 6). *, p ⬍ 0.05 trained cells versus RPMI-stimulated, Wilcoxon nonparametric test for two
related samples. P3C, Pam3Cys4.

24-h monocyte cell culture supernatants according to the
manufacturer’s instructions (R&D Systems). For the other
experiments, at the indicated times, supernatants from
human cell cultures were collected, and cytokine detection
was performed using the Milliplex威 MAP human cytokine/
chemokine kit (Merck-Millipore), according to the manufacturer’s instructions.
Microorganism Survival Following Uptake by Primed
Monocytes—Human monocytes (106 cells/ml) were added in a
volume of 100 l/well in flat-bottomed 96-well plates (Greiner,
Nurnberg, Germany). The cells were incubated with one of the
first stimuli for 24 h, rested for 5 days, and reincubated for 6 h
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with one of the second stimuli. As a priming stimulus, we used
104 cells/ml of YP4 S. cerevisiae strain and YP4 derived chitin
(10 g/ml). The second stimuli were E. coli (107 cells/ml),
S. aureus (107 cells/ml), or C. albicans (106 cells/ml) in a final
total volume of 200 l. After that, monocytes were collected,
washed three times with PBS, treated with zymolyase (2 mg/ml)
or lysozyme (10 mg/ml), and washed twice; cells lysated with a
hypotonic solution (0.05% KCl) to release intracellular microorganisms were plated on solid complete medium (YPD for
yeast cells, tryptic soy broth for bacterial cells). Survival of
microorganisms after uptake are reported as the percentage of
CFUs after 1 day (bacteria) or 3 days (fungus) relative to the
VOLUME 291 • NUMBER 15 • APRIL 8, 2016
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TABLE 1
List of S. cerevisiae isolates used in the study
Strain

Origin

SK1
BY4741
BT2440
BB1533
BB2148
BR2435
YA5
YB7
YP4
YD1
YH1
YUC22
YN19
Y13EU
Sgu421
Sgu165
M28-1A
M28-1B

Rotten fig

Laboratory
Laboratory
Vineyards
Vineyards
Vineyards
Vineyards
Human feces
Human feces
Human feces
Human feces
Human feces
Human feces
Human feces
Human feces
Grape
Grape
Grape
Grape

Barriada, Portugal
Barriada, Portugal
Barriada, Portugal
Barriada, Portugal
Clinical, Crohn disease
Clinical, Crohn disease
Clinical, Crohn disease
Clinical, Crohn disease
Clinical, Crohn disease
Clinical, Crohn disease
Clinical, healthy
Clinical, healthy
Tuscany, Italy
Tuscany, Italy
Tuscany, Italy
Tuscany, Italy

TABLE 2
Cell wall sugar composition of S. cerevisiae isolates. Sugars composition is expressed in percentage of the total cell wall (mean ⴞ S.D.,
n ⴝ 3)
Origin

Strain

Chitin

Glucan

Mannan

Laboratory
Wild

SK1
BT2440
BB1533
BB2148
YA5
YB7
YP4
YD1
YH1
Y13EU
SGU421
M28-1A
M28-1B

2.24 ⫾ 0.87
2.90 ⫾ 0.54
3.00 ⫾ 0.14
3.86 ⫾ 1.36
8.63 ⫾ 2.35
8.65 ⫾ 1.20
15.84 ⫾ 3.77
16.42 ⫾ 2.69
12.31 ⫾ 1.68
13.5 ⫾ 3.87
3.33 ⫾ 1.18
0.7 ⫾ 0.42
1.42 ⫾ 0.86

43.38 ⫾ 2.24
40.32 ⫾ 3.68
44.01 ⫾ 3.48
45.66 ⫾ 4.28
57.68 ⫾ 2.98
55.76 ⫾ 3.52
56.04 ⫾ 5.17
54.632 ⫾ 5.14
51.06 ⫾ 1.79
56.51 ⫾ 7.02
45.03 ⫾ 4.99
68.94 ⫾ 1.49
56.11 ⫾ 10.74

54.37 ⫾ 2.00
56.77 ⫾ 5.43
52.97 ⫾ 3.24
50.46 ⫾ 3.26
33.67 ⫾ 7.76
35.58 ⫾ 6.11
28.11 ⫾ 0.43
28.9 ⫾ 1.44
36.62 ⫾ 8.01
29.97 ⫾ 2.11
51.63 ⫾ 4.40
30.36 ⫾ 1.08
42.45 ⫾ 14.15

Clinical

Grape

total number of cells growing in the absence of monocytes
exposure. Control experiments were carried out to verify that
the hypotonic solution was not toxic to bacteria and yeasts.
In Vitro Phagocytosis Assay—Human primed monocytes (as
above) will be seeded into poly-L-lysine slides and incubated for
30 min at 37 °C and 5% CO2 and then infected with E. coli or
C. albicans. For C. albicans internalization evaluation, after
PBS washing and medium replacement, the cells were infected
with Oregon Green 488 (Molecular Probes, Life Technologies)
prelabeled Candida cells (106 cells/ml in complete RPMI) and
further incubated for 1.5 h. Thereafter, calcofluor white was
added (20 l/well) 15 min before each end point. The cells were
washed with PBS to remove nonadherent yeasts and fixed with
cold ethanol for 30 min at ⫺20 °C and labeled in red with
PHK26. Calcofluor white staining of fungi allows one to discriminate between adherent (Calcofluor white-accessible) and
phagocytized (i.e. internalized, Calcofluor white) yeast cells.
When visualized by epifluorescence microscopy, all the yeast
cells appeared as green (independently of the localization),
whereas the noninternalized yeast cells were blue-stained.
Finally, merging of Oregon Green 488 and Calcofluor white
images allowed definitive exclusion of the extracellular yeast
cells. By contrast, E. coli were labeled using Oregon Green 488
only without distinguishing between internalized or not internalized bacteria. The cells were stained NucBlue Live Cell Stain
Ready Probes reagent. A minimum of 200 monocytes per group
APRIL 8, 2016 • VOLUME 291 • NUMBER 15

