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Abstract

Humans or mice subjected to immunosuppression, such as corticosteroids or anti-cytokine
biologic therapies, are susceptible to mucosal infections by the commensal fungus Candida
albicans. Recently it has become evident that the Th17/IL-17 axis is essential for immunity
to candidiasis, but the downstream events that control immunity to this fungus are poorly
understood. The CCAAT/Enhancer Binding Protein-$ (C/EBP) transcription factor is
important for signaling by multiple inflammatory stimuli, including IL-17. C/EBP is regulated
in a variety of ways by IL-17, and controls several downstream IL-17 target genes. However,
the role of C/EBP in vivo is poorly understood, in part because C/EBPB-deficient mice are
challenging to breed and work with. In this study, we sought to understand the role of C/
EBPB in the context of an IL-17-dependent immune response, using C. albicans infection
as a model system. Confirming prior findings, we found that C/EBP is required for immunity
to systemic candidiasis. In contrast, C/EBPB” mice were resistant to oropharyngeal candi-
diasis (OPC), in a manner indistinguishable from immunocompetent WT mice. However, C/
EBPB”" mice experienced more severe OPC than WT mice in the context of cortisone-
induced immunosuppression. Expression of the antimicrobial peptide 3-defensin (BD)-3
correlated strongly with susceptibility in C/EBPB” mice, but no other IL-17-dependent
genes were associated with susceptibility. Therefore, C/EBP contributes to immunity to
mucosal candidiasis during cortisone immunosuppression in a manner linked to 3-defensin
3 expression, but is apparently dispensable for the IL-17-dependent response.

Introduction

Oropharyngeal candidiasis (OPC, thrush) is an opportunistic infection caused by Candida albi-
cans, a commensal fungus found in the skin and mucosal surfaces of most healthy individuals.
Host immune responses, including locally produced cytokines and antimicrobial peptides
(AMPs), prevent invasive infections by C. albicans. This microbe can also cause systemic candi-
diasis, a devastating nosocomial infection with a mortality rate of 40-80%. Most
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this fungus as a commensal microbe.

Immunosuppression, particularly that affecting the T cell compartment, triggers susceptibil-
ity to pathogenic Candida infections [1, 2]. In particular, OPC is highly prevalent in HIV/
AIDS, with over 95% of HIV+ individuals experiencing at least one episode of oral thrush [3].
Immunosuppression with corticosteroids or broad spectrum antibiotics also enhances suscep-
tibility of otherwise healthy individuals to C. albicans infection. Systemic candidiasis is the
result of immunosuppression in combination with opportunistic exposure of Candida to the
bloodstream, typically through medical interventions such as catheters or abdominal surgery.
Fungal species are estimated to cause over 2 million infections per year worldwide with mortal-
ity rates in the range of 50%, yet there are no vaccines for C. albicans, or indeed any other fungi
[4]. Therefore, it is imperative to gain a better understanding the immune response to these
pathogens in order to develop more effective interventions or preventive strategies.

Recently, it has become clear that the Th17/IL-17 pathway is essential for preventing candi-
diasis [1]. In humans, nearly all C. albicans-reactive T helper cells are of the Th17 lineage [5].
Moreover, various syndromes that predispose humans to candidiasis converge on the Th17 or
IL-17 signaling pathway. For example, neutralizing autoantibodies against Th17 cytokines are
found in autoimmune polyendocrinopathy syndrome (APS-1), which is associated with
chronic mucosal candidiasis (CMC) [6]. Humans with mutations in the IL17RA gene have
been identified with CMC [7]. Similarly, mutations in ACT1, a key signaling intermediate in
the IL-17 signaling pathway, are associated with CMC [8]. Parallel findings have been made in
mice, confirming the utility of mouse models in probing underlying mechanisms of immunity
to C. albicans [9].

Despite a clear role for IL-17 in mediating immunity to candidiasis, the signaling pathways
used by IL-17 and its receptor in antifungal immune responses are poorly understood.
Although best known for its activation of pro-inflammatory signaling pathways such as NF-xB
and MAPK, IL-17 also activates transcription factors (TFs) belonging to the CCAAT/Enhancer
Binding Protein (C/EBP) family [10, 11]. Many characteristic IL-17 signature genes contain C/
EBP binding sites in their proximal promoters [12]. Moreover, C/EBPP and C/EBPS have been
demonstrated to be essential for regulation of specific IL-17-induced genes, such as IL-6 and
lipocalin-2 [13-15]. Regulation of C/EBP by IL-17 is particularly intriguing. IL-17 triggers
inducible phosphorylation of C/EBPJ, which is associated with inhibition of downstream gene
expression [13]. IL-17 also induces the alternative translation of C/EBPf into multiple isoforms
[16]. Both of these regulatory events are mediated through a specific C-terminal subdomain of
the IL-17RA subunit [16]. To date, however, the significance of C/EBPP in the context of IL-17
function in vivo is unclear.

C/EBPp is expressed ubiquitously, and target gene activation by this TF varies among cell
and tissue types. Upon activation, C/EBPP induces a variety of genes that orchestrate immune
responses, including cytokines, chemokines and their receptors. Not surprisingly, C/EBPB”
mice are susceptible to numerous infections, including Listeria monocytogenes and Salmonella
typhimurium [17, 18]. Historically, C/EBPJ has been most extensively studied in the setting of
IL-1 and LPS signaling [19, 20]. In this study, we sought to understand the role of C/EBPp in
IL-17-driven immunity, using C. albicans infection as a model system. We confirmed a previ-
ous report that C/EBP is essential for immunity to systemic candidiasis [21]. Surprisingly and
in contrast to IL-17R-deficient mice, C/EBPB'/ " mice were resistant to OPC. However, under
conditions of low dose cortisone-induced immunosuppression, C/EBPB”" mice were more sus-
ceptible to OPC. This susceptibility correlated with expression of B-defensin 3, but not with
other IL-17-dependent genes.
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Materials and Methods

Mice

CebpbtmIVP °/J** mice (The Jackson Laboratory, Bar Harbor ME) were bred to generate experi-
mental animals, with sample sizes based on power analyses calculated from previously pub-
lished data [9]. Genotypes were verified for all mice by PCR of ear biopsies. C57BL/6] mice
(The Jackson Laboratory) were used for cortisone titrations. All mice weighed approximately
20g and were housed under a 12 hour light/dark cycle in SPF conditions with autoclaved food
and water ad libitum. Cohorts were selected randomly and were age- and sex-matched using
both males and females at an age range of 6-10 weeks. Mice were monitored visually and
weighed at least once daily after infection. The University of Pittsburgh Institutional Animal
Care and Use Committee (IACUC) approved all animal protocols used in this study (Animal
welfare assurance number: A3187-01). All efforts were made to minimize suffering, in accor-
dance with recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health.

