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Abstract

Candida. albicans is the most common cause of fungal infections in humans, and disseminated 

candidiasis has become one of the leading causes of hospital-acquired blood stream infections 

with a high mortality rate. However, little is known about the host–pathogen interactions and the 

mechanisms of antifungal immunity. Here, we report that Nedd4 is essential for signaling through 

Dectin-1 and Dectin-2/3. We showed that mice lacking Nedd4 globally or only in the myeloid 

compartment are highly susceptible to systemic C. albicans infection, which correlates with 

heightened organ fungal burden, defective inflammatory response, impaired leukocyte recruitment 

to the kidneys, and defective reactive oxygen species (ROS) expression by granulocytes. At the 

molecular level, Nedd4−/− macrophages displayed impaired activation of TAK-1 and NF-κB, but 

normal activation of Syk and PKC-δ upon C. albicans yeast and hyphal infections. These data 

suggest that Nedd4 regulates signaling events downstream of PKC-δ but upstream of or at TAK-1.

Introduction

Superficial infections of the skin and nails are the most common benign fungal diseases in 

humans and affect ~25% (or ~1.9 billion) of the general population worldwide (1). Invasive 

fungal infections are less common but are of greater concern because they are associated 

with unacceptably high mortality rates exceeding 50% (2, 3). The common encountered 

invasive fungal infections are caused by Candida Species (4). The most common and 

dangerous species that cause invasive candidiasis are C. albicans, C. glabrata, C. tropicalis, 
C. parapsilosis, C. krusei (5, 6) and most recently identified C. auris (7–9). Candida spp. do 

not cause diseases in immunocompetent individuals. However, people with 

immunocompromised immunity, such as Human immunodeficiency virus (HIV) patients, or 

those undergoing chemotherapy or organ transplantation, are of high risk of invasive fungal 

infections (2, 10). Prolonged hospitalization, venous catheter, denture wearers, neonatal 

intensive care, liver transplantation and major gut surgery are major predisposing factors for 
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invasive Candidemia (2, 4, 11, 12). The increase in resistance to available drugs, toxicity, 

undesirable drug interactions, restrictions in routes of administration (internal verses 

external), and bioavailability among others heighten the urgency to enhance research into 

host defence against fungal pathogens (10, 13–15). Moreover, the Center for Disease 

Control and Prevention has classified C. auris as an emerging healthcare threat due to its 

resistance to most available drugs coupled with difficulty in identifying the organism using 

standard laboratory procedures (7, 8, 16).

During fungal infection, various pattern recognition receptors (PRRs), such as Toll-like 

receptors (TLRs) and most importantly C-type lectin receptors (CLRs) in innate immune 

cells, sense pathogen-associated molecular patterns (PAMPs) from fungi (17–20). The CLRs 

dectin-1 (encoded by Clec7a in mice) and dectin-2 (encoded by Clec4n in mice) recognize 

C. albicans yeast cells and hyphae by binding to surface β-glucans and α-mannans on the 

two fungal forms respectively (21–24). These interactions induce the activation of Syk 

which leads to subsequent activation of protein-kinase C-δ (PKC-δ). Signalling through 

PKC-δ facilitates the formation of the CARD9-BCL10-MALT1 complex which 

subsequently activates NF-κB, thus eliciting the production of various inflammatory 

cytokines (25–27). Although it is well-established that NF-κB is crucial for CLR-mediated 

anti-fungal innate immune responses, how NF-κB activation is regulated during fungal 

infections is still not fully elucidated.

Nedd4 (neuronal precursor cell-expressed developmentally down-regulated 4) is a HECT 

(homologous E6-AP carboxyl terminus)-type E3 ubiquitin ligase which directs the 

ubiquitination of an array of signalling proteins (28–31). Nedd4 consists of a C-terminal 

HECT domain and N-terminal C2 domain and three (mouse) or four (human) WW domains. 

