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Changes in the epigenetic landscape of immune cells are a crucial component of gene
activation during the induction of inflammatory responses, therefore it has been hypothesized that epigenetic modulation could be employed to restore homeostasis in inflammatory scenarios. Fungal pathogens cause a large burden of morbidity and even mortality due to the hyperinflammatory processes that induce mucosal, allergic or systemic
infections. Bromodomain and extraterminal domain (BET) proteins are considered as
one as the most tantalizing pharmacological targets for the modulation of inflammatory
responses at the epigenetic level. Nothing is known of the role of BET inhibitors on the
inflammation induced by fungal pathogens. In the present study, we assessed the in
vitro efficacy of the small molecular histone mimic BET inhibitor I-BET151 to modulate
innate immune responses during fungal–immune interaction with the clinically relevant
fungal pathogens Candida albicans and Aspergillus fumigatus. Our results prove that BET
inhibitors (I-BETs) represent an important modulator of inflammation induced by fungal pathogens: both direct production of proinflammatory cytokines and the induction
of trained immunity were inhibited by I-BET151. These modulatory effects are likely to
have important potential implications in clinically relevant situations.
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Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction
The incidence of fungal infections has risen dramatically over the
past decade, with more than 2 million individuals suffering from
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life-threatening systemic infections worldwide every year [1].
These diseases are associated with a high mortality rate, exceeding
40% of the cases [2]. Current therapies for invasive fungal infections, based on the use of antifungal drugs that target exclusively
the fungus itself have low efficacy, and the emergence of resistance to antifungal agents is becoming a major concern [3]. The
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design of effective therapies against fungal infections requires the
development of new strategies that boost or optimize the actions of
the host immune system, which could be combined with antifungal
chemotherapy [1]. One of the main mechanisms of pathogenicity
during fungal infections is the development of excessive inflammation, due to the development of an exacerbated host immune
innate response [4, 5]. Thus, new therapies that modulate inflammatory responses during fungal diseases can contribute to improve
the outcome of these infections.
Since enhanced inflammatory responses are related to altered
epigenetic mechanisms, it has been hypothesized that epigenetic
modulation could restore the normal balance in the immune
system. In this regard, bromodomain and extraterminal domain
(BET) proteins are considered to be promising pharmacological
targets for the modulation of inflammatory responses at the epigenetic level. BET inhibitors (I-BETs) can therefore be employed
as modulators of the immune function and display important beneficial effects in clinically relevant scenarios. In addition, their use
in a clinical context should also take into account their potential
modulatory effects on infections often complicating inflammatory
pathologies. Nothing is known on the role of BET inhibitors on the
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antifungal host response and the effects of fungal pathogens on
inflammation. In the present study we report the in vitro efficacy of
the clinically relevant small molecular histone mimic BET inhibitor
I-BET151 to modulate immune responses during fungal–immune
interaction.

Results and discussion
I-BET151 inhibits human monocyte, lymphocyte,
and granulocyte functions after fungal stimulation
We studied the influence of two different concentrations (1 and
10 μM, representing IC50 and IC100 for inhibition of LPS-induced
IL-6 production of human blood assays; Supporting Information
Fig. 1) of I-BET151 in the cytokine production of whole blood
(WB) cells after stimulation with heat-killed forms of the clinically relevant fungal pathogens Candida albicans and Aspergillus
fumigatus (Fig. 1A). The effects of I-BET151 treatment on WB
did not follow a consistent pattern, since the production of the
pro-inflammatory cytokine IL-1β was significantly increased in