Study
Ref. 25
Ref. 26
This study
This study
This study
This study
Di Paola et al., submitted for publication
Di Paola et al., submitted for publication
Di Paola et al., submitted for publication
Di Paola et al., submitted for publication
Di Paola et al., submitted for publication
Di Paola et al., submitted for publication
Di Paola et al., submitted for publication
Di Paola et al., submitted for publication
Ref. 28
Ref. 28
Ref. 28
Ref. 28

were scored, and any cell containing one or more particles was
counted as phagocytic.
Phagolysosome Acidification Assay—To visualize the acid
yeast-containing vesicles, chamber slides were prepared as in
phagocytosis assay; then primed monocytes were exposed to
the acidotropic dye LysoTracker DND-99 (75 nM) and infected
as described above. Afterward, the samples were fixed with cold
ethanol and immediately examined by fluorescence microscopy. Acidification control groups consisted of uninfected cells.
A minimum of 200 yeast/bacteria-containing phagosomes was
scored; the percentage of acid phagolysosomes was evaluated as
the ratio between the number of LysoTracker-labeled phagosomes and the total number of yeast-containing phagosomes.
Statistical Analysis—The paired Wilcoxon test was used to
compare differences between the effect of a particular stimulus
and the RPMI medium control. The level of significance was set
at p ⬍ 0.05.

Results
S. cerevisiae Isolates Train Differently the Cytokine Responses
toward TLR Ligands and Fungi—Because C. albicans enhanced
the cytokines response toward TLR ligands and colonizing bacteria (14), we tested whether S. cerevisiae was also able to
induce trained immunity in monocytes. To investigate this
effect, monocytes from healthy donors were first exposed to
low amounts of S. cerevisiae (Fig. 1A) and C. albicans for 24 h
(Fig. 1B). After that, the initial stimulus was removed, and the
cells were washed. After an additional 5-day resting period,
the cells were restimulated with pure components of the bacterial cell wall or with C. albicans (Fig. 1, A and B). Exposure of
monocytes to a laboratory strain of S. cerevisiae yeast potentiated the production of TNF␣ induced by a second bacterial
stimulus such as LPS, the lipopeptide analog Pam3Cys4, or the
fungal pathogen C. albicans (Fig. 1A) to the same extent as
C. albicans (Fig. 1B).
Considering the variability in stimulating pro- and anti-inflammatory cytokines of fungal strains either pathogenic (7, 8)
or harmless4 species, we probed the ability of a set of S. cerevisiae strains, having different inflammatory properties (data not
shown),4 to induce trained immunity toward different microbial ligands such as E. coli LPS (Fig. 2A) and Pam3Cys4 (Fig. 2B).
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FIGURE 3. Chitin drives training immune properties of S. cerevisiae and enhanced intracellular killing of primed monocytes. A, chitin content of strains
isolated from different environments. Chitin is expressed as percentages of the total cell wall. The data are presented as means ⫾ S.D. (n ⫽ 3). *, p ⬍ 0.05, clinical
versus other isolates, Wilcoxon nonparametric test for two related samples. B, monocytes were exposed to RPMI or S. cerevisiae-derived chitin (10 g/ml)
isolated from YP4 strain for 24 h, after which the cells were washed to remove the stimulus. After 5 days of resting, monocytes were restimulated with pure
ligands or C. albicans. TNF␣ and IL-6 were measured in supernatants. The data are presented as fold increases with respect to nontrained (RPMI-stimulated)
cells. The bars indicate means ⫾ S.D. (n ⫽ 4). *, p ⬍ 0.05; **, p ⬍ 0.01 trained cells versus RPMI-stimulated cells. C, monocytes were exposed to RPMI, S. cerevisiae
YP4 whole cell (high) (⫺), S. cerevisiae SK1 whole cell (⫺), and S. cerevisiae whole cell in the presence of chitin (1 g/ml) (ⴙ) for 24 h, after which the cells were
washed to remove the stimulus. After 5 days of resting, monocytes were restimulated with pure ligands or C. albicans. TNF␣ and IL-6 were measured in
supernatants. The data are presented as fold increase with respect to nontrained (RPMI-stimulated) cells (n ⫽ 3; means ⫾ S.D.). *, p ⬍ 0.05; **, p ⬍ 0.01, whole
cell ⫹ chitin (⫹) versus whole cell training (⫺); §, p ⬍ 0.05; §§, p ⬍ 0.01, whole cell high chitin (high) versus whole cell training (⫺). P3C, Pam3Cys4.