The C2 domain regulates cellular localization, the WW domains provide substrate 

recognition typically by binding to the PY motif (L/PPxY), and the HECT domain confers 

E3 ligase activity and has a ubiquitin binding surface that enables progressivity of 

ubiquitination (32–34). Previously, we and others have shown that Nedd4 positively 

regulates T cell activation and proliferation (35, 36). Although Nedd4 was reported to be 

involved in anti-intracellular bacteria clearance by promoting autophagy (37), in vivo 

biological relevance of this observation remains to be elucidated because mice deficient for 

Nedd4 were not used in this study. Furthermore, whether Nedd4 regulates anti-fungal innate 

immunity is completely unknown.

Here we report that macrophages and neutrophils lacking Nedd4 produce significantly lower 

amounts of pro-inflammatory cytokines including TNF-α and IL-6, and display impaired 

ROS expression and fungal killing activity upon infection with C. albicans yeasts and 

hyphae. In support of a crucial role of Nedd4 in anti-fungal innate immune responses, mice 

lacking Nedd4 or lacking Nedd4 specifically in myeloid cells succumb to systemic C. 
albicans infection. Mechanistically, Nedd4 appears to be required for CLR-mediated 

activation of the NF-κB signalling pathway downstream of PKC-δ but upstream of or at 

TAK-1.
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Materials and Methods

Mice

The Nedd4 conditional knockout mice (cKO) were generated at Taconic Biosciences 

(Cranbury, NJ, USA) by targeting C57BL/6 embryonic stem (ES) cells followed by 

blastocyst microinjection for subsequent chimera generation. The targeting vector was 

constructed for conditional deletion of exons 2 and 3 of the mouse Nedd4 gene in a plasmid 

containing two LoxP sequences upstream and downstream of the target region (Fig. 1A). 

The long homologous arm was isolated from intron 1 and the short homologous arm was 

isolated from intron 3. Deletion of exons 2 and 3 led to the removal of 239 bp coding 

sequence, and generated a premature stop codon in the Nedd4 mRNA, thus resulting in the 

loss of functional Nedd4 protein. Moreover, the Nedd4 mRNA with such a deletion was 

degraded due to non-sense-mediated mRNA decay. Conditional KO Nedd4 (Nedd4f/f) mice 

were crossed with Rosa26-Cre-ERT2 mice [B6.129-Gt(ROSA)26Sortm1(cre/ERT2) in which a 

sequence encoding a fusion of Cre recombinase and the estrogen receptor (ERT2) was 

recombined into the ubiquitously expressed Rosa26 locus] to generate Nedd4f/fRosa26-Cre-
ERT2 mice (called ’Nedd4/ROSACreER mice’ here) in which the Cre recombinase becomes 

active upon stimulation with Tamoxifen leading to systemic deletion of Nedd4 (Figure 1b). 

Nedd4f/f mice were also crossed to LysMcre mice [(B6N.129P2(B6)-Lyz2tm1(cre)), in which 

a nuclear-localized Cre recombinase is inserted into the first coding ATG of the lysozyme 2 

gene (Lyz2)] (38) to generate Nedd4f/f/LYSMcre mice (referred to as Nedd4ΔM) which lack 

Nedd4 in myeloid specific cells (Fig. 1D). The mice were used at 8–12 weeks of age, and 

both male and female mice were used in this study. All animal experimentation involving 

systemic C. albicans infection was approved by the Institutional Animal Care and Use 

Committees (IACUCs) of the Ohio State University and the University of Iowa.