Oral candidiasis

Mice were pre-swabbed orally prior to each experiment to verify the absence of pre-existing
Candida colonization. Mice were inoculated sublingually for 75 mins under anesthesia (keta-
mine 100 mg/kg and xylazine 10 mg/kg injected i.p.) with C. albicans (strain CAF2-1) placed
in an sterile saturated 0.0025 mg cotton ball, as described [22, 23]. At the end of the time course
(5 d), tongue tissue was homogenized using a Miltenyi GentleMacs Dissociator (Miltenyi Bio-
tec). Half the tissue was prepared for mRNA analysis or histology. The other half was serially
diluted and plated in triplicate on YPD agar and colony-forming units (CFU) enumerated for
tissue fungal burden determination. Mice were weighed daily. Mice were sacrificed for humane
reasons by CO, inhalation if they lost more than 25% weight loss or exhibited signs of pain or
distress as delineated by the approved animal protocol. There were no severe adverse events in
any group.

Disseminated Candidiasis

C. albicans (strain CAF2-1) was grown overnight in YPD at 30°C. Age- and sex-matched mice
were injected in the tail vein with 1-2x10° C. albicans cells in 100ul PBS, as described [9, 24].
For injections, mice were briefly held in a commercial restraining apparatus (Braintree Scien-
tific, Braintree MA). Mice were humanely sacrificed by CO, inhalation followed by cervical dis-
location after 10 d, weight loss exceeded 20% or when animals exhibited signs of distress such
as severe hunching, shivering or loss of righting. There were no unexpected adverse events in
any group.

Cell Culture

OKF6/TERT?2 cells [25] were provided by J. Rheinwald (Brigham & Women’s Hospital, Boston
MA) cultured in Serum-Free Fibroblast media, 25 ug/ml Bovine Pituitary Extract and 2 ug/ml
EGF (Life Technologies, Grand Island NY). A heat killed (HK) extract of C. albicans (strain
CAF2-1) was prepared with ~ 4x10° yeast cells boiled for 45 mins. OKF6/TERT2 cells were
treated with 200 ng/ml IL-17 and 2ng/ml TNFo. or 2x10° HK C. albicans for 24 hours.

Real-time RT-PCR

RNA from tongue was extracted with RN Aeasy Kits and cDNA synthesized with a SuperScript
III First-Strand Synthesis System (Invitrogen). Gene expression was determined by qPCR with
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PerfeCTa SYBR Green FastMix ROX (Quanta BioSciences) on a 7300 Real-Time PCR System
(Applied Biosystems), normalized to Gapdh. Primers were from Quantitect (Qiagen).

Histology

Tongue tissue was prepared for histology by the Research Histology Services core of the Uni-
versity of Pittsburgh. Samples were stained with periodic acid Schiff (PAS) or H&E and imaged
at 10-40X magnification.

Statistics

A minimum of two replicates were performed for all experiments unless noted. Data were com-
pared by ANOVA and Mann-Whitney correction or unpaired Student’s t-test using Graphpad
Prism (v. 4). P values <0.05 were considered significant.

Results
C/EBPB-deficient mice are susceptible to disseminated candidiasis

To evaluate the role of C/EBPP in antifungal immunity, we subjected C/EBPB”" mice to dis-
seminated candidiasis, the most commonly-employed model of C. albicans infection [9]. Sys-
temic candidiasis was induced with an intravenous inoculum of 2x10° C. albicans yeast cells.
Because C/EBPB” mice are on a mixed genetic background, littermates were used as controls
in these and all subsequent experiments [21]. It should be noted that C/EBPB”~ mice are noto-
riously difficult to generate, with homozygous offspring surviving at far below expected Men-
delian ratios. Nonetheless, we were able to generate animals for experimentation, although
their numbers were of necessity lower than littermate controls. As expected, C/EBPB "~ mice
infected intravenously with C. albicans succumbed to disease by day 4 post-infection, whereas
C/EBPB*"* and C/EBPB"’" mice survived beyond day 7 (Fig 1A). These data are consistent with
documented susceptibility of the C/EBPB”" mice to other infections [18], and confirm pub-
lished data in systemic candidiasis [21].

C/EBPB-deficient mice are susceptible to oral candidiasis under
conditions of immunosuppression

The most common form of candidiasis in humans occurs at mucosal surfaces, particularly in
the oral cavity. Considerable evidence supports a vital role for IL-17 in immunity to OPC [26],
and IL-17 induces downstream signals in part through C/EBPf [13, 14]. Therefore, to deter-
mine the extent to which C/EBPB-dependent pathways drive immunity to OPC, we subjected
C/EBPB”" mice to OPC. In the standard mouse model of OPC, WT mice are resistant to infec-
tion, clearing the fungus within 4-5 days and exhibiting no overt symptoms of thrush. In con-
trast, mice subjected to high dose cortisone exhibit severe OPC symptoms, including weight
loss, visible fungal lesions on the tongue and buccal mucosa, and a high fungal load determined
by CFU assessment of homogenized tongue tissue plated on YPD agar [27]. The control mice
behaved as expected, with C/EBPB*'* and C/EBPB*'" mice fully clearing C. albicans from the
oral cavity by day 5 post infection. High-dose cortisone treatment (225 mg/kg) caused severe
susceptibility to OPC, with fungal loads averaging 1.2x10° CFU/g. Unexpectedly, C/EBPB”"
mice were fully resistant to infection, exhibiting weight loss profiles and oral CFU levels similar
to C/EBPB*'* and C/EBPB"’" control mice, in the range of 1-5 CFU/g tongue tissue (Fig 1B and
1C). Therefore, OPC is to our knowledge the first infection to which C/EBPB”" mice are resis-
tant. In contrast, we previously showed that IL-17RA™", IL-17RC"" and Act1”" mice are
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Fig1. C/EBPB” mice exhibit increased susceptibility to systemic candidiasis but are resistant to oral
candidiasis. (A) The indicated mice (n = 3 per group) were injected with C. albicans in the lateral tail vein.
Time to sacrifice is indicated (days). *P<0.05 versus (vs) C/EBPB*" mice using Log-rank (Mantel-Cox). (B)
The indicated mice were infected sublingually with C. albicans for 75 mins. After 5 d, fungal loads in tongue
were assessed by CFU enumeration of tongue tissue homogenates. Bars indicate geometric mean with 95%
Cl. C/EBPB** SHAM (n = 3), C/EBPB** (n = 5), C/EBPB*" (n = 9), C/EBPB™" (n = 3), C/EBPB*'* plus 225mg/
kg cortisone (n = 3); cortisone acetate was administered by subcutaneous injection on days -1, +1 and +2
relative to infection. P<0.05 by t-test with Mann-Whitney correction: * vs C/EBPB** WT, # vs C/EBPB*, # vs
C/EBPB™, 1 vs C/EBPB*"* 225mg/kg. C. Weights of mice were assessed daily and graphed as percent of
starting weight. * vs C/EBPB** WT. P<0.05 by t-test with Mann-Whitney correction. Experiment was
performed once.

