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Protective host defense against disseminated candidiasis is
impaired in mice expressing human interleukin-37
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The effect of the anti-inflammatory cytokine interleukin-37 (IL-37) on host defense against
Candida infections remains unknown. We assessed the role of IL-37 in a murine model
of disseminated candidiasis using mice transgenic for human IL-37 (hIL-37Tg). Upon
exposure to Candida albicans pseudohyphae, macrophages from hIL-37Tg mice release
39% less TNFa compared to cells from wild-type (WT) mice (p = 0.01). /n vivo, hIL-37Tg
mice displayed a decreased capacity to recruit neutrophils to the site of infection. These
defects were associated with increased mortality and organ fungal growth in hIL-37Tg
compared to WT mice. We conclude that IL-37 interferes with the innate protective anti-
Candida host response by reducing the production of proinflammatory cytokines and
suppressing neutrophil recruitment in response to Candida, resulting in an increased
susceptibility to disseminated candidiasis.
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INTRODUCTION

The interleukin-1 (IL-1) family includes inflammatory cytokines
(such as IL-la, IL-1P, IL-18, and IL-33) that activate target
cells through a receptor-mediated mechanism; anti-inflammatory
cytokine antagonists (such as IL-1Ra) block IL-1-dependent acti-
vation by competing for binding to the IL-1 receptors (Dinarello,
2011). Twelve years ago, using in silico searches, additional mem-
bers of the IL-1 family namely IL-36, IL-37, and IL-38 were
discovered, but only recently have their properties been studied
(Dinarello, 2013). In the case of IL-37, this cytokine has emerged
as fundamental inhibitor of innate inflammation using mice trans-
genic for human IL-37 as well as reducing endogenous IL-37 in
human blood monocytes (Nold etal., 2010). For example, mice
transgenic for human IL-37 are protected against systemic endo-
toxemia, chemical induced colitis, ConA hepatitis, and ischemic
reperfusion injury, as reviewed in Dinarello and Bufler (2013).
The mechanism by which IL-37 affords anti-inflammatory pro-
tection can be via a caspase-1-dependent nuclear translocation
or by an extracellular mechanism engaging the IL-18 receptor
(Bulau etal., 2014). It is important however, to recognize that anti-
inflammatory strategies based upon IL-37 could have a negative
impact on susceptibility to infections by inhibiting host defense.
Since in models of live infection blocking inflammation mediated
by cytokines such as IL-1 or TNFa can be either detrimental or
beneficial for the outcome of the host, we therefore carried-out
studies of disseminated candidiasis in mice expressing human
IL-37.

MATERIALS AND METHODS

ANIMALS

Transgenic mice expressing human IL-37 (hIL-37Tg) have been
previously described Nold etal. (2010). Control C57BL/6] (WT)

mice were purchased from the Jackson Laboratory and maintained
under specific-pathogen free conditions. The mice were fed ster-
ilized laboratory chow (Hope Farms, Woerden, The Netherlands)
and water ad libitum. The experiments were approved by the
Ethics Committee on Animal Experiments of Radboud University
Nijmegen.

Candida albicans AND GROWTH CONDITIONS

Candida albicans ATCC MYA-3573 (UC 820), a strain well
described elsewhere (Lehrer and Cline, 1969), was used in all
experiments. Candida was grown overnight in Sabouraud broth
at 37°C, cells were harvested by centrifugation, washed twice, and
resuspended in culture medium (RPMI-1640 Dutch modifica-
tion, ICN Biomedicals, Aurora, OH, USA; van der Graaf etal.,
2005). To generate pseudohyphae, C. albicans blastoconidia were
grown at 37°C in culture medium, adjusted to pH 6.4 by using
hydrochloric acid. Pseudohyphae were killed at 100°C for 1 h
and resuspended in culture medium to a hyphal inoculum size
that originated from 10° blastoconidia per ml (referred to as 10
pseudohyphae per ml).

CYTOKINE RESPONSES OF C. albicans-STIMULATED MACROPHAGES
AND SPLENOCYTES

Resident peritoneal macrophages were harvested from groups
of five hIL-37Tg and wild-type (WT) mice by injecting 4 ml
of sterile phosphate-buffered saline (PBS) intrapertitoneal con-
taining 0.38% sodium citrate (Kullberg etal., 1993). After wash-
ing, the cells were resuspended in culture medium in 96-well
microtiter plates (Greiner, Alphen, The Netherlands) at 10°
cells/well, in a final volume of 200 pl. The cells were stimu-
lated with either control medium or heat killed C. albicans at
1 x 107 microorganisms/ml. After 24 h of incubation at 37°C,
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the plates were centrifuged (500 g, 10 min), and the super-
natants were removed. The cells were lysed with three freeze-thaw
cycles. Samples were stored at —80°C until cytokine assays were
performed.