This set comprises: 2 laboratory strains [SK1 (25) and BY4741
(26) used as reference strains in previous studies (27)], 8 clinical
isolates4 (7 from CD patients, one from healthy subject), 4 wild
strains from Barriada wine region of Portugal, and 4 grape isolates from Tuscan vineyards (28) (Table 1). The results showed
that all the S. cerevisiae strains train TNF␣ production in
response to both TLR ligands, in a similar or even higher extent
than C. albicans (14). In contrast to the clinical and Tuscan
grape isolates, laboratory and Barriada wine (wild) strains
showed little ability to train the monocytes response to
Pam3Cys4 (Fig. 2C). All strains were able to modulate TNF␣
and IL-6 production upon challenge with LPS, albeit to different extents. The clinical YP4 isolate showed the greatest potential to train cytokine production (Fig. 2).
Because one of human commensal microorganisms is
C. albicans itself, we tested whether S. cerevisiae isolates from
different environmental niches train cytokine production in
response to C. albicans stimulation. As shown in Fig. 2C, clinical and wild isolates enhanced monocyte response to C. albicans with different extents via modulation of TNF␣ and IL-6
production.
Fungal Chitin Drives the Immune Training Lead by S.
cerevisiae—As in the case of C. albicans, the outer layer of the
cell wall of S. cerevisiae is enriched with mannoproteins,
whereas the inner layer is composed of chitin and ␤-glucan.
Both mannosylated proteins, phospholipomannan and ␤-glucan are known inducers of proinflammatory cytokines through
C-type lectin receptors.
We speculate that differences in the cell wall composition of
the isolates tested influenced their ability to induce and train
cytokine production and could be the result of the different
environmental selective forces. Thus, we investigated the cell
wall composition of 13 strains with different ecological niches
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tested for their training properties (Fig. 1): 1 laboratory strain, 3
wild strains, 6 clinical isolates, and 3 grape isolates (Table 2).
Although ␤-glucan content did not differ among the isolates
(no statistical differences), chitin content was 3–10-fold higher
in clinical strains with respect to the others (Fig. 3A and Table
2). We isolated chitin from those strains and assessed the
immune training properties of this fungal cell wall component
toward either C. albicans or extracellular TLR secondary challenges. Chitin was able to induce a potent trained immune
response in terms of IL-6 and TNF␣ induction (Fig. 3B). Similarly, chitin was able to enhance cytokine production upon signaling through endosomal TLR ligands, such as TLR9 ligand
CpG, TLR3 ligand PolyI:C, and TLR8 ligand risiquimod (R848)
(Fig. 3C). To corroborate the result showing chitin as the driving training force in S. cerevisiae, we exposed monocytes to a
strain having an high chitin content, one with a low chitin content, and we added chitin to the latter to a concentration similar
to the concentration that would have been obtained by using a
chitin-rich strain. As shown in Fig. 3C, the presence of chitin
increases the training properties of an isolate normally bearing
a low chitin content on its cell wall. The training level herein
restored was similar to the one exerted by a high chitin strain
(Fig. 3C) and chitin itself (Fig. 3, B and C).
We thereafter corroborated our in vitro results by in vivo
mouse experiment, as indicated under “Experimental Procedures.” Chitin training before fungal intraperitoneal infection
mediates resistance against C. albicans systemic infection (Fig.
4). In fact, in contrast to the high mortality in the control group
(infected), treatment with chitin markedly enhanced survival of
infected mice, both in terms of percentage of survivors and
median survival time (Fig. 4A), and significantly reduced the
fungal burden in the kidney, liver and brain at 3 dpi (Fig. 4B).
Candida hyphae were markedly reduced in chitin-trained mice
VOLUME 291 • NUMBER 15 • APRIL 8, 2016
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FIGURE 4. Chitin mediates resistance against C. albicans systemic infection. C57BL/6 mice were intraperitoneally trained at day ⫺7 and ⫺4 with 1 mg of
chitin from S. cerevisiae YP4 strain prior systemic infection with 5 ⫻ 105 C. albicans yeasts. A–C, the mice were monitored for survival (A), fungal load (B), and
kidney histopathology (C) at 4⫻ and 60⫻ magnification. White arrows indicate C. albicans hyphae. D, levels of cytokine in kidney homogenates. The data are
expressed as means ⫾ S.D. *, p ⬍ 0.05; **, p ⬍ 0.01; ***, p ⬍ 0.001; ****, p ⬍ 0.0001, chitin-treated versus untreated C57BL/6 mice (n ⫽ 10 mice/group from one
⫺3 dpi or two ⫺10 dpi experiments). Naïve, uninfected mice; Infected, infected and untreated mice; Treated, chitin-trained and infected mice; MST, median
survival time.

(Fig. 4C), confirming the reduced fungal burden observed at 3
dpi in this group. In addition, the inflammatory lesions of the
kidney in control mice, in which a prominent cell infiltration
around renal papilla was observed (Fig. 4C), were ameliorated
upon treatment. It has been demonstrated that priming with
␤-glucan induces the production of TNF␣ and IL-6 in vivo (15).
Consistently, chitin increased levels of IL-6, TNF␣, and IL-1␤
in kidney homogenates along with heightened anti-inflammatory IL-10 (Fig. 4D).
Chitin Training Potentiate Monocytes Intracellular Killing of
Fungi and Bacteria—We thereafter compared the ability of
whole S. cerevisiae cell and chitin to induce trained immunity
for killing both fungi and bacteria. In this set of experiments,
human monocytes trained as previously described were
exposed for 6 h to live fungus C. albicans, to the Gram-positive
bacteria S. aureus or to the Gram-negative bacteria E. coli.
APRIL 8, 2016 • VOLUME 291 • NUMBER 15