doi:10.1371/journal.pone.0136538.g001

susceptible to OPC [23, 28, 29]; therefore, these data further demonstrate that C/EBPP appears
to be dispensable for an effective IL-17-dependent immune response.

Since the C/EBPB”" mice did not develop OPC upon infection with C. albicans, a plausible
alternative hypothesis was that they might instead exhibit enhanced resistance to infection.
Indeed, C/EBPP has been linked to inhibition of IL-17-mediated signal transduction in vitro in
several prior studies [13, 16]. However, to address this question, we needed to establish a
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Fig 2. C/EBPB™ mice exhibit increased susceptibility to oral candidiasis in the context of cortisone-
induced immunosuppression. (A) C65BL/6 mice (“WT”") were treated with the indicated doses of cortisone
acetate at days -1, +1 and +2 relative to infection. After 5 d, fungal loads in tongue were assessed by CFU
enumeration of tongue tissue homogenates. SHAM (n = 3), No cortisone control (n =5), 60mg/kg (n =9), 120/
112mg/kg (n = 8), and 225mg/kg (n = 8). Data are pooled from 2 independent experiments. Bars indicate
geometric mean with 95% CI. P<0.05 by t-test with Mann-Whitney correction: * vs NO CORT, # vs 60mg/kg,
#vs 120/112mg/kg and 1 vs 225mg/kg. (B) The indicated mice were infected orally as described in panel A.
Cortisone acetate was administered subcutaneously on days -1, +1 and +2 relative to infection. C/EBPB**
SHAM (n = 3), C/EBPB** (n = 5), C/EBPB** 60 mg/kg (n = 16), C/EBPB* 60mg/kg (n = 16), C/EBPB™ 60mg/
kg (n = 10) and C/EBPB*/+ 225mg/kg (n = 4). P<0.05 by t-test with Mann-Whitney correction: * vs C/EBPB**
NO CORT, + vs C/EBPB** 60mg/kg, # vs C/EBPB*" 60mg/kg and 11 vs C/EBPB”" 60mg/kg. Data are pooled
from two independent experiments. C. Representative tongue sections from the indicated mice were stained
with H&E or Periodic-acid Schiff (PAS). Scale bar indicates 200 uM. White arrows indicate hyphae.

doi:10.1371/journal.pone.0136538.9002

model system in which WT mice exhibited a mild degree of disease so that we could observe
enhanced resistance to OPC. Accordingly, WT mice were treated with graded doses of corti-
sone acetate and infected orally with C. albicans. This regimen resulted in a dose-dependent
susceptibility to OPC (Fig 2A). Based on these data, we selected 60 mg/kg as an appropriate
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concentration, as mice given this dose exhibited an average of 89 CFU/g tongue. Accordingly,
C/EBPB”" or control mice were subjected to OPC in combination with 60 mg/kg cortisone ace-
tate. As shown, C/EBPB”" mice given 60 mg/kg cortisone showed an average CFU of 11,395
CFU/g, which was significantly greater than fungal loads in the C/EBPB*'* and C/EBPB*’" mice
given cortisone (average loads = 271 and 203 CFU/g, respectively) (Fig 2B). As expected, high
dose cortisone (225 mg/kg) caused even higher fungal burdens (6x10° CFU/g). Invasive hyphae
were observed in PAS-stained tongue sections from C/EBPB”" mice but not in controls (Fig
2C). These data indicate that C/EBPP contributes to immunity to OPC, but only under condi-
tions of cortisone-mediated immunosuppression.

Mechanisms of C/EBPB-mediated immunity to OPC

In order to understand the mechanisms by which C/EBP contributes to immunity to OPC, we
evaluated expression of genes previously shown to be induced in immunocompetent mice dur-
ing oral infection with C. albicans [23, 30]. To that end, we measured mRNA levels of chemo-
kines, cytokines anti-microbial peptides and TFs in the oral mucosa (tongues) of mice
subjected to OPC, measured at day 5. We were specifically seeking genes that showed an
impairment in C/EBPB”" mice compared to controls. Somewhat surprisingly, expression of
most genes was not impaired in infected C/EBPB”" mice; in fact, in many instances, transcripts
were expressed at higher levels compared to controls (Fig 3, Table 1). These genes included
chemokines (Cxcll, Cxcl2, Cxcl5, Fig 3A), cytokines (116, Csf3, Il17a, 1122, Fig 3B), antimicrobial
peptides (Lcn2, S100a8, Fig 3C) and immunoregulatory transcription factors (Nfkbiz, Cepbd,
Fig 3D). The elevated expression of these factors in C/EBPB”" mice was somewhat unexpected,
but probably reflects the increased fungal burden in the mice at this time point with a concomi-
tant active immune response.

In contrast to the aforementioned genes, the expression of Defb3 did correlate with suscepti-
bility to OPC, as expression was much lower in C/EBPB”~ mice compared to littermate controls
(Fig 4A). Defb3 encodes the antimicrobial peptide B-defensin 3 (BD3), which is the accepted
murine homologue of human BD2. BD3 expression has been previously linked to IL-17-immu-
nity to OPC, and this AMP also has intrinsic, direct candidacidal activity [23, 30, 31]. In light
of this observation, we also assessed the expression of Defb3 in non-immunosuppressed set-
tings. Although Defb3 was induced in C/EBPB*'* and C/EBPB"’" mice, expression was impaired
in C/EBPB”" animals (Fig 4B). However, overall expression was notably lower than in corti-
sone-treated mice (Fig 4A and 4B). Therefore, impaired Defb3 expression correlates with C/
EBPB-deficiency in cortisone-induced susceptibility to OPC, and may account for the increased
fungal burdens seen in these conditions.