To assess cytokine production in splenocytes, spleen were gen-
tly squeezed into a sterile 200 mm filter chamber. The cells were
washed and resuspended in RPMI 1640, counted in a Biirker
chamber and adjusted to 5 x 10%/ml. 200 pL of the cell sus-
pension was stimulated with 1 x 107 heat-killed C. albicans/ml.
Measurement of TNFa and IL-6 concentrations was performed in
supernatants collected after 48 h of incubation at 37°C in 5% CO,
in 48-well plate.

CYTOKINE ASSAYS

TNFa was determined by specific radioimmunoassay (detection
limit 20 pg/ml), as previously described Netea etal. (1996).
IL-6 concentrations were determined by a commercial ELISA
(Biosource, Camarillo, CA, USA, detection limit 16 pg/ml)
according to the instructions of the manufacturer.

C. albicans INFECTION MODEL

hIL-37Tg mice and WT mice were injected intravenously with
C. albicans blastoconidia (1 x 10° CFU/mouse for survival and
5 x 10° CFU/mouse for testing fungal burden) in a 100 11 volume
of sterile pyrogen-free PBS. Survival was assessed daily for 2 weeks.
Subgroups of five animals were killed on days 3 and 7 of infection.
To assess the tissue outgrowth of the microorganisms, the kidneys
of the sacrificed animals were removed aseptically, weighed, and
homogenized in sterile saline in a tissue grinder. The number
of viable Candida cells in the tissues was determined by plating
serial dilutions on Sabouraud dextrose agar plates. The CFU were
counted after 24 h of incubation at 37°C, and expressed as log
CFU/g tissue.

Candida OUTGROWTH IN PMN DEPLETED MICE

Sexually mature female C57bl/6 mice (8—12 weeks old, weights 20—
25 g) were used. The animals were kept under routine laboratory
conditions (21-22°C, relative humidity 60% and a 12 h light—dark
cycle), fed a standard commercial pellet diet (RHM, Hope Farms,
The Netherlands), and given acidified tap water ad libitum. The
mice were injected intraperitoneal with rat anti-mouse GR1 or
isotype control (100 pg in 200 1 PBS; eBioscience) 4 days prior
to the experiment to deplete the mice of PMNs. On day zero,
the mice were injected intraperitoneal with 1 x 10e5 live C. albi-
cans conidia. After 2 h the mice were anesthetized with isoflurane
and blood samples were obtained for measurement of blood cells
counts. Subsequently, the mice were sacrificed by cervical disloca-
tion. The number of viable Candida cells in the peritoneal lavage
was determined by plating serial dilutions on Sabouraud dextrose
agar plates and the CFU were counted after 24 h of incubation at
37°C and expressed as log CFU.

IN VITRO CYTOKINE PRODUCTION BY PRIMED SPLENOCYTES

To assess cytokine production during infection, primed spleen
cells from mice on day 7 of infection with 2 x 10° CFU of C. albi-
cans per mouse were stimulated in vitro with heat-killed Candida
conidia or pseudohyphae (1 x 10°® microorganisms/ml). Spleen

cells were washed and resuspended in RPMI1640, counted in a
Biirker chamber and the number was adjusted to 5 x 10%/ml.
200 pL of the cell suspension was stimulated with 1 x 10° heat
killed C. albicans/ml. Measurement of IFNy, IL-10, and IL-17 con-
centrations was performed in supernatants collected after 48 h of
incubation at 37°C in 5% CO> in 48-well plate.