Figure 1. Cytokine production by WB cells and PBMCs. (A) Scheme of the procedure of WB stimulation. IL-1β (B), IL-6 (C), TNF-α (D) and IFN-γ
(E) production by WB treated with medium, 10 or 1 μM I-BET151 and further stimulated with RPMI, LPS, 106 heat-killed C. albicans conidia or 107
heat-killed A. fumigatus conidia. (F) Scheme of the procedure of PBMC stimulation. IL-1β (G), IL-6 (H), TNF-α (I) and IL-10 (J) production by human
PBMCs treated with medium, 10 μM or 1 μM I-BET151 and further stimulated with RPMI, LPS, 106 heat-killed C. albicans conidia or 107 heat-killed
A. fumigatus conidia. IFN-γ (K), IL-17 (L) and IL-22 (M) production by human PBMCs treated with medium, 10 μM or 1 μM I-BET151 and further
stimulated with RPMI, LPS, 106 heat-killed C. albicans conidia or 107 heat-killed A. fumigatus conidia. Mean ± SEM, n = 6 (from 6 different individual
donors); pooled from 2 independent experiments with 3 individual donors each. *p < 0.05, Wilcoxon signed-rank test.
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Figure 2. Fungal-induced cytokine production by PBMCs. (A) Scheme of the procedure of PBMC stimulation. IL-1β (B), IL-6 (C), TNF-α (D) and IL-10
(E) production by PBMCs treated with medium, 1 μM or 10 μM I-BET151 and further stimulated with RPMI, 107 heat-killed A. fumigatus conidia
or 107 heat-killed A. fumigatus germ tubes. IFN-γ (F), IL-17 (G), and IL-22 (H) production by PBMCs treated with medium, 10 or 1 μM I-BET151 and
further stimulated with RPMI, 107 heat-killed A. fumigatus conidia or 107 heat-killed A. fumigatus germ tubes. Mean ± SEM, n = 6 (from 6 different
individual donors); pooled from two independent experiments with three individual donors each. *p < 0.05, Wilcoxon signed-rank test. (I and J)
ROS production of human PBMCs (I) or human neutrophils (J) treated with medium, 1 μM or 10 μM I-BET151 after exposure to RPMI, 1 mg/mL
Zymosan or 106 heat-killed C. albicans conidia (n = 4 (from 4 different individual donors); pooled from two independent experiments with two
individual donors each). (K) % of C. albicans killing by human neutrophils (K) or monocytes (J) treated with medium, 10 μM or 1 μM I-BET151 and
further stimulated with RPMI or C. albicans conidia. (n = 6 (from 6 different individual donors); pooled from two independent experiments with
three individual donors each).

a dose dependent way after C. albicans and A. fumigatus germ
tube-stimulation (Fig. 1B), while no changes were observed for
IL-6 production (Fig. 1C). A small inhibitory effect of I-BET151
was observed on the production of TNF-α (Fig. 1D). Of note, IBET151 was able to decrease the Candida-induced production of
the Th1-derived cytokine IFN-γ in the WB assay (Fig. 1E).
In the case of PBMC stimulation (Fig. 1F), the effects of IBET151 indicated a reduction in the production of cytokines
induced by fungal stimulation. While I-BET151 did not modify
the production of IL-1β induced by the fungal stimuli (Fig. 1G),
the treatment with 10 μM of I-BET151 led to a marked reduction
of the production of the proinflammatory factors IL-6 (Fig. 1H)
and TNF-α (Fig. 1I) after C. albicans and the control LPS stimulation. In addition, we also observed an inhibitory effect of I-BET151
on the production of the anti-inflammatory cytokine IL-10, whose
production was completely abolished by the treatment (Fig. 1J).
In the same line, the C. albicans-induced production of Th1 (IFNγ) and Th17 (IL-17 and IL-22) derived cytokines was strongly
reduced by the treatment of cells with the inhibitor (Figs. 1K–
M). This general decrease in cytokine production by PBMCs and
monocytes after treatment with I-BET151 is in line with the results
shown by Nicodeme et al. in which they described the inhibition of
the expression of pro-inflammatory genes in macrophages treated
with the compound [6].
Additionally, we studied the potential impact of the treatment
with I-BET151 in the different PBMC responses induced by of
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A. fumigatus conidia or A. fumigatus germ tubes (Fig. 2A), since
they have been reported to induce different types of cytokine
response [7]. In this regard, the treatment with I-BET151 led to a
general reduction of the cytokine production induced by A. fumigatus conidia (Fig. 2B–D). The concentrations of IL-10 induced
by Aspergillus stimuli were low and thus no effects could be
seen (Fig. 2E). Morbidity and mortality of aspergillosis can also
be partly attributed to detrimental immune responses resulting
from excessive adaptive immune activation [8]. In this regard,
we assessed that pre-treatment of PBMCs with I-BET151 led to a
strong impairment of Th1 (IFN-γ), and Th17- (IL-17 and IL-22)
derived cytokine production induced after stimulation with germ
tubes of A. fumigatus (Fig. 2F–H), highlighting the potential of
this compound to counteract the harmful effects of exacerbated
inflammation in fungal systemic infections. We also studied the
possible influence of I-BET151 treatment on ROS production by
PBMCs (Fig. 2I) or neutrophils (Fig. 2J), as well as on the Candidakilling abilities of neutrophils (Fig. 2H) and monocytes (Fig. 2I).
No significant effects of I-BET151 on these immune functions were
identified.