Based on this observation, we assessed other members of the B-defensin family that have
been linked to candidiasis, namely Defbl and Defb4 [32-35]. However, neither showed the cor-
relative link to C/EBPB-mediated disease susceptibility that was seen for Defb3 (Fig 4A). We
also assessed Defb2, but expression was undetected in this tissue (data not shown). Modest
changes were also seen for these genes in non-immunosuppressed conditions (Fig 4B), but
these differences were so slight we think it unlikely that they contribute to the susceptible
phenotype.

Finally, to determine whether the impact of C/EBPP could be isolated to oral epithelial tis-
sue, we asked whether C. albicans exposure could induce this defensin directly in oral keratino-
cytes. There is a paucity of tractable murine oral epithelial cell systems in which to assess this
issue, so instead we used the human OKF6/TERT2 oral keratinocyte cell line [25]. Cells were
cultured for 24 with a heat-killed (HK) C. albicans cell extract [30]or with inflammatory cyto-
kines (IL-17+ TNFa) as a positive control. We assessed expression of DEFB4A, which encodes
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Fig 3. The susceptibility of C/EBPB™ mice to OPC does not correlate with expression of prototypical IL-17-regulated genes. mRNA from tongue was
isolated from the indicated mice 5 days after oral C. albicans infection [C/EBPB** SHAM (n = 3), C/EBPB** NO CORT (n = 3), C/EBPB*"* 60mg/kg (n = 5), C/
EBPBR*"60mg/kg (n = 6), and C/EBPB” 60mg/kg (n = 5)]. Complementary DNA was prepared and subjected to qPCR analysis to detect the indicated genes.
Results are presented as fold induction over SHAM treated mice and normalized to expression of Gapdh. Data are pooled from 2 independent experiments.
P<0.05 by student unpaired t-test: * vs C/EBPB** NO CORT, # vs C/EBPB*"* 60mg/kg, # vs C/EBPB* 60mg/kg and Tr vs C/EBPB™- 60mg/kg.

doi:10.1371/journal.pone.0136538.9g003
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Table 1. (Simpson-Abelson et al.).

Gene Protein C/EBP Genotype

+H+ +- -/-
6 IL-6 - - i
1123 IL-23p19 - - *
Csf2 G-CSF - * *
Ifng IFNy - - -
Cxcl1 CXCL1/KC - * i
Cxcl2 CXCL2 * il REXX
Cxcl5 CXCL5 * i REEX
Len2 Lipocalin-2/24p3 * * *xE
Defb3 B-defensin 3 *xx xxx *¥
Nfkbiz IkBC * * **
Cebpd C/EBP3 - - -

Transcript expression levels of the indicated genes in tongues isolated from the indicated mice 5 days after
induction of oropharyngeal candidiasis. Increase over Sham-infected mice is indicated as follows:
*2-4-fold,

** 5-10 fold,

**% 10-50 fold,

**%* > 100-fold

doi:10.1371/journal.pone.0136538.1001

BD2, the human orthologue of murine BD3. Whereas cytokines induced substantial expression
of DEFB4A, there was no detectable induction of this gene upon C. albicans treatment, which
held true at both early and late time points (Fig 4C, data not shown).

Discussion

Since IL-17 is a key regulator of immunity to oral candidiasis and mediates gene regulation
through C/EBPB, the impetus for this study was to understand possible connections between
IL-17 signaling, C/EBP and antifungal immunity. The C/EBP transcription factors are central
regulators of immune responses, controlling expression of a myriad of cytokines, receptors and
other genes important in host defense against infection [20]. C/EBPf [also known as liver acti-
vated protein (LAP) or nuclear factor inducing IL-6 (NF-IL6)] is an intronless gene that was
among the first TFs to be characterized, yet is surprisingly poorly understood in the context of
mammalian immunity. In part this deficit is due to the early lethality of C/EBPB”" mice. C/
EBPB'/ “animals often die shortly after birth, an effect that is more pronounced in non-SPF
conditions [21]. These mice exhibit lymphoproliferative and myeloproliferative disorders and
have high circulating levels of IL-6 [18]. Not surprisingly, C/EBPB”~ mice are highly sensitive
to many pathogens, including Listeria monocytogenes, Salmonella typhimurium as well as sys-
temic C. albicans (Fig 1A) [18, 21].

C/EBP is subject to numerous forms of post-transcriptional and post-translational modifi-
cations, many of which are regulated by inflammatory stimuli such as LPS, IL-1 and IL-17. For
example, C/EBPP undergoes alternative translation into three functionally distinct isoforms,
with IL-17 enhancing expression of the LAP* and liver inhibitory protein (LIP) isoforms relative
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Fig 4. Susceptibility of C/EBPB™ mice to OPC correlates with expression of BD3. (A) mRNA from tongue was isolated from the indicated mice 5 days
after oral C. albicans infection [C/EBPB** SHAM (n = 3), C/EBPB** NO CORT (n = 3), C/EBPB*"* 60mg/kg (n = 5), C/EBPB*" 60mg/kg (n = 6), and C/EBPB™
60mg/kg (n = 5)]. Complementary DNA was prepared and subjected to qPCR analysis to detect the indicated genes. Results are presented as fold induction
over SHAM treated mice and normalized to expression of Gapdh. Data are pooled from two independent experiments. P<0.05 by student unpaired t-test. * vs
C/EBPB** NO CORT, + vs C/EBPB** 60mg/kg, # vs C/EBPB*" 60mg/kg and T vs C/EBPB™ 60mg/kg. (B) mRNA from tongue was isolated from the
indicated mice 5 days after oral C. albicans infection and analyzed as in panel A. C/EBPB** SHAM (n = 3), C/EBPB** (n = 2), C/EBPB*" (n=2), and C/
EBPBR™ (n = 2). Data are from one experiment. * P<0.05 by student unpaired t-test. vs C/EBPB*'*, + vs C/EBPB*" and 1 vs C/EBPB™". (C) OKF6/TERT2
human oral keratinocytes were treated with 200 ng/ml IL-17 plus 2ng/ml TNFa or with 2x10° HK C. albicans for 24 h. Complementary DNA was prepared and
subjected to qPCR analysis to detect DEFB4A. Data are normalized to expression of GAPDH and represent absolute levels. Data are representative of 2
independent experiments. *P<0.05 compared to unstimulated OKF6/TERT2 cells.