Trained monocytes showed enhanced killing ability with
respect to nontrained monocytes (Fig. 5A). Particularly, chitintrained monocytes showed a potent antimicrobial killing. This
result demonstrates an enhancement of direct antimicrobial
killing capacity of monocytes after induction of trained immunity by S. cerevisiae, and this effect is driven by chitin.
Because the internalization ability of chitin-trained immune
cells did not differ from one of nontrained cells (Fig. 5, B and C),
to investigate the events following internalization by monocytes, we evaluated the fate of the yeast-containing phagosomes
in terms of acidification. As shown in Fig. 5 (D and E), the
percentage of E. coli-containing and C. albicans-containing
acid phagolysosomes was increased in chitin-trained cells with
respect to nontrained monocytes, thus accounting for the more
efficient ability to kill the pathogens. If chitin trains by increasing the phagocytic activity of human monocytes, we hypotheJOURNAL OF BIOLOGICAL CHEMISTRY
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sized that blocking of its internalization by using cytochalasin D
(an inhibitor of phagocytosis and phagolysosome fusion) will
restrict the intracellular survival of the pathogen and the
induced cytokine responses (Fig. 5, F and G). Indeed, inhibition
of phagocytosis increased the survival of microbes (Fig. 5F) and
blocked the production of TNF␣ and IL-6 (Fig. 5G) affecting
the training induced by chitin. To determine whether formation of phagosome maturation was required for chitin training
effects, we perturbed phagosome acidification prior to secondary infection using bafilomycin A, a specific inhibitor of vATPase. As already shown (29), bafilomycin A decreased both
TNF␣ and IL-6 secretion after S. aureus stimulation but had no
effect on E. coli recognition (Fig. 5H), whereas when bafilomycin A is added prior secondary stimulation after chitin training,
the effect of the training is almost abolished (Fig. 5H). Together,
these data indicate that chitin must be internalized and delivered into an acidic phagolysosome to trigger its training
properties.
Involvement of Histone Methylation for the Chitin-induced
Training in Monocytes—The previous observation of the training effect of ␤-glucan (15) prompted us to investigate whether
a functional reprogramming of chitin-trained monocytes
occurred via epigenetic changes such as histone methylation.
Inhibition of histone demethylases by a specific inhibitor had
no effect on the training of monocytes (Fig. 6, A and B). In
contrast, inhibition of histone methyltransferases using MTA
inhibited monocyte training by S. cerevisiae or chitin (Fig. 6, C
and D), supporting the hypothesis that histone methylation is
involved in the training of monocytes.

Discussion
Although an anti-inflammatory potential of microbial/yeast
strains was occasionally suggested in vitro (30, 31) or in experimental models (30, 31), few reliable observations were
reported in terms of strain variability and of specific mechanisms involved (32, 33). To our knowledge, no studies
addressed S. cerevisiae immune reactivity and its ability to
modulate the cytokines response of human primary cells to
bacteria and fungi. All the different S. cerevisiae isolates tested
induce trained immunity in monocytes, resulting in an
enhanced pro-inflammatory cytokine production when they
are exposed to a secondary bacterial or fungal stimulus. The

induction of trained immunity is dependent on the carbohydrate components of the cell wall of S. cerevisiae.
Cell wall characterization in terms of ␤-glucan and chitin
content indicated how isolates from different ecological niches
showed a remarkable different cell wall composition, with the
clinical isolates being highly enriched in chitin. Under normal
growth condition, chitin is a minor component of C. albicans
cell wall, comprising only the 2–3% of its dry weight (34): however, chitin content of clinical S. cerevisiae isolates represented
up to 8% of the dry weight of the yeast. Our results show that
clinical strains specifically isolated from human fecal samples
from healthy and Crohn disease patients are able to strongly
modulate cytokine response to bacterial antigens and fungi, and
this effect is largely driven on chitin. Moreover, the preliminary
in vivo results show that chitin increases resistance of mice to
subsequent systemic infection with C. albicans via a fine modulation of inflammatory/anti-inflammatory cytokines. Our
data suggested that the training immunity driven by chitin is
intimately associated with its internalization and identified a
critical role of phagosome acidification to facilitate microbial
digestion.
In addition, the enhanced cytokine production capacity
induced by chitin and S. cerevisiae has been reduced by inhibition of histone methyl-transferases. This finding is similar to
the trained immunity induced by ␤-glucan (15) and suggests
the involvement of epigenetic mechanisms (e.g. histone methylation such as H3K4me3) for effects of chitin and S. cerevisiae.
A detailed assessment of the epiegentic landscape induced by
these stimuli is thus warranted and is the subject of future
studies.
Even though chitin is an essential structural polysaccharide
of fungal pathogens and parasites, some controversy persists on
its role in human immune response (35–38). Earlier studies
have shown that C. albicans-derived chitin reduces direct stimulation of in vivo LPS-induced inflammation and contributes to
dampening the immune response by NOD2 and TLR9-mediated secretion of IL-10 (38). In a previous finding we showed
how S. cerevisiae spores, which wall is largely composed by chitin, elicit inflammatory IL-17 responses, whereas cells of the
same strain induce tolerance (27). Thus, by increasing the chitin content in their cell wall, fungi may influence the immune