I-BET151 impairs fungal-induced trained immunity
Despite its central importance in host defense, inflammatory mechanisms are a double-edged sword. A maintained induction of
www.eji-journal.eu
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Figure 3. Effects of I-BET151 in training of monocytes. (A) Scheme of the procedure followed in (B and C). IL-6 (B) and TNF-α (C) production by
human monocytes treated with medium, 1 μM or 10 μM I-BET151 and further stimulated with RPMI, 10 ng/mL LPS or 1 mg/mL β-glucan for 24 h,
followed by culture media. Where indicated, monocytes were re-exposed to 10 ng/mL LPS after 6 days, and cytokines were measured 24 h later. (D)
Scheme of the procedure followed in (E and F). IL-6 (E) and TNF-α production (F) by human monocytes treated or not with 10 or 1 μM I-BET151 and
stimulated with RPMI, 106 /mL or 107 /mL heat-killed C. albicans conidia, or 10 ng/mL LPS followed by culture media. Where indicated, monocytes
were re-exposed to 10 ng/mL LPS after 6 days, and cytokines were measured 24 h later. (G) Morphology of cells after 24 h of training and 6 days
of rest when the cells were trained with RPMI (negative control), 10 μM I-BET151, 106 /mL heat-killed C. albicans (HKC) or 10 μM I-BET151 + 106 /mL
heat-killed C. albicans. Pictures were taken at day 6, magnification ×10. (H and I) Epigenetic effects of I-BET151 treatment on β-glucan-trained
monocytes. After 6 days of culture, H3K4me3 (H), H3K9me9 (I) and H3K27ac (J) marks were assessed at the level of promoters of TNFA and IL6.
Mean ± SEM, n = 6 (from 6 different individual donors); pooled from two independent experiments with three individual donors each. *p < 0.05,
Wilcoxon signed-rank test.

innate immune memory mechanisms might lead to development
of chronic inflammatory conditions such as arthritis or atherosclerosis in the long term [9]. Alternatively, inhibition of trained
immunity could be used to counteract the excessive inflammation
implicated in the pathogenesis of several diseases with an inflammatory component, such as diabetes [10], Alzheimer disease [11]
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or atherosclerosis [12]. In this context, the development of new
pharmacological strategies to counteract excessive and prolonged
inflammation can be of crucial importance for the prevention and
treatment of inflammation-based diseases. To study the effects
of I-BET151 in innate immune reprogramming, we used a wellestablished protocol of in vitro induction of trained immunity in
www.eji-journal.eu
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monocytes [13, 14] (Fig. 3A). The treatment of these cells with
I-BET151 prior to the training with beta-glucan led to a consistent
decrease in the secondary LPS-induced production of the cytokines
IL-6 and TNF-α [13, 14] (Fig. 3B and C).
In order to study the specific effects of I-BET151 in Candidainduced trained immunity, we performed an experiment in which
the monocytes were trained with different concentrations of heatkilled C. albicans and the two concentrations of I-BET151 tested
in the previous experiments (Fig. 3D). As observed before, the
treatment of cells with the inhibitor decreased the cytokine production induced by control LPS stimulation. Regarding the effects
on C. albicans-induced training, we observed a remarkable and
dose-dependent reduction in the induction of trained immunity
in monocytes, as shown by the lower IL-6 and TNF-α levels produced by C. albicans trained cells after secondary stimulation by
LPS (Fig. 3E and F). The differences observed in the induction of
cytokine production between the two doses of Candida are most
likely due to the tolerization effect of the high doses of stimuli
on the cells [15]. Upon training, the monocytes not only changed
their response to secondary stimulation, but also their morphology. We analyzed cell morphology and cell size by using light
microscopy. When cells were trained for 24 h and rested for 6
days, heat-killed C. albicans (Fig. 3G) and β-glucan (Supporting
Information Fig. 3) induced the most remarkable changes in cell
morphology: the cells were bigger than non-trained cells. Treatment with I-BET151 also influenced these morphological changes,
as we observed only a slight increase in cell size compared to that
for the untrained control cells and a clear decrease in size compared to HKC or β-glucan-trained cells (Fig. 3G and Supporting
Information Fig. 3). Therefore, I-BET151 showed powerful effects
as an inhibitor of the induction of trained immunity in monocytes,
both with β-glucan and C. albicans, proving the large potential
that this compound has as a pharmacological modulator of innate
immune memory responses. Importantly, the results of the lactate
dehydrogenase assay showed that the compounds were not inducing cell damage or cell death (Supporting Information Fig. 2A and
B). Treatment of monocytes with the well-known BET inhibitor
JQ1 [16] also decreased IL-6 and TNF-α production after induction of trained immunity with β-glucan, but not with Candida. This
confirms that the inhibition of BET proteins decreases the induction of inflammatory responses, and that the effects of I-BET151
are stronger than those of other inhibitors of the same class (Supporting Information Fig. 4).