doi:10.1371/journal.pone.0136538.9g004

to the normally dominant LAP isoform [16, 36]. IL-17 also induces phosphorylation of C/EBPf
on sites that are known to regulate its transcriptional capacity [13, 37]. Given these connections,
we were surprised to observe that C/EBPp-deficient mice were fully resistant to OPC, at least in

the absence of underlying immunosuppressive drugs. In fact, as far as we know, OPC is the only
infectious disease to which these mice have been found to be resistant (Fig 1B).
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IL-17 deficiency causes mucosal candidiasis in humans with rare genetic defects in this
pathway [38]. However, a much more common risk factor for OPC in the general population
is the use of immunosuppressive drugs, including systemic or inhaled corticosteroids. Exactly
why this is the case is poorly understood at the molecular level, but our data suggest that C/
EBP is an important component of oral immunity in this context. The gene encoding
CEBPB is upregulated in human epithelial and endothelial cells in response to Candida expo-
sure as well as in samples from women with vaginal candidiasis [39]. Moreover, our data
imply that this susceptibility is not due to a failure of IL-17 signaling, since C/EBPB”" mice
are resistant to OPC, whereas mice with impaired IL-17 signaling capability (e.g., IL-17RA™",
IL-17RC™", Actl” or RORyt'/' mice) are all highly susceptible [23, 28, 29, 40]. Notably, IL-
17R-deficient mice have significantly lower oral fungal burdens of C. albicans than mice
given high dose corticosteroids [23], indicating that C/EBPp appears to contribute to the
non-IL-17-dependent arm of antifungal immunity. One mechanism by which C/EBPJ con-
tributes to cortisone-induced OPC may be in regulating the monocyte/macrophage lineage.
C/EBPp is potently induced by LPS and TNFa in these cells, where it regulates a myriad of
genes controlling proliferation, differentiation and function of these innate cells [41]. Consis-
tently, depletion of monocytes and neutrophils induces severe OPC in mice, with fungal
loads similar to cortisone-treated animals and several logs higher than IL-17RA-deficient
mice [42].

Our data suggest a link between C/EBPP and Defb3 gene expression in OPC, but not other
classic IL-17 target genes that are regulated by C/EBP such as Il6 or Lcn2 [12] (Table 1, Fig
4). Indeed, neither IL-6”" nor Len2 ™™ mice are susceptible to OPC [29, 40], which is consis-
tent with the resistance of C/EBPB”" mice to this disease. In this regard, B-defensins are well
established as regulators of immunity to C. albicans and other mucosal pathogens [43]. BD3
and its human orthologue BD2 are expressed in oral mucosa during exposure to C. albicans
[23, 30, 44-46]. Upregulation of BD2 in lung epithelial cells is regulated by IL-17 and other
cytokines through the NF-«B and PI3K pathways [47-49]. It is likely that similar pathways
are operative in oral epithelium as well. In addition to its activity as an antimicrobial peptide,
BD3 is also a ligand for the chemokine receptor CCR6, which is expressed on various muco-
sal lymphocytes including IL-17-expressing cells [31, 50]. We speculate that both activities
are operational in the setting of OPC, but of course further experimentation in this regard is
warranted.

A complete profile of genes regulated by C/EBPp during cortisone-induced OPC would
require a global analysis such as ChIP-Seq, which would be technically challenging since it is
difficult to purify enough viable oral epithelial cells from tongue to accomplish such a study
[23, 51]. This is especially true following steroid use, which depletes hematopoietic cell num-
bers. In attempting to identify a system where a more molecular approach might be accom-
plished, we analyzed a human oral keratinocyte cell line, OKF6/TERT2 [25] for the ability to
induce BD2 (Fig 4C). Although the gene encoding BD2 was induced in response to inflamma-
tory cytokines (IL-17 and TNFa), treatment with a heat-killed C. albicans extract alone did not
induce this defensin. Since the impact of C/EBPp deficiency seems to be largely independent of
IL-17, this system is not suitable for understanding how BD2 (and by extension, BD3) is regu-
lated by C/EBP in this setting.

In summary, these data shed new light on how immunity to mucosal candidiasis is con-
trolled, and also the contribution of C/EBP to steroid-induced fungal susceptiblity. Defensins
may therefore be an attractive therapeutic target in treating mucosal fungal infections associ-
ated with immunosuppression.

PLOS ONE | DOI:10.1371/journal.pone.0136538 August 28, 2015 11/14



@’PLOS ‘ ONE

C/EBPR in C. albicans Infection

Acknowledgments

SLG was supported by NIH grants DE022550, DE023815 and AI107825. MSA was supported
by the Arthritis Foundation and NTH grant F32-A1098423. HRC was supported by F32-
DE023293. The content is solely the responsibility of the authors and does not necessarily rep-
resent the official views of the National Institutes of Health. We thank P. Biswas (University of
Pittsburgh) and D. Kalvakolanu (University of Maryland) and S.G. Filler (UCLA) for critical
reading and helpful suggestions.

Author Contributions

Conceived and designed the experiments: MRSA SLG. Performed the experiments: MRSA
MCEF EEC SB HRC. Analyzed the data: MRSA EEC SLG. Wrote the paper: MRSA SLG.