FIGURE 5. Chitin does not change internalization properties but promotes killing by increasing the acidification of microbial containing phagolysosomes. A, survival of C. albicans and Gram⫹ (S. aureus) and Gram⫺ (E. coli) bacteria after killing by trained monocytes. The data are expressed as percentages
of CFU of microorganisms growing after 24 h in solid growth medium at the appropriate microbial temperature. B and C, monocytes were exposed to RPMI or
S. cerevisiae-derived chitin (10 g/ml) for 24 h, after which the cells were washed to remove the stimulus. After 5 days of resting, monocytes were restimulated
for 1.5 h to green-labeled E. coli (B) or C. albicans (C). After appropriate staining, the cells were visualized by fluorescence microscopy. Representative images of
three independent experiments. D, Oregon Green 488 prelabeled microorganisms were exposed to LysoTracker-labeled monocytes (E:T ⫽ 1:5); samples were
then fixed and visualized by fluorescence microscopy. The results, expressed as percentages of acid phagolysosomes, were calculated by evaluating the
number of red-stained vacuoles among 200 yeast-containing vacuoles. E, representative images of C. albicans-containing acid phagolysosomes. The bars
indicate means ⫾ S.D. (n ⫽ 3). *, p ⬍ 0.05 trained cells versus RPMI-stimulated, Wilcoxon nonparametric test for two related samples. F, survival of C. albicans
and Gram⫹ (S. aureus) and Gram⫺ (E. coli) bacteria after killing by trained monocytes. Before chitin training, the cells were treated or not for 1 h with 1 g/ml
cytochalasin D (Cyto D). The data are expressed as percentages of CFU of microorganisms growing after 24 h in solid growth medium at the appropriate
microbial temperature. The bars indicate means ⫾ S.D. (n ⫽ 3). *, p ⬍ 0.05 cytochalasin D-trained cells versus trained cells, Wilcoxon nonparametric test for two
related samples. G, in vitro training of monocytes with chitin toward C. albicans, S. aureus, or E. coli stimulation. Before chitin training, the cells were treated or
not for 1 h with 1 g/ml cytochalasin D. TNF␣ and IL-6 have been measured on culture supernatants 24 h adding of stimulator inducer. The bars indicate
means ⫾ S.D. (n ⫽ 3). *, p ⬍ 0.05 cytochalasin D-trained cells versus trained cells, for each stimulator inducer, respectively, Wilcoxon nonparametric test for two
related samples. H, in vitro training of monocytes with chitin toward C. albicans, S. aureus, or E. coli stimulation. Before addition of the stimulatory inducer, cells
were treated or not for 1 h with 50 nM bafilomicin A (BafA). TNF␣ and IL-6 have been measured on culture supernatants 24 h adding of stimulator inducer. The
bars indicate means ⫾ S.D. (n ⫽ 3). *, p ⬍ 0.05 bafilomicin A-trained cells versus trained cells; §, p ⬍ 0.05 bafilomicin A versus RPMI for each stimulator inducer,
respectively; Wilcoxon nonparametric test for two related samples.
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FIGURE 6. Histone methylation is involved in chitin-training effects. A–D,
cytokine production in supernatants of adherent monocytes primed 24 h
with either cell culture medium or S. cerevisiae (A and C) or chitin (B and D) in
the absence or presence of the histone demethylase inhibitor pargyline (A
and B) and the histone methyltransferase inhibitor MTA (C and D) and restimulated with LPS or C. albicans. The data are presented as means ⫾ S.D. (n ⫽ 3).
*, p ⬍ 0.05; **, p ⬍ 0.01, treated versus nontreated cells.

system in two ways: 1) favoring their persistence by influencing
immune homeostasis and 2) training the innate host response
against commensals.
The results presented here give a novel perspective on the
role of nonpathogenic microorganisms for immune homeostasis. The chitin-induced training suggests how chitin levels
could importantly help breaking potential dysbiosis, priming
organismal protection against pathogens. This training effect
does not require colonization but can be elicited simply via

7970 JOURNAL OF BIOLOGICAL CHEMISTRY

exposure to chitin-rich S. cerevisiae yeast cells or spores and
possibly crustacean shell. Thus, yeasts would play a fundamental role in shaping host microbiota simply when passengers,
rather than necessarily persisting as continuous colonizers.
This finding is in agreement with recent evidence that probiotic
microorganisms are potentially effective through immune-mediated selection of the gut microbiota rather than thanks to
their ability to directly compete with other microorganisms
present in the gut (39).
We can speculate that the recent elimination of S. cerevisiae,
as well as of other immune regulators, from fermented foods
and overall the reduction of early exposure to beneficial microbiomes is not only causing a reduction in anti-inflammatory
signals but is more importantly causing a decreased ability of
“training” our immune system to handle pathogenic microorganisms, resulting in potentially uncontrolled immune reactions. The finding that the best “trainers” are strains isolated
from Crohn disease patients leads us to hypothesize an evolutionary advantage of chitin production in surviving and colonizing the human gut. It remains unclear whether, in addition
to these potential beneficial effects, induction of trained immunity may also have unintended deleterious effects, because
fungi have been reported to increase the severity of intestinal
inflammation in murine models of colitis (40, 41).
Several directions of research are opened by this study: on the
one hand future investigations should assess in depth the
molecular pathways that are involved in the induction of
trained immunity by S. cerevisiae and chitin, because they are
recently shown to involve genetic determinants (42) for epigenetic (15, 43) and metabolic (44) reprogramming for ␤-glucan.
Monocytes metabolism changes during S. cerevisiae-cell interaction could control and enhance the immune cell function as
recently described for T cells, DCs, and macrophages (43– 47).
This could occur also through metabolites produced by the
fungus itself during challenge, with S. cerevisiae strains behaving differently according to the different adaptation to the environment from which they were isolated. It was previously demonstrated that C. albicans can actively shift the balance of
tryptophan metabolism in the host through soluble factors (48),
and a recent study revealed the glucosamine modulatory properties on T cells (13). Indeed, fungus metabolites could somehow allow for the epigenetic changes that then form the basis
for the training event. In this light, changing in the metabolic
pathways induced by chitin might enable the cells to respond
more efficiently to the invading pathogens, e.g. by enhancing
the phagocytic activity.
On the other hand, translational studies should assess the
clinical potential of these effects. Further studies on the ability
to induce trained immunity of yeasts in the Crohn disease
mouse model will reveal whether trained immunity responses
to fungi are potentially associated with onset of remission of
Crohn disease. Discovering the factors that drive microbial colonization will help us develop new antimicrobial therapeutics
based on their potential to induce trained immunity. Selected
strains of the “generally recognized as safe” S. cerevisiae
described in this study could be specially suited for this task and
for developing novel therapeutic approaches to inflammatory
VOLUME 291 • NUMBER 15 • APRIL 8, 2016
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bowel disease, or in general, to disease associated to inflammatory responses toward an unbalanced microbiota.
Author Contributions—L. Ri., D. C., and M. G. N. conceived the
idea; L. Ri., D. C. I., N. T., B. A. B, J. Q., S.-C. C., M. S. L., T. W., and
C. D. F. performed the in vitro experiments; L. Ro., S. M., G. R., and
V. O. performed the in vivo experiments; C. D. F. and M. A. S. S. provided the yeast strains; all the authors participated in results discussion; L. Ri., M. G. N., and D. C. wrote the manuscript.
Acknowledgments—We thank Andrea Mancini and Irene Stefanini
for useful discussion on the results.