PHAGOCYTOSIS AND KILLING OF C. albicans BY MACROPHAGES
Phagocytosis and killing of C. albicans blastoconidia were assessed
as described elsewhere (Vonk etal., 2006). Exudate peritoneal
phagocytes from groups of five hIL-37Tg mice and WT mice were
elicited by an i.p. injection of 10% proteose peptone. After 72 h,
cells were collected in separate sterile tubes by washing the peri-
toneal cavity with 4 ml of ice-cold PBS that contained 50 U/ml
heparin. Phagocytes were centrifuged (for 10 min at 2250 g),
counted in a Biirker chamber, and resuspended in culture medium.
5 x 10 cells were dispensed into the wells of a 96-well flat bottom
plate (Costar), allowed to adhere for 2 h, and washed to remove
non-adherent cells. Subsequently, the cells were incubated with
1 x 10* CFU C. albicans, which were opsonized for 45 min at 24°C
in modified Eagle’s medium (MEM; Gibco Life Technologies) con-
taining 2.5% fresh mouse serum (effector:target ratio, 40:1). After
15 min, supernatants were aspirated, and monolayers were gen-
tly washed with MEM to remove non-ingested microorganisms.
The supernatant and well washings that contained the non-
ingested Candida blastoconidia were plated in serial dilutions on
Sabouraud agar plates. The percentage of phagocytosed microor-
ganisms was defined as [1-(number of uningested CFU/CFU at
the start of incubation)] x 100. Killing of C. albicans by phagocytes
was assessed in the same monolayers. After removal of the non-
phagocytized Candida blastoconidia, 2001 of culture medium,
consisting of Sabouraud in MEM (50% vol/vol), was added to
the monolayers. After 3 h of incubation at 37°C in air and 5%
COy, the wells were scraped gently with a plastic paddle and
washed with 200p] distilled H,O to achieve lysis of phagocytes
in three cycles, and 10-fold dilutions of each sample were spread
on Sabouraud agar plates and incubated at 37°C for 24 h. The
percentage of yeast killed by the phagocytes was determined as fol-
lows: [1-(CFU after incubation/number of phagocytized CFU)]
(Nold etal., 2010) x 100. Phagocyte-free incubations of blasto-
conidia were included as a control for yeast viability. In earlier
experiments we have shown that 90-97% of attached/internalized
C. albicans are intracellular (Vonk et al., 2006).

STATISTICAL ANALYSIS

The differences between groups were analyzed by the Mann—
Whitney U-test. The level of significance between groups was set
at p < 0.05. The data are presented as cumulative results of all
experiments performed.

RESULTS

hiL-37Tg MICE ARE MORE SUSCEPTIBLE TO DISSEMINATED C. albicans
INFECTION

To investigate the role of IL-37 in the host defense against invasive
C. albicans infection, hIL-37Tg mice, and WT mice were infected
with C. albicans blastospores. The survival during disseminated
candidiasis was 20% for WT-type mice after 2 weeks, whereas all
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mice had died by day 10 in the hIL-37Tg group (Figure 1A). The
fungal burden in the kidneys, the target organ of disseminated
candidiasis in mice (Spellberg etal., 2005), was not significantly
different at day 3 (mean £ SD; WT: 3.6 + 0.83, [L-37Tg 3.8 &
0.44 log CFU/g kidney), and 1-log higher in the hIL-37Tg mice
than in WT mice on day 7 of infection (p < 0.05; Figure 1B).
Histology revealed an accumulation of Candida in the pyelum of
the kidneys of hIL-37Tg mice which was not observed in the WT
mice (Figure 1C).

NEUTROPHIL RECRUITMENT AND PHAGOCYTOSIS AND KILLING OF

C. albicans

In order to understand the enhanced lethality and greater fungal
burden of the hIL-37Tg mice, we investigated the dynamics of the
influx and function of neutrophils. Peritoneal cells were harvested
and counted 4 h after intraperitoneal injection of heat-killed Can-
dida. A significant lower influx of neutrophils was apparent 4 h
after challenge with heat killed Candida in the hIL37Tg mice com-
pared to WT mice (Figure 2A). Phagocytosis of C. albicans by
hIL-37Tg cells was similar to that by cells of WT mice (37 vs.
39% phagocytized in 15 min; p > 0.05). hIL-37Tg cells killed 92%
of phagocytized Candida blastoconidia after 3 h, which was not
different from the killing activity of cells from WT cells (88%,
p > 0.05, Figure 2B).

To assess whether the decrease of neutrophils within the first
hours has a significant biological effect, we investigated the dif-
ference of fungal burden between neutrophil depleted mice and
non-neutrophil depleted mice in a short in vivo Candida infection
model. The lack of neutrophils at the site of infection resulted
in a log increase in fungal growth within 2 h compared to mice
in which neutrophil influx was normal (Figure 2C). These dif-
ferences support the importance of early influx of neutrophils in
restricting Candida growth in vivo.