References

1. Milner J, Holland S. The cup runneth over: lessons from the ever-expanding pool of primary immunode-
ficiency diseases. Nat Rev Immunol. 2013; 13:635-48. doi: 10.1038/nri3493 PMID: 23887241

2. Puel A, Picard C, Cypowyj S, Lilic D, Abel L, Casanova JL. Inborn errors of mucocutaneous immunity to
Candida albicans in humans: a role for IL-17 cytokines? Curr Opin Immunol. 2010; 22(4):467—74. doi:
10.1016/j.c0i.2010.06.009 PMID: 20674321

3. Fidel PL Jr. Candida-Host Interactions in HIV Disease: Implications for Oropharyngeal Candidiasis.
Adv Dent Res. 2011; 23(1):45-9 doi: 10.1177/0022034511399284 PMID: 21441480

4. Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, White TC. Hidden killers: human fungal infec-
tions. Sci Transl Med. 2012; 4(165):165rv13. doi: 10.1126/scitranslmed.3004404 PMID: 23253612

5. Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lanzavecchia A, et al. Surface
phenotype and antigenic specificity of human interleukin 17-producing T helper memory cells. Nat
Immunol. 2007; 8:639-46. PMID: 17486092

6. Browne SK, Holland SM. Immunodeficiency secondary to anticytokine autoantibodies. Curr Opin
Allergy Clin Immunol. 2010; 10(6):534—41. doi: 10.1097/ACI.0b013e3283402b41 PMID: 20966748

7. Puel A, Cypow;ji S, Bustamante J, Wright J, Liu L, Lim H, et al. Chronic mucocutaneous candidiasis in
humans with inborn errors of interleukin-17 immunity. Science. 2011; 332:65-8. doi: 10.1126/science.
1200439 PMID: 21350122

8. Boisson B, Wang C, Pedergnana V, Wu L, Cypowy;j S, Rybojad M, et al. A biallelic ACT1 mutation
selectively abolishes interleukin-17 responses in humans with chronic mucocutaneous candidiasis.
Immunity. 2013; 39:676—-86. doi: 10.1016/j.immuni.2013.09.002 PMID: 24120361

9. Conti HR, Huppler AR, Whibley N, Gaffen SL. Animal models for candidiasis. Cur Protoc. Immunol /
edited by John E Coligan [et al]. 2014; 105:196 1-6 7.

10. ShenF, Gaffen SL. Structure-function relationships in the IL-17 receptor: Implications for signal trans-
duction and therapy. Cytokine. 2008; 41:92—104. doi: 10.1016/j.cyt0.2007.11.013 PMID: 18178098

11. Gaffen SL, Jain R, Garg A, Cua D. IL-23-IL-17 immune axis: Discovery, mechanistic understanding and
clinical therapy. Nat Rev Immunol. 2014; 14(9):585-600. doi: 10.1038/nri3707 PMID: 25145755

12. ShenF, Hu Z, Goswami J, Gaffen SL. Identification of common transcriptional regulatory elements in
interleukin-17 target genes. J Biol Chem. 2006; 281:24138—-48. PMID: 16798734

13. ShenF, LiN, Gade P, Kalvakolanu DV, Weibley T, Doble B, et al. IL-17 Receptor Signaling Inhibits C/
EBP by Sequential Phosphorylation of the Regulatory 2 Domain. Sci Signal. 2009; 2(59):ra8. doi: 10.
1126/scisignal.2000066 PMID: 19244213

14. Ruddy MJ, Wong GC, Liu XK, Yamamoto H, Kasayama S, Kirkwood KL, et al. Functional cooperation
between interleukin-17 and tumor necrosis factor-a is mediated by CCAAT/enhancer binding protein
family members. J Biol Chem. 2004; 279(4):2559-67. PMID: 14600152

15. Patel DN, King CA, Bailey SR, Holt JW, Venkatachalam K, Agrawal A, et al. Interleukin-17 stimulates
C-reactive protein expression in hepatocytes and smooth muscle cells via p38 MAPK and ERK1/2-
dependent NF-kB and C/EBP activation. J Biol Chem. 2007; 282(37):27229-38. PMID: 17652082

16. Maitra A, Shen F, Hanel W, Mossman K, Tocker J, Swart D, et al. Distinct functional motifs within the IL-
17 receptor regulate signal transduction and target gene expression. Proc Natl Acad Sci, USA. 2007;
104:7506—11. PMID: 17456598

PLOS ONE | DOI:10.1371/journal.pone.0136538 August 28, 2015 12/14


http://dx.doi.org/10.1038/nri3493
http://www.ncbi.nlm.nih.gov/pubmed/23887241
http://dx.doi.org/10.1016/j.coi.2010.06.009
http://www.ncbi.nlm.nih.gov/pubmed/20674321
http://dx.doi.org/10.1177/0022034511399284
http://www.ncbi.nlm.nih.gov/pubmed/21441480
http://dx.doi.org/10.1126/scitranslmed.3004404
http://www.ncbi.nlm.nih.gov/pubmed/23253612
http://www.ncbi.nlm.nih.gov/pubmed/17486092
http://dx.doi.org/10.1097/ACI.0b013e3283402b41
http://www.ncbi.nlm.nih.gov/pubmed/20966748
http://dx.doi.org/10.1126/science.1200439
http://dx.doi.org/10.1126/science.1200439
http://www.ncbi.nlm.nih.gov/pubmed/21350122
http://dx.doi.org/10.1016/j.immuni.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24120361
http://dx.doi.org/10.1016/j.cyto.2007.11.013
http://www.ncbi.nlm.nih.gov/pubmed/18178098
http://dx.doi.org/10.1038/nri3707
http://www.ncbi.nlm.nih.gov/pubmed/25145755
http://www.ncbi.nlm.nih.gov/pubmed/16798734
http://dx.doi.org/10.1126/scisignal.2000066
http://dx.doi.org/10.1126/scisignal.2000066
http://www.ncbi.nlm.nih.gov/pubmed/19244213
http://www.ncbi.nlm.nih.gov/pubmed/14600152
http://www.ncbi.nlm.nih.gov/pubmed/17652082
http://www.ncbi.nlm.nih.gov/pubmed/17456598

@’PLOS ‘ ONE

C/EBPR in C. albicans Infection

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Uematsu S, Kaisho T, Tanaka T, Matsumoto M, Yamakami M, Omori H, et al. The C/EBP beta isoform
34-kDa LAP is responsible for NF-IL-6-mediated gene induction in activated macrophages, but is not
essential for intracellular bacteria killing. J Immunol. 2007; 179(8):5378-86. PMID: 17911624

Tanaka T, Akira S, Yoshida K, Umemoto M, Yoneda Y, Shirafuji N, et al. Targeted disruption of the NF-
IL6 gene discloses its essential role in bacteria killing and tumor cytotoxicity by macrophages. Cell.
1995; 80(2):353—-61. PMID: 7530603

Ramiji DP, Foka P. CCAAT/enhancer-binding proteins: structure, function and regulation. Biochem J.
2002; 365:561-75. PMID: 12006103

Tsukada J, Yoshida Y, Kominato Y, Auron PE. The CCAAT/enhancer (C/EBP) family of basic-leucine
zipper (bZIP) transcription factors is a multifaceted highly-regulated system for gene regulation. Cyto-
kine. 2011; 54(1):6—19. doi: 10.1016/j.cyt0.2010.12.019 PMID: 21257317

Screpanti |, Romani L, Musiani P, Modesti A, Fattori E, Lazzaro D, et al. Lymphoproliferative disorder
and imbalanced T-helper response in C/EBP B-deficient mice. EMBO J. 1995; 14(9):1932—41. PMID:
7744000

Kamai Y, Kubota M, Kamai Y, Hosokawa T, Fukuoka T, Filler S. New model of oropharyngeal candidia-
sis in mice. Anti-microb Agents Chemo. 2001; 45:3195-7.