16.

17.

18.

19.

References
1. Durrant, W. E., and Dong, X. (2004) Systemic acquired resistance. Annu.
Rev. Phytopathol. 42, 185–209
2. Conrath, U. (2011) Molecular aspects of defence priming. Trends Plant
Sci. 16, 524 –531
3. Kurtz, J. (2005) Specific memory within innate immune systems. Trends
Immunol. 26, 186 –192
4. Quintin, J., Cheng, S.-C., van der Meer, J. W., and Netea, M. G. (2014)
Innate immune memory: towards a better understanding of host defense
mechanisms. Curr. Opin. Immunol. 29, 1–7
5. Netea, M. G., Quintin, J., and van der Meer, J. W. (2011) Trained immunity: a memory for innate host defense. Cell Host Microbe. 9, 355–361
6. Bonifazi, P., Zelante, T., D’Angelo, C., De Luca, A., Moretti, S., Bozza, S.,
Perruccio, K., Iannitti, R. G., Giovannini, G., Volpi, C., Fallarino, F., Puccetti, P., and Romani, L. (2009) Balancing inflammation and tolerance in
vivo through dendritic cells by the commensal Candida albicans. Mucosal
Immunol. 2, 362–374
7. Marakalala, M. J., Vautier, S., Potrykus, J., Walker, L. A., Shepardson,
K. M., Hopke, A., Mora-Montes, H. M., Kerrigan, A., Netea, M. G., Murray, G. I., Maccallum, D. M., Wheeler, R., Munro, C. A., Gow, N. A.,
Cramer, R. A., Brown, A. J., and Brown, G. D. (2013) Differential adaptation of Candida albicans in vivo modulates immune recognition by dectin-1. PLoS Pathog. 9, e1003315
8. Rizzetto, L., Giovannini, G., Bromley, M., Bowyer, P., Romani, L., and
Cavalieri, D. (2013) Strain dependent variation of immune responses to
A. fumigatus: definition of pathogenic species. PLoS One 8, e56651
9. Oh, J., Freeman, A. F., NISC Comparative Sequencing Program, Park, M.,
Sokolic, R., Candotti, F., Holland, S. M., Segre, J. A., and Kong, H. H. (2013)
The altered landscape of the human skin microbiome in patients with
primary immunodeficiencies. Genome Res. 23, 2103–2114
10. Romani, L., Zelante, T., Palmieri, M., Napolioni, V., Picciolini, M., Velardi,
A., Aversa, F., and Puccetti, P. (2015) The cross-talk between opportunistic fungi and the mammalian host via microbiota’s metabolism. Semin.
Immunopathol. 37, 163–171
11. Romani, L., Zelante, T., De Luca, A., Iannitti, R. G., Moretti, S., Bartoli, A.,
Aversa, F., and Puccetti, P. (2014) Microbiota control of a tryptophan-AhR
pathway in disease tolerance to fungi. Eur. J. Immunol. 44, 3192–3200
12. Mukherjee, P. K., Sendid, B., Hoarau, G., Colombel, J.-F., Poulain, D., and
Ghannoum, M. A. (2015) Mycobiota in gastrointestinal diseases. Nat. Rev.
Gastroenterol. Hepatol. 12, 77– 87
13. Chien, M.-W., Lin, M.-H., Huang, S.-H., Fu, S.-H., Hsu, C.-Y., Yen, B. L.-J.,
Chen, J.-T., Chang, D.-M., and Sytwu, H.-K. (2015) Glucosamine modulates T cell differentiation through down-regulating N-linked glycosylation of CD25. J. Biol. Chem. 290, 29329 –29344
14. Ifrim, D. C., Joosten, L. A., Kullberg, B.-J., Jacobs, L., Jansen, T., Williams,
D. L., Gow, N. A., van der Meer, J. W., Netea, M. G., and Quintin, J. (2013)
Candida albicans primes TLR cytokine responses through a Dectin-1/
Raf-1-mediated pathway. J. Immunol. 190, 4129 – 4135
15. Quintin, J., Saeed, S., Martens, J. H. A., Giamarellos-Bourboulis, E. J., Ifrim,
D. C., Logie, C., Jacobs, L., Jansen, T., Kullberg, B.-J., Wijmenga, C.,
Joosten, L. A., Xavier, R. J., van der Meer, J. W. M., Stunnenberg, H. G., and
Netea, M. G. (2012) Candida albicans infection affords protection against