Reagents

Antibodies against SYK (#12358), PKC-δ (#9616) and NF-κB (#3034) were purchased 

from Cell Signaling Technology Inc. (Danvers, MA). Anti-TAK-1 (#166562) was purchased 

from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-Nedd4 (#21698-AP) was 

purchased from Proteintech Group Inc. (Rosemont IL). The following reagents were 

purchased from BioLegend (San Diego, CA): PE-Cy7 conjugated anti–mouse CD45.2 

antibody (#109830), PE conjugated anti–mouse CD11b (#101208), APC Cy7 conjugated 

anti-mouse F4/80 (#123118), PerCP conjugated anti–mouse Ly6C (#128012), Fitc 

conjugated anti–mouse Ly6G (#127606), and ELISA kits for mouse IL-6 (#431304) and 

TNF-α (#430904). Anti-phospho-SYK (Y525/526; #2711), anti-phospho-PKC-δ (Tyr311, 

#2055), anti-phospho-TAK-1 (Ser412 #9339), anti-phospho-p44/42 MAPK (Thr202/Tyr204, 

#9101), anti-phospho-SAPK/JNK (Thr183/Tyr185 #9251) anti-phospho-p38 MAPK 

(Thr180/Tyr182 #4631) anti-phospho-NF-κB p65 (S536; #3031), and anti-phospho-IκBα 
(Ser32/36) (5A5; #9246) were purchased from Cell Signaling Technology, Inc. Mouse 

neutrophil isolation kit (#130097658) was purchased from Miltenyi Biotec (San Diego, CA). 

Collagenase type IV (02195110) was purchased from MP Biomedicals (Santa Ana, CA). 

Concanavalin A conjugated Alexa Flour 488 and CellRox Deep Red (C10422) were 

purchased from ThermoFisher Scientific (Waltham, MA). TLR1-9 ligands were purchased 

from Novus Biologicals USA (Centennial, CO). Zymosan (#Z4250), Curdlan (#C7821) and 
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α-mannan (#M3640) were purchased from Sigma Aldrich (St Louis, MO). Validation of the 

antibodies used is provided on the manufacturers’ websites.

Generation of tamoxifen inducible knockout mice

20 mg/mL tamoxifen solution was prepared by dissolving tamoxifen in corn oil and rocking 

it overnight at room temperature. A dose of 100 μg tamoxifen/g (100 mg/kg) body weight 

was injected for 4 consecutive days at 100 μl per mouse. A placebo of 100 μl corn oil per 

mouse was injected into control mice. Mice were transferred into a new cage 72 hrs after the 

last injection and were used in various experiments. All experiments were concluded within 

21 days post tamoxifen injection during which time the tamoxifen induced nedd4 deletion 

was still observed (Fig. 1C, Supplemental Fig. 1).

Generation of bone marrow-derived macrophages (BMDMs) and isolation of mouse BM 
neutrophils (BMNs)

Bone marrow (BM) cells were harvested from the femurs and tibias of mice. Bones were 

harvested at age 8 weeks or older for myeloid specific nedd4 KO (Nedd4ΔM) mice and less 

than 3 weeks after tamoxifen injection for the tamoxifen inducible KO 

(Nedd4f/fROSACreER-Tam) mice. Cells were cultured in Iscove’s Modified Dulbecco’s 

medium (I3390) (Sigma-Aldrich) containing 10% FBS and 30% conditioned medium from 

L929 cells expressing macrophage colony stimulating factor (M-CSF). Cells were cultured 

for one week, non-adherent cells were removed, and adherent cells were >90% 

F4/80+CD11b+, as determined by flow cytometric analysis confirming the generation of 

BMDMs. To isolate BM neutrophils, total BM cells were recovered from femurs and tibias 

by flushing with RPMI medium (Sigma-Aldrich) using a 25-gauge needle, erythrocytes were 

lysed with red blood cell (RBC) lysis buffer (eBioscience; Dan Diego, CA) and BM 

neutrophils were isolated using a neutrophil isolation kit (Milteny Biotec). Neutrophil purity 

(>98%) was confirmed by flow cytometry.