Conti H, Shen F, Nayyar N, Stocum E, S JN, Lindemann M, et al. Th17 cells and IL-17 receptor signal-
ing are essential for mucosal host defense against oral candidiasis. J Exp Med. 2009; 206(2):299-311.
doi: 10.1084/jem.20081463 PMID: 19204111

Whibley N, Maccallum DM, Vickers MA, Zafreen S, Waldmann H, Hori S, et al. Expansion of Foxp3(+)
T-cell populations by Candida albicans enhances both Th17-cell responses and fungal dissemination
after intravenous challenge. Eur J Immunol. 2014; 44(4):1069-83. doi: 10.1002/¢ji.201343604 PMID:
24435677

Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, Weinberg RA, et al. Human keratinocytes that
express hTERT and also bypass a p16(INK4a)-enforced mechanism that limits life span become
immortal yet retain normal growth and differentiation characteristics. Mol Cell Biol. 2000; 20(4):1436—
47. PMID: 10648628

Hernandez-Santos N, Gaffen SL. Th17 cells in immunity to Candida albicans. Cell Host Microbe. 2012;
11:425-35. doi: 10.1016/j.chom.2012.04.008 PMID: 22607796

Solis NV, Filler SG. Mouse model of oropharyngeal candidiasis. Nat Protoc. 2012; 7(4):637-42. doi: 10.
1038/nprot.2012.011 PMID: 22402633

Ho A, Shen F, Conti H, Patel N, Childs E, Peterson A, et al. IL-17RC is required forimmune signaling
via an extended SEFIR domain in the cytoplasmic tail J Immunol. 2010; 185:1063-70. doi: 10.4049/
jimmunol.0903739 PMID: 20554964

Ferreira MC, Whibley N, Mamo AJ, Siebenlist U, Chan YR, Gaffen SL. Interleukin-17-induced protein
lipocalin 2 is dispensable for immunity to oral candidiasis. Infect Immun. 2014; 82(3):1030-5. doi: 10.
1128/1A1.01389-13 PMID: 24343647

Hernandez-Santos N, Huppler AR, Peterson AC, Khader SA, M KC, Gaffen SL. Th17 cells confer long
term adaptive immunity to oral mucosal Candida albicans infections. Mucosal Immunol. 2013; 6:900—
10. doi: 10.1038/mi.2012.128 PMID: 23250275

Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, Shogan J, et al. b-Defensins: Linking innate
immunity and adaptive immunity through dendritic and T cell CCR6. Science. 1999; 286:525-8. PMID:
10521347

Tomalka J, Azodi E, Narra HP, Patel K, O'Neill S, Cardwell C, et al. Beta-Defensin 1 plays a role in
acute mucosal defense against Candida albicans. J Immunol. 2015; 194(4):1788-95. doi: 10.4049/
jimmunol.1203239 PMID: 25595775

Jurevic RJ, Bai M, Chadwick RB, White TC, Dale BA. Single-nucleotide polymorphisms (SNPs) in
human beta-defensin 1: high-throughput SNP assays and association with Candida carriage in type |
diabetics and nondiabetic controls. J Clin Microbiol. 2003; 41(1):90-6. PMID: 12517831

Feng Z, Jiang B, Chandra J, Ghannoum M, Nelson S, Weinberg A. Human beta-defensins: differential
activity against candidal species and regulation by Candida albicans. J Dent Res. 2005; 84(5):445-50.
PMID: 15840781

Schofield DA, Westwater C, Balish E. Beta-defensin expression inimmunocompetent and immunode-
ficient germ-free and Candida albicans-monoassociated mice. J Infect Dis. 2004; 190(7):1327-34.
PMID: 15346345

Cortez DM, Feldman MD, Mummidi S, Valente AJ, Steffensen B, Vincenti M, et al. IL-17 stimulates
MMP-1 expression in primary human cardiac fibroblasts via p38 MAPK- and ERK1/2-dependent C/
EBP-®, NF-kB, and AP-1 activation. Am J Physiol 2007; 293(6):H3356—65.

PLOS ONE | DOI:10.1371/journal.pone.0136538 August 28, 2015 13/14


http://www.ncbi.nlm.nih.gov/pubmed/17911624
http://www.ncbi.nlm.nih.gov/pubmed/7530603
http://www.ncbi.nlm.nih.gov/pubmed/12006103
http://dx.doi.org/10.1016/j.cyto.2010.12.019
http://www.ncbi.nlm.nih.gov/pubmed/21257317
http://www.ncbi.nlm.nih.gov/pubmed/7744000
http://dx.doi.org/10.1084/jem.20081463
http://www.ncbi.nlm.nih.gov/pubmed/19204111
http://dx.doi.org/10.1002/eji.201343604
http://www.ncbi.nlm.nih.gov/pubmed/24435677
http://www.ncbi.nlm.nih.gov/pubmed/10648628
http://dx.doi.org/10.1016/j.chom.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22607796
http://dx.doi.org/10.1038/nprot.2012.011
http://dx.doi.org/10.1038/nprot.2012.011
http://www.ncbi.nlm.nih.gov/pubmed/22402633
http://dx.doi.org/10.4049/jimmunol.0903739
http://dx.doi.org/10.4049/jimmunol.0903739
http://www.ncbi.nlm.nih.gov/pubmed/20554964
http://dx.doi.org/10.1128/IAI.01389-13
http://dx.doi.org/10.1128/IAI.01389-13
http://www.ncbi.nlm.nih.gov/pubmed/24343647
http://dx.doi.org/10.1038/mi.2012.128
http://www.ncbi.nlm.nih.gov/pubmed/23250275
http://www.ncbi.nlm.nih.gov/pubmed/10521347
http://dx.doi.org/10.4049/jimmunol.1203239
http://dx.doi.org/10.4049/jimmunol.1203239
http://www.ncbi.nlm.nih.gov/pubmed/25595775
http://www.ncbi.nlm.nih.gov/pubmed/12517831
http://www.ncbi.nlm.nih.gov/pubmed/15840781
http://www.ncbi.nlm.nih.gov/pubmed/15346345