APRIL 8, 2016 • VOLUME 291 • NUMBER 15

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

reinfection via functional reprogramming of monocytes. Cell Host Microbe. 12, 223–232
Findley, K., Oh, J., Yang, J., Conlan, S., Deming, C., Meyer, J. A., Schoenfeld, D., Nomicos, E., Park, M., Kong, H. H., and Segre, J. A. (2013) Human
skin fungal diversity. Nature 498, 367–370
Xu, J., Boyd, C. M., Livingston, E., Meyer, W., Madden, J. F., and Mitchell,
T. G. (1999) Species and genotypic diversities and similarities of pathogenic yeasts colonizing women. J. Clin. Microbiol. 37, 3835–3843
Angebault, C., Djossou, F., Abélanet, S., Permal, E., Ben Soltana, M., Diancourt, L., Bouchier, C., Woerther, P.-L., Catzeflis, F., Andremont, A.,
d’Enfert, C., and Bougnoux, M.-E. (2013) Candida albicans is not always
the preferential yeast colonizing humans: a study in Wayampi Amerindians. J. Infect. Dis. 208, 1705–1716
Lowman, D. W., Ensley, H. E., Greene, R. R., Knagge, K. J., Williams, D. L.,
and Kruppa, M. D. (2011) Mannan structural complexity is decreased
when Candida albicans is cultivated in blood or serum at physiological
temperature. Carbohydr. Res. 346, 2752–2759
Müller, A., Rice, P. J., Ensley, H. E., Coogan, P. S., Kalbfleish, J. H., Kelley,
J. L., Love, E. J., Portera, C. A., Ha, T., Browder, I. W., and Williams, D. L.
(1996) Receptor binding and internalization of a water-soluble (133)-␤D-glucan biologic response modifier in two monocyte/macrophage cell
lines. J. Immunol. 156, 3418 –3425
Hirschfeld, M., Ma, Y., Weis, J. H., Vogel, S. N., and Weis, J. J. (2000)
Cutting edge: repurification of lipopolysaccharide eliminates signaling
through both human and murine Toll-like receptor 2. J. Immunol. 165,
618 – 622
Dallies, N., François, J., and Paquet, V. (1998) A new method for quantitative determination of polysaccharides in the yeast cell wall: application
to the cell wall defective mutants of Saccharomyces cerevisiae. Yeast 14,
1297–1306
Ferreira, C., Silva, S., van Voorst, F., Aguiar, C., Kielland-Brandt, M. C.,
Brandt, A., and Lucas, C. (2006) Absence of Gup1p in Saccharomyces
cerevisiae results in defective cell wall composition, assembly, stability and
morphology. FEMS Yeast Res. 6, 1027–1038
Sallusto, F., and Lanzavecchia, A. (1994) Efficient presentation of soluble
antigen by cultured human dendritic cells is maintained by granulocyte/
macrophage colony-stimulating factor plus interleukin 4 and downregulated by tumor necrosis factor alpha. J. Exp. Med. 179, 1109 –1118
Kane, S. M., and Roth, R. (1974) Carbohydrate metabolism during ascospore development in yeast. J. Bacteriol. 118, 8 –14
Brachmann, C. B., Davies, A., Cost, G. J., Caputo, E., Li, J., Hieter, P., and
Boeke, J. D. (1998) Designer deletion strains derived from Saccharomyces
cerevisiae S288C: a useful set of strains and plasmids for PCR-mediated
gene disruption and other applications. Yeast 14, 115–132
Rizzetto, L., Kuka, M., Filippo, C. D., Cambi, A., Netea, M. G., Beltrame, L.,
Napolitani, G., Torcia, M. G., D’Oro, U., and Cavalieri, D. (2010) Differential IL-17 production and mannan recognition contribute to fungal
pathogenicity and commensalism. J. Immunol. 184, 4258 – 4268
Landry, C. R., Townsend, J. P., Hartl, D. L., and Cavalieri, D. (2006) Ecological and evolutionary genomics of Saccharomyces cerevisiae. Mol. Ecol.
15, 575–591
Ip, W. K. E., Sokolovska, A., Charriere, G. M., Boyer, L., Dejardin, S.,
Cappillino, M. P., Yantosca, L. M., Takahashi, K., Moore, K. J., Lacy-Hulbert, A., and Stuart, L. M. (2010) Phagocytosis and phagosome acidification are required for pathogen processing and MyD88-dependent responses to Staphylococcus aureus. J. Immunol. 184, 7071–7081
Kekkonen, R. A., Lummela, N., Karjalainen, H., Latvala, S., Tynkkynen, S.,
Järvenpää, S., Kautiainen, H., Julkunen, I., Vapaatalo, H., and Korpela, R.
(2008) Probiotic intervention has strain-specific anti-inflammatory effects
in healthy adults. World J. Gastroenterol. 14, 2029 –2036
Foligne, B., Nutten, S., Grangette, C., Dennin, V., Goudercourt, D., Poiret,
S., Dewulf, J., Brassart, D., Mercenier, A., and Pot, B. (2007) Correlation
between in vitro and in vivo immunomodulatory properties of lactic acid
bacteria. World J. Gastroenterol. 13, 236 –243
Foligné, B., Deutsch, S.-M., Breton, J., Cousin, F. J., Dewulf, J., Samson, M.,
Pot, B., and Jan, G. (2010) Promising immunomodulatory effects of selected strains of dairy propionibacteria as evidenced in vitro and in vivo.
Appl. Environ. Microbiol. 76, 8259 – 8264