In vitro infection of macrophages and neutrophils with C. albicans yeast and hyphal forms

A single colony of C. albicans strain SC5314 (WT) was grown overnight at 30°C in yeast 

extract, peptone and dextrose (YPD) medium. The cap1 yeast-only mutant, described 

previously (39), was obtained from Dr. Paula R. Sundstrom (Dartmouth University) was also 

grown similarly to the WT but at 37°C. The yeast cells were counted and the appropriate 

number that constituted the required MOI were washed twice with PBS. The washed yeast 

were resuspended in RPMI 1640 with 10% FBS and grown for 3 h at 37 °C to convert the 

WT yeast into hyphae. The hyphae (from the WT) and yeast (from the mutant) were washed 

again in PBS, and used for live stimulations. For analysis of cytokine production, 106 

BMDMs or neutrophils were cultured overnight in a 12-well U-bottom plate. Cells were 

then infected with live C. albicans cap1 mutant or hyphae at a MOI of 1 for the times 

indicated; cytokine levels in the supernatant were measured by ELISA.

ROS assay, phagocytosis of C. albicans and fungal killing assay

For the ROS production assay, 2 × 106 BMDMs or BMNs from Nedd4f/f and Nedd4ΔM or 

Nedd4f/fROSAcreER-Tam mice were washed with PBS twice and replated in PBS containing 
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10uM luminol and 10ug/mL of horseradish peroxidase. The cells were incubated at 37 °C 

for 30 min and were then infected with C. albicans at an MOI = 5:1. The relative amount of 

ROS generated by BMDMs or BMNs was detected at regular intervals over 75 min by 

measuring Chemiluminescence. Relative light units (RLU) were plotted as a function of 

time to evaluate the chemiluminescence (CL) rate. To measure ROS expression in 

monocytes, macrophages and neutrophils in spleens and kidneys, Nedd4f/f and Nedd4ΔM or 

Nedd4f/fROSACreER-oil and Nedd4f/fROSACreER-Tam mice were infected with C. albicans by 

tail vein injection at a dose of 2.5 × 105 c.f.u. 48 h later, mice were sacrificed, and 

leukocytes from spleens and kidneys were infected with C. albicans for 30 min, and stained 

with CellRox and cell surface markers to determine ROS expression in monocytes (kidney: 

CD45.2+CD11b+Ly6C+Ly6G−; spleen: CD11b+Ly6C+Ly6G−), macrophages (kidney: 

CD45.2+CD11b+F4/80+Ly6C−CD11c−; spleen: CD11b+F4/80+Ly6C−Ly6G−), and 

neutrophils (kidney: CD45.2+CD11b+ Ly6C−Ly6G+; spleen: CD11b+Ly6G+Ly6C−). For 

phagocytosis of C. albicans, yeast were labelled with Concanavalin A conjugated Alexa 

Fluor 488 (Invitrogen) in 100 mM HEPES buffer (pH 7.5) (diluted to 1:500) and then co-

cultured with BMDMs from WT or Nedd4ΔM for 45 min at 37 °C in a 6-well plate. The 

plate was washed twice with cold PBS to remove non phagocytosed fungi. The BMDMs 

where scrapped/detached and stained in a 96-well plate and the rate of phagocytosis was 

determined by flow cytometry (40). For the in vitro fungal killing assay, Nedd4f/f or 

Nedd4ΔM BMDMs and BMNs were incubated with C. albicans at an MOI of 1:500 for 24 h. 

After co-culture, a 100-μl suspension of a 1: 102, 103, or 104 dilution was spread on YPD 

plates. The plates were incubated at 37 °C for 24 h, fungal killing was determined by 

counting the Candida colonies, with and without the indicated cells (41)

Western blotting

To assess the phosphorylation of SYK, PKC-δ, TAK1, NF-κB ERK, JNK or P38, BMDMs 

from WT and Nedd4ΔM were infected with C. albicans yeast cells or hyphae (MOI = 1) at 

the indicated times. The cells were lysed on ice with 0.5% RIPA buffer for immunoblotting 

with antibodies against phospho- SYK, PKC-δ, TAK1, NF-κB ERK, JNK or P38 at 1:1000 

dilution.