@’PLOS ‘ ONE

C/EBPR in C. albicans Infection

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Tang QQ, Gronborg M, Huang H, Kim JW, Otto TC, Pandey A, et al. Sequential phosphorylation of
CCAAT enhancer-binding protein by MAPK and glycogen synthase kinase 3B is required for adipo-
genesis. Proc Natl Acad Sci U S A. 2005; 102(28):9766—71. PMID: 15985551

Huppler AR, Bishu S, Gaffen SL. Mucocutaneous candidiasis: the IL-17 pathway and implications for
targeted immunotherapy. Arthritis Res Ther. 2012; 14(4):217. doi: 10.1186/ar3893 PMID: 22838497

Liu'Y, Shetty AC, Schwartz JA, Bradford LL, Xu W, Phan QT, et al. New signaling pathways govern the
host response to C. albicans infection in various niches. Genome Res. 2015.

Conti H, Peterson A, Huppler A, Brane L, Hernandez-Santos N, Whibley N, et al. Oral-resident ‘natural’
Th17 cells and yd-T cells control opportunistic Candida albicans infections. J Exp Med. 2014; 211
(10):2075-84. doi: 10.1084/jem.20130877 PMID: 25200028

Huber R, Pietsch D, Panterodt T, Brand K. Regulation of C/EBP and resulting functions in cells of the
monocytic lineage. Cell Signal. 2012; 24(6):1287-96. doi: 10.1016/j.cellsig.2012.02.007 PMID:
22374303

Huppler AR, Conti HR, Hernandez-Santos N, B PS, Darville T, Gaffen SL. Role of neutrophils in IL-17-
dependent immunity to mucosal candidiasis. J Immunol. 2014; 192:1745-52. doi: 10.4049/jimmunol.
1302265 PMID: 24442441

Suarez-Carmona M, Hubert P, Delvenne P, Herfs M. Defensins: "Simple" antimicrobial peptides or
broad-spectrum molecules? Cytokine Growth Factor Rev. 2014.

Conti H, Baker O, Freeman A, Jang W, Li R, Holland S, et al. New mechanism of oral immunity to muco-
sal candidiasis in hyper-IgE syndrome. Mucosal Immunol. 2011; 4:448-55. doi: 10.1038/mi.2011.5
PMID: 21346738

Mathews M, Jia HP, Guthmiller JM, Losh G, Graham S, Johnson GK, et al. Production of beta-defensin
antimicrobial peptides by the oral mucosa and salivary glands. Infect Immun. 1999; 67(6):2740-5.
PMID: 10338476

Lu Q, Jayatilake JA, Samaranayake LP, Jin L. Hyphal invasion of Candida albicans inhibits the expres-
sion of human beta-defensins in experimental oral candidiasis. J Invest Derm. 2006; 126(9):2049-56.
PMID: 16741514

Huang F, Kao CY, Wachi S, Thai P, Ryu J, Wu R. Requirement for both JAK-mediated PI3K signaling
and ACT1/TRAF6/TAK1-dependent NF-kB activation by IL-17A in enhancing cytokine expression in
human airway epithelial cells. J Immunol. 2007; 179(10):6504—13. PMID: 17982039

Kao CY, Chen Y, Thai P, Wachi S, Huang F, Kim C, et al. IL-17 markedly up-regulates beta-defensin-2
expression in human airway epithelium via JAK and NF-kB signaling pathways. J Immunol. 2004; 173
(5):3482-91. PMID: 15322213

Kao CY, Kim C, Huang F, Wu R. Requirements for two proximal NF-kappaB binding sites and IkB- {in
IL-17A-induced human B-defensin 2 expression by conducting airway epithelium. J Biol Chem. 2008;
283(22):15309-18. doi: 10.1074/jbc.M708289200 PMID: 18362142

Lee AY, Phan TK, Hulett MD, Korner H. The relationship between CCR6 and its binding partners: does
the CCR6-CCL20 axis have to be extended? Cytokine. 2015; 72(1):97—-101. doi: 10.1016/j.cyt0.2014.
11.029 PMID: 25585877

Pandiyan P, Bhaskaran N, Zhang Y, Weinberg A. Isolation of T cells from mouse oral tissues. Biological
procedures online. 2014; 16(1):4. doi: 10.1186/1480-9222-16-4 PMID: 24612879

PLOS ONE | DOI:10.1371/journal.pone.0136538 August 28, 2015 14/14


http://www.ncbi.nlm.nih.gov/pubmed/15985551
http://dx.doi.org/10.1186/ar3893
http://www.ncbi.nlm.nih.gov/pubmed/22838497
http://dx.doi.org/10.1084/jem.20130877
http://www.ncbi.nlm.nih.gov/pubmed/25200028
http://dx.doi.org/10.1016/j.cellsig.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22374303
http://dx.doi.org/10.4049/jimmunol.1302265
http://dx.doi.org/10.4049/jimmunol.1302265
http://www.ncbi.nlm.nih.gov/pubmed/24442441
http://dx.doi.org/10.1038/mi.2011.5
http://www.ncbi.nlm.nih.gov/pubmed/21346738
http://www.ncbi.nlm.nih.gov/pubmed/10338476
http://www.ncbi.nlm.nih.gov/pubmed/16741514
http://www.ncbi.nlm.nih.gov/pubmed/17982039
http://www.ncbi.nlm.nih.gov/pubmed/15322213
http://dx.doi.org/10.1074/jbc.M708289200
http://www.ncbi.nlm.nih.gov/pubmed/18362142
http://dx.doi.org/10.1016/j.cyto.2014.11.029
http://dx.doi.org/10.1016/j.cyto.2014.11.029
http://www.ncbi.nlm.nih.gov/pubmed/25585877
http://dx.doi.org/10.1186/1480-9222-16-4
http://www.ncbi.nlm.nih.gov/pubmed/24612879