JOURNAL OF BIOLOGICAL CHEMISTRY

7971

Chitin Trains the Immune System
33. Foligné, B., Dewulf, J., Vandekerckove, P., Pignède, G., and Pot, B. (2010)
Probiotic yeasts: anti-inflammatory potential of various non-pathogenic
strains in experimental colitis in mice. World J. Gastroenterol. 16,
2134 –2145
34. Klis, F. M., de Groot, P., and Hellingwerf, K. (2001) Molecular organization
of the cell wall of Candida albicans. Med. Mycol. 39, (Suppl. 1) 1– 8
35. Alvarez, F. J. (2014) The effect of chitin size, shape, source and purification
method on immune recognition. Molecules 19, 4433– 4451
36. Da Silva, C. A., Chalouni, C., Williams, A., Hartl, D., Lee, C. G., and Elias,
J. A. (2009) Chitin is a size-dependent regulator of macrophage TNF and
IL-10 production. J. Immunol. 182, 3573–3582
37. Mora-Montes, H. M., Netea, M. G., Ferwerda, G., Lenardon, M. D.,
Brown, G. D., Mistry, A. R., Kullberg, B. J., O’Callaghan, C. A., Sheth, C. C.,
Odds, F. C., Brown, A. J. P., Munro, C. A., and Gow, N. A. R. (2011)
Recognition and blocking of innate immunity cells by Candida albicans
chitin. Infect. Immun. 79, 1961–1970
38. Wagener, J., Malireddi, R. K. S., Lenardon, M. D., Köberle, M., Vautier, S.,
MacCallum, D. M., Biedermann, T., Schaller, M., Netea, M. G., Kanneganti, T.-D., Brown, G. D., Brown, A. J. P., and Gow, N. A. R. (2014) Fungal
chitin dampens inflammation through IL-10 induction mediated by
NOD2 and TLR9 activation. PLoS Pathog. 10, e1004050
39. Eloe-Fadrosh, E. A., Brady, A., Crabtree, J., Drabek, E. F., Ma, B., Mahurkar, A., Ravel, J., Haverkamp, M., Fiorino, A.-M., Botelho, C., Andreyeva, I., Hibberd, P. L., and Fraser, C. M. (2015) Functional dynamics of
the gut microbiome in elderly people during probiotic consumption.
mBio. 6, pii, e00231-15
40. Iliev, I. D., Funari, V. A., Taylor, K. D., Nguyen, Q., Reyes, C. N., Strom,
S. P., Brown, J., Becker, C. A., Fleshner, P. R., Dubinsky, M., Rotter, J. I.,
Wang, H. L., McGovern, D. P., Brown, G. D., and Underhill, D. M. (2012)
Interactions between commensal fungi and the C-type lectin receptor
Dectin-1 influence colitis. Science 336, 1314 –1317
41. Poulain, D., Sendid, B., Standaert-Vitse, A., Fradin, C., Jouault, T., Jawhara,
S., and Colombel, J.-F. (2009) Yeasts: neglected pathogens. Dig. Dis. 27,
(Suppl. 1) 104 –110
42. Yoshida, K., Maekawa, T., Zhu, Y., Renard-Guillet, C., Chatton, B., Inoue,

7972 JOURNAL OF BIOLOGICAL CHEMISTRY

43.

44.

45.
46.
47.

48.

K., Uchiyama, T., Ishibashi, K.-I., Yamada, T., Ohno, N., Shirahige, K.,
Okada-Hatakeyama, M., and Ishii, S. (2015) The transcription factor
ATF7 mediates lipopolysaccharide-induced epigenetic changes in macrophages involved in innate immunological memory. Nat. Immunol. 16,
1034 –1043
Saeed, S., Quintin, J., Kerstens, H. H. D., Rao, N. A., Aghajanirefah, A.,
Matarese, F., Cheng, S.-C., Ratter, J., Berentsen, K., van der Ent, M. A.,
Sharifi, N., Janssen-Megens, E. M., Ter Huurne, M., Mandoli, A., van
Schaik, T., Ng, A., Burden, F., Downes, K., Frontini, M., Kumar, V., Giamarellos-Bourboulis, E. J., Ouwehand, W. H., van der Meer, J. W. M.,
Joosten, L. A. B., Wijmenga, C., Martens, J. H. A., Xavier, R. J., Logie, C.,
Netea, M. G., and Stunnenberg, H. G. (2014) Epigenetic programming of
monocyte-to-macrophage differentiation and trained innate immunity.
Science 345, 1251086
Cheng, S.-C., Quintin, J., Cramer, R. A., Shepardson, K. M., Saeed, S.,
Kumar, V., Giamarellos-Bourboulis, E. J., Martens, J. H. A., Rao, N. A.,
Aghajanirefah, A., Manjeri, G. R., Li, Y., Ifrim, D. C., Arts, R. J. W., van der
Veer, B. M. J. W., van der Meer, B. M. J. W., Deen, P. M. T., Logie, C.,
O’Neill, L. A., Willems, P., van de Veerdonk, F. L., van der Meer, J. W. M.,
Ng, A., Joosten, L. A. B., Wijmenga, C., Stunnenberg, H. G., Xavier, R. J.,
and Netea, M. G. (2014) mTOR- and HIF-1␣-mediated aerobic glycolysis
as metabolic basis for trained immunity. Science 345, 1250684
O’Neill, L. A. J., and Pearce, E. J. (2015) Immunometabolism governs dendritic cell and macrophage function. J. Exp. Med. 213, 15–23
Kelly, B., and O’Neill, L. A. J. (2015) Metabolic reprogramming in macrophages and dendritic cells in innate immunity. Cell Res. 25, 771–784
Tan, Z., Xie, N., Cui, H., Moellering, D. R., Abraham, E., Thannickal, V. J.,
and Liu, G. (2015) Pyruvate dehydrogenase kinase 1 participates in macrophage polarization via regulating glucose metabolism. J. Immunol. 194,
6082– 6089
Cheng, S.-C., van de Veerdonk, F., Smeekens, S., Joosten, L. A. B., van der
Meer, J. W. M., Kullberg, B.-J., and Netea, M. G. (2010) Candida albicans
dampens host defense by downregulating IL-17 production. J. Immunol.
185, 2450 –2457

VOLUME 291 • NUMBER 15 • APRIL 8, 2016