Detection of serum and supernatant cytokines by ELISA

For detection of TNF-α and IL-6 in BMDM or BMN culture supernatants, 105 BMDMs/

BMNs from Nedd4f/f or Nedd4ΔM mice were infected with live C. albicans cap1 mutant 

cells or hyphae at MOI=1 for the times indicated, and cytokine production in the supernatant 

was measured by ELISA. Nedd4f/f and Nedd4ΔM BMDMs were also infected with A. 

fumigatus conidia (MOI = 1) for the times indicated, and TNF-α and IL-6 levels in the 

supernatant were measured by ELISA. For detection of serum IL-6 and TNF-α, Nedd4f/f/
ROSAcreER-oil or Nedd4f/f/ROSAcreER-Tam mice were infected with C. albicans (2.5 × 105), 

sera were collected at different time points and subjected for ELISA analysis.

Induction of systemic C. albicans dissemination

For survival analysis, Nedd4f/f and Nedd4ΔM or Nedd4f/fROSACreER-oil and 

Nedd4f/fROSACreER-Tam mice were infected with C. albicans at 2.5-5 × 105 c.f.u. through 

the tail vein and monitored daily for survival. After infection, mice were weighed and 
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monitored daily. Mice were euthanized if they lost >20% of their body weight measured at 

the commencement of the experiment. For purposes of serum cytokine, fungal burden, in 

vivo ROS, histology or immune cell recruitment, the kidneys and other organs were 

harvested 2 days after infection. The left kidneys were photographed and homogenized for 

enumeration of fungal burden. The right kidneys were fixed for histological analysis. The 

fungal burden in the kidneys, spleens, livers, and lungs was determined by c.f.u. in the organ 

homogenates. Mice were allocated to experimental groups based upon their genotypes and 

randomized within their sex- and age-matched groups.

Data analysis and statistical analysis

Differences in concentrations of cytokines and fungal burden were analysed using the 

Student’s t-test. Survival data were analysed using the Kaplan–Meier log-rank test. 

Differences were considered significant at P < 0.05. No animals were excluded from the 

analysis. Mice were allocated to experimental groups based on their genotypes and were 

randomized within their sex- and age-matched groups.

Results

Nedd4 regulates CLRs but not TLRs signaling

Studies on Nedd4 at the cellular and biochemical levels have been hindered by the 

embryonic lethality of conventional Nedd4−/− mice (42, 43). To overcome this caveat, we 

generated mice bearing LoxP-flanked alleles encoding Nedd4 (Nedd4f/f; Fig. 1A). Nedd4f/f 

mice were crossed with Rosa26-Cre-ERT2 mice [in which a sequence encoding a fusion of 

Cre recombinase and the estrogen receptor (ER) was recombined into the ubiquitously 

expressed Rosa26 locus] (44) to generate Nedd4f/fRosa26-Cre-ERT2 mice (herein referred 

to as ‘Nedd4f/fROSACreER mice’) in which the Cre recombinase becomes active upon 

stimulation with Tamoxifen leading to systemic deletion of Nedd4 (herein referred to as 

Nedd4f/fROSACreER-Tam). Nedd4f/fROSACreER mice injected with corn oil (herein referred 

to as Nedd4f/fROSACreER-oil) served as control. Figures 1B and 1C shows the efficacy of 

Nedd4 gene deletion whether proximal to cessation of Tamoxifen treatment (Fig. 1B) or 1, 2 

and 3 weeks after treatment (Fig. 1C, Supplemental Fig. 1). We also crossed mice bearing 

Nedd4f/f with mice bearing Cre recombinase on the LysM gene (LysMCre) to generate 

Nedd4f/fLysMCre (Nedd4ΔM) mice in which Nedd4 is deleted in myeloid cells (Fig 1D). To 

determine whether Nedd4 regulates innate immune responses, we stimulated BMDMs from 