IL-37 INHIBITS PROINFLAMMATORY CYTOKINE PRODUCTION BY
MACROPHAGES AND SPLENOCYTES STIMULATED WITH C. albicans
To investigate the inhibitory effect of IL-37 at the level of cytokine
production, resident peritoneal macrophages, or naive splenocytes

of hIL-37Tg and WT mice were exposed to heat-killed C. albicans
blastoconidia and pseudohyphae in vitro. Cytokine production
by unstimulated macrophages of each mouse strain was below
the detection limit for TNFa and IL-6. However, after stimula-
tion with C. albicans pseudohyphae, the production of TNFa was
significantly lower in macrophages from the hIL-37Tg mice com-
pared to cells from WT mice. There were no differences in the
production of IL-6 in the same cultures (Figure 3).

hiL-37Tg MICE DISPLAY INCREASED Th17 AND IL-10 RESPONSES

Proinflammatory T helper responses such as Thl and Thl7
responses play an important role in fungal host defense (Gow et al.,
2012). The Th17 response during disseminated fungal infection
can be both protective and detrimental (Huang et al., 2004; Zelante
etal.,2007; Lin et al., 2009). To study the impact of IL-37 on proin-
flammatory adaptive immune responses, we investigated the Thl
and Th17 characteristic cytokines IFNy and IL-17. Splenocytes
isolated from hIL-37Tg mice with a higher fungal burden at day 7
produced significant more IL-17 in response to C. albicans pseu-
dohyphae (Figure 4). IFNy production in response to C. albicans
pseudohyphae was undetectable in WT and hIL-37Tg splenocytes
at day 7 (Figure 4). Since IL-37 mainly has anti-inflammatory
effects (Nold etal., 2010; Boraschi etal., 2011), we investigated
levels of IL-10 in cells from IL-37Tg There was no significant differ-
ence in IL-10 production in splenocytes from hIL-37Tg compared
to WT cells in response to C. albicans, although hIL-37Tg mice
showed a trend toward an increased IL-10 production (Figure 4).

DISCUSSION

In the present study, we demonstrate that overexpression of IL-
37 is detrimental for the early host defense against C. albicans
in a murine model of disseminated candidiasis. This conclusion
is based on the increased fungal load in the kidney, the target
organ of disseminated candidiasis, in hIL-37Tg mice compared to
WT mice. The greater outgrowth of the fungus in the tissues is
most probably due to impaired early influx of neutrophils into the
infected tissues, which in turn may be due to lower production
of neutrophil-inducing cytokines, such as TNE. Therefore, the

FIGURE 1 | hIL-37Tg mice are highly susceptible to disseminated

C. albicans infection. (A) Survival of hIL-37Tg mice and WT mice
intravenously infected with live C. albicans yeast (1 x 10e6 CFU).

(B) hIL-37Tg mice and WT mice were infected i.v. with C. albicans
blastoconidia (5 x 10e5 CFU/mouse). Subgroups of animals (a total of
nine mice/group/time point, in two separate experiments) were killed on
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day 7 of infection, and fungal outgrowth was assessed in the kidneys.
(C) Histology representing the accumulation of C. albicans hyphae (fungal
ball) in the pyelum of hIL-37Tg mice. Arrows point to the edge of the
fungal ball present in the pyelum of the kidney (A). Survival was
assessed daily for 2 weeks. (n = 10/group; B) Mann-Whitney U-test,

*p < 0.05.
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FIGURE 2 | Neutrophil recruitment and phagocytosis and killing of C.
albicans. (A) Absolute numbers of total cells and absolute numbers of
neutrophils recruited to the peritoneal cavity of WT and hIL-37Tg mice 4 h
after intraperitoneal injection of 1 x 10e7 heat killed C. albicans yeasts. (B)
Percentage of Candida blastoconidia of the initial inoculum that was
ingested by macrophages of hIL-37Tg and WT mice after 15 min of
phagocytosis and percentage of phagocytized Candida blastoconidia that
was killed after incubation at 37°C for 3 h is shown. The results are pooled
data with a total of five hlL-37Tg mice and five WT mice (mean £+ SEM,
*p < 0.05, Students t-test). (C) Fungal outgrowth of peritoneal wash-outs
in neutrophil (PMN) depleted and non-PMN depleted WT mice 2 h after
intraperitoneal infection with live Candida. The results are pooled data with
a total of four hIL-37Tg mice and four WT mice (mean + SEM, *p < 0.05,
Students t-test).
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FIGURE 3 | IL-37 inhibits proinflammatory cytokine production by
macrophages and splenocytes stimulated with C. albicans. (A)
Resident peritoneal macrophages from hlL-37Tg mice and WT mice were
stimulated with either 1 x 10e7 microorganisms/ml heat-killed Candida
blastoconidia or pseudohyphae. (B) Splenocytes from hIL-37Tg mice and
WT mice were stimulated with either 1 x 10e7 microorganisms/ml Candida
blastoconidia or pseudohyphae. Production of TNFa and IL-6 in the
supernatants was measured after 24 h of stimulation at 37°C for
macrophages and 48 h of stimulation at 37°C for splenocytes. The results
are pooled data with a total of seven hIL-37Tg mice and six WT mice
(mean + SEM, *p < 0.05, Mann-Whitney U-test).