I-BET151 impairs fungal-induced trained immunity
at epigenetic level
Since epigenetic reprogramming plays a fundamental role in the
induction of trained immunity [17], we checked the specific effects
of the treatment with I-BET151 on histone 3 lysine 4 trimethylation (H3K4me3) and histone H3K27 acetylation (H3K27ac),
two epigenetic marks associated with increased gene transcription [18]; and histone 3 lysine 9 trimethylation (H3K9me3), that
has been well characterized as a mark of transcriptional repres
C 2019 The Authors. European Journal of Immunology published by
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sion [19]. Both these marks have been reported to characterize
the induction of trained immunity with β-glucan in monocytes. In
order to do that, we designed six different pairs of primers for the
promoter region of TNFA, and two different pairs of primers for
the promoter region of IL6. We assessed that the treatment with
I-BET151 inhibited the β-glucan-induced deposition of H3K4me3
and H3K27ac at the promoters of these proinflammatory cytokines
(Fig. 3H and J). Conversely, it promoted the deposition of the
repressor mark H3K9me3 (Fig. 3I), confirming the inhibitory role
of I-BET151 treatment in the induction of trained immunity at
the epigenetic level. The analysis of the deposition of H3K4me3,
H3K9me3 and H3K27ac marks in the promoter regions of the proinflammatory cytokines involved in trained immunity reflects a
scenario clearly repressive for inflammatory gene expression, supporting the role of I-BET151 as an inhibitor of inflammation in the
fungal–immune interactions.

Concluding remarks
Here, we have assessed whether the bromodomain inhibitor IBET151 has the potential to modulate the responses of different innate immune cell subsets to fungal pathogens during acute
stimulation, as well as in a model of trained immunity. I-BET151
has previously been proven to be a very promising therapeutic
approach to suppress inflammation in different contexts such as
LPS-induced endotoxic shock and bacteria-induced sepsis [6], type
I diabetes [20] or MLL-fusion leukemia [21]. The results presented here showed that treatment of human cells with the epigenetic modifier I-BET151 decrease the inflammation induced by
fungal stimulation both at the short and the long-term. Of note,
an appropriate production of cytokines such as IL-17 or IFN-γ is
necessary to ensure an adequate immune response against fungal
infections [22, 23]. Therefore, we believe that I-BET151 may be
an exciting candidate to improve the treatment of patients suffering from exacerbated inflammatory response in the context of
fungal infections. However, its effects should be monitored and
the pharmacological doses employed strictly tested and further
controlled in order to avoid an excessive dampening of the functions of the immune system. The data presented here open new
lines of research and intervention for diseases with an inflammatory basis in which innate immune memory plays a central role,
such as atherosclerosis, diabetes or autoimmune disorders [24].

Materials and methods
Peripheral blood mononuclear cell and monocyte
isolation
Buffy coats from healthy donors were obtained after written
informed consent (Sanquin Blood Bank, Nijmegen, the Netherlands). Samples were anonymized to safeguard donor privacy.
PBMC isolation was performed by differential density centrifugation over Ficoll-Paque (GE Healthcare). Percoll isolation of
www.eji-journal.eu
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monocytes was performed as previously described [25]. Briefly,
150–200 × 106 PBMCs were layered on top of a hyper-osmotic
Percoll solution and centrifuged for 15 min at 580 × g. The interphase layer was isolated and cells were washed with cold PBS.
Cells were re-suspended in RPMI medium Dutch modified (Invitrogen) supplemented with 50 μg/mL gentamicin, 2 mM Glutamax, and 1 mM pyruvate, and counted. An extra purification step
was added by adhering Percoll-isolated monocytes to polystyrene
flat bottom plates (Corning) for 1 h at 37˚C; a washing step with
warm PBS was then performed to yield maximal purity.