Nedd4f/f and Nedd4ΔM mice with ligands for TLRs 1-9 (45), Zymosan (ligand for dectin-1 

and TLR 2) (46), Curdlan (ligand for dectin-1) (47), or α-mannan (ligand for dectin-2 and 

−3) (23). We found that whereas production of TNFα and IL-6 was comparable between 

control Nedd4f/f and Nedd4ΔM BMDMs upon TLR 1-9 ligands stimulation, TNF-α and IL-6 

production was substantially lower in Nedd4ΔM BMDMs than with control Nedd4f/f 

BMDMs upon stimulation with zymosan, curdlan, and α-mannan (Fig. 2A). These data 

suggest that Nedd4 positively regulates signalling through dectin-1 and dectin-2/3, but not 

TLRs.

We and others have shown that C. albicans yeast generate signals through dectin-1 by 

recognition of β-glucan on the yeast cell, whereas the hyphal form signals through dectin-2 
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and −3 by recognition of α-mannans on the hyphal cell wall (21–23). To further confirm this 

observation and to determine whether Nedd4 is important in antifungal immunity, we 

infected BMDMs and BMNs of control Nedd4f/f and Nedd4ΔM mice with a C. albicans 
hyphae or yeast-only mutant (cap1; hereafter referred to as yeast), in which the adenylate-

cyclase-associated protein-1 (Cap1) gene is disrupted, causing the failure of yeast–hypha 

transition due to the lack of cAMP (39). BMDMs and BMNs lacking Nedd4 displayed a 

significant reduction in the production of TNFα and IL-6 compared with BMDMs or BMNs 

sufficient for Nedd4 upon infection with C.albicans hyphae (Fig. 2B) or yeast (Fig. 2C). To 

confirm whether Nedd4 plays a similar role in response to other fungal species, we infected 

Nedd4f/f and Nedd4ΔM BMDMs with Aspergillus fumigatus Conidia and then determined 

TNFα and IL-6 levels in the supernatant. We observed that BMDMs lacking Nedd4 

produced significantly lesser amounts of TNFα and IL-6 compared to control Nedd4f/f 

BMDMs (Fig. 2D).

BMDMs and BMNs lacking Nedd4 display reduced ROS activity and defective killing of C. 
albicans

Oxidative stress is one of the initial mechanisms that phagocytes utilize in killing pathogens 

and release of ROS is an important function of oxidative stress (48–50). C. albicans infection 

has been shown to trigger ROS production by macrophages and neutrophils (24, 51, 52). To 

determine the role of Nedd4 in regulation of ROS production, we measured ROS production 

by co-culturing hyphae with BMDMs/BMNs from control Nedd4f/f and Nedd4ΔM mice. We 

found that Nedd4ΔM BMDMs and BMNs produced less ROS than Nedd4f/f controls (Fig. 

3A). Consistent with this observation, BMDMs and BMNs lacking Nedd4 displayed 

impaired fungal killing abilities (Fig. 3B). However, phagocytosis of C. albicans, an 

important process use to internalize pathogens by phagocytic cells (53), was not decreased 

by BMDMs and BMNs lacking Nedd4, as compared to that by BMDMs and BMNs 

sufficient for Nedd4 (Nedd4f/f; Fig. 3C).

Nedd4 is required for the protection against systemic C. albicans infection

To assess whether Nedd4 positively regulates anti-fungal immunity in vivo, we infected 

Nedd4f/f/ROSACreER-Oil and Nedd4f/f/ROSACreER-Tam, or Nedd4f/f and Nedd4ΔM mice, with 

a lethal dose (5 x 105 CFU) of C. albicans through the tail vein to monitor survival and with 

a sub-lethal dose (2.5 x 105 CFU) to measure serum cytokines and fungal burden. We found 

that mice lacking Nedd4 were highly susceptible to