presence of IL-37 in the early stages of infection results in an
impaired innate immune response that is essential to limit fungal
dissemination.

Recently, several biological functions of the cytokine IL-37 have
been described. IL-37 has a protective role in a murine model

of lethal endotoxemia (Nold etal., 2010; Bulau etal., 2011), and
it has been reported that mice overexpressing IL-37 are pro-
tected from DSS colitis (McNamee etal., 2011). These reports
point to significant anti-inflammatory properties of IL-37. In
the present study we extend these findings to a live infection
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FIGURE 4 | hiL-37Tg mice display increased Th17 and IL-10 responses.
Splenocytes from WT and hIL-37Tg mice were re-stimulated with RPMI
(gray bars) or heat-killed 1 x 108 C. albicans pseudohyphae cells/ml (black
bars) 7 days after intravenous infection with C. albicans. IL-17, IFNy, and
IL-10 were measured 48 h after stimulation with ELISA. *p < 0.05; n=5
mice per group. Bars indicate mean + SEM.

model, the murine model of disseminated candidiasis, in which
we assessed whether IL-37 hampers the innate immune defense
against a fungal infection. We observed that mice overexpress-
ing IL-37 were more susceptible to invasive candidiasis, due to
the inability to control fungal growth in the kidney during infec-
tion. This effect is at least partly due to a defective neutrophil
recruitment, a cell population central for the local antifungal host
defense (Kullberg etal., 1990), and this supports the previously
reported finding that leukocyte recruitment to the site of inflam-
mation is decreased in hIL-37Tg mice (McNamee etal.,2011). The
importance of neutrophils in the control of Candida outgrowth
in vivo is further supported in this study by the observation that
neutrophil depleted mice have a log increase within 2 h in fungal
burden compared to mice that have a normal neutrophil influx.
In addition, macrophages and splenocytes overexpressing IL-37
produced significantly less TNFa than WT macrophages when
exposed to C. albicans. This is in line with other studies, show-
ing that macrophages from hIL-37Tg mice produce less TNF and
that IL-37 overexpression reduces TNF-dependent inflammation
in a murine model of colitis (McNamee etal., 2011). An involve-
ment of defective TNF production in the increased susceptibility
of hIL-37Tg mice to disseminated candidiasis is also consistent
with earlier studies showing that mice lacking TNF or the TNF
receptor are highly susceptible to disseminated candidiasis (Netea
etal., 1999).

Another observation of this study is that neutrophils from
hIL-37Tg mice do not display an intrinsic defect in phagocyto-
sis and killing, suggesting that IL-37 does not directly impair
neutrophil function. The increased Th17 response in hIL-37Tg
mice present on day 7 most likely reflects an increased cellu-
lar immune response due to higher fungal burden (antigen)
exposure. Whether this increased Th17 response has directly
contributed to the higher susceptibility of hIL-37Tg mice to dis-
seminated candidiasis remains to be determined. Interestingly,
hIL-37Tg splenocytes showed a consistent trend at day 7 toward
an increased production of the anti-inflammatory cytokine IL-
10 when exposed to C. albicans. This observation is consistent
with the increased IL-10 production found in hIL-37Tg mice

with experimental colitis, and supports the concept that IL-37
can contribute to systemic anti-inflammatory effects (McNamee
etal., 2011).

In conclusion, IL-37 reduces proinflammatory cytokine pro-
duction induced by Candida in macrophages, and decreases
neutrophil recruitment in vivo in response to C. albicans. These
data highlight the potent anti-inflammatory effects of IL-37, and
underline that the timing of IL-37 expression in the tissue at the
site of inflammation is critical for the outcome of the host during
inflammatory processes.
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