Stimulation and trained immunity experiments
5 × 105 PBMCs/mL or 105 monocytes were added to flat-bottom
96-well plates (Greiner). Cells were stimulated with RPMI, heatkilled 107 /mL A. fumigatus germ tubes, 107 /mL A. fumigatus conidia, 106 /mL or 107 /mL heat killed C. albicans yeast, 10 ng/mL
E. coli LPS (serotype 055:B5, Sigma-Aldrich), 1 μg/mL β-glucan
(β-1,3-(D)-glucan, kindly provided by Professor David Williams),
10 μM I-BET151, 0.05 μM JQ1 (based on the results of the cytotoxicity assay shown in Supporting Information Fig. 4A), or 1 μg/mL
β-glucan + 10 μM I-BET151, and restimulated after 6 days with 10
ng/mL E. coli LPS. Supernatants from monocytes were collected
24 h after stimulation. Cells were washed once with 200 μL warm
PBS and incubated for 5 days in culture medium with 10% serum
and medium was changed once. After 24 h, supernatants were
collected and stored at −20°C.

Cytokine measurements
Cytokine production from human cells was determined in supernatants using commercial ELISA kits for IL-1β, IL-6, TNF-α, IL-10,
IFN-γ, IL-17, and IL-22 (R&D Systems, Minneapolis, MN, USA)
following the instructions of the manufacturer.

Chromatin immunoprecipitation
Purified cells were fixed with 1% formaldehyde (Sigma) at a concentration of approximately 106 cells/mL. Fixed cell preparations
were sonicated using a Diagenode Bioruptor UCD-300 for 3 × 10
min (30 s on; 30 s off). 67 mL of chromatin (one million cells)
was incubated with 229 mL dilution buffer, 3 mL protease inhibitor
cocktail and 0.5−1 mg of H3K4me3, H3K9me3, or H3K27Ac antibodies (Diagenode) and incubated overnight at 4°C with rotation.
Protein A/G magnetic beads were washed in dilution buffer with
0.15% SDS and 0.1% BSA, added to the chromatin/antibody mix
and rotated for 60 min at 4°C. Beads were washed with 400 mL
buffer for 5 min at 4C with five rounds of washes. After washing
chromatin was eluted using elution buffer for 20 min. Supernatant
was collected, 8 mL 5M NaCl, 3 mL proteinase K were added and
samples were incubated for 4 h at 65°C. Finally, samples were
purified using QIAGEN; Qiaquick MinElute PCR purification Kit
and eluted in 20 mL EB. Primer pairs employed for quantitative
PCR can be found in Table 1.
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Table 1. Primer pairs used for epigenetic study

IL6.1
IL6.1
IL6.2
IL6.2
TNFA.1
TNFA.1
TNFA.2
TNFA.2
TNFA.3
TNFA.3
TNFA.4
TNFA.4
TNFA.5
TNFA.5
TNFA.6
TNFA.6

FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV

TCGTGCATGACTTCAGCTTT
GCGCTAAGAAGCAGAACCAC
AGGGAGAGCCAGAACACAGA
GAGTTTCCTCTGACTCCATCG
AGAGGACCAGCTAAGAGGGA
AGCTTGTCAGGGGATGTGG
GTGCTTGTTCCTCAGCCTCT
ATCACTCCAAAGTGCAGCAG
TGTCTGGCACACAGAAGACA
CCCTGAGGTGTCTGGTTTTC
AGCCAGCTGTTCCTCCTTTA
TTAGAGAGAGGTCCCTGGGG
TGATGGTAGGCAGAACTTGG
ACTAAGGCCTGTGCTGTTCC
CAGGCAGGTTCTCTTCCTCT
GCTTTCAGTGCTCATGGTGT

ROS production
Oxygen radical production levels were evaluated using luminolenhanced chemiluminescence and determined in a luminometer.
Cells (1 × 105 per well) were incubated in medium containing
either RPMI, heat-killed Candida (107 yeast cells) or opsonized
zymosan (1 mg/mL). Luminol was added to each well in order
to start the chemiluminescence reaction. Each measurement was
carried out in at least duplicate repetitions. Chemiluminescence
was determined every 145 s at 37˚C for 1 h. Luminescence was
expressed as relative light units (RLU) per second.

Statistical analysis
Data are presented as mean ± SEM, as indicated in the legend of
each figure, unless otherwise stated. The significance of the differences between groups was evaluated using Wilcoxon signed-rank
test. Data are judged to be statistically significant when p < 0.05
by two-tailed Student’s t-test. In figs, asterisks denote statistical
significance (*p < 0.05; **p < 0.01; ***p < 0.001).

Fungal killing assay
C. albicans conidia were exposed to neutrophils or monocytes for
2 h in a 2:1 yeast-to-immune cell ratio. Neutrophils and monocytes
were then lysed with Triton X-100 solution 0.5% and the number
of surviving yeast cells were assessed on Sabouraud agar plates.
Killing activity was expressed as percentage of yeast surviving
in the presence of monocytes compared to that surviving in the
absence of monocytes.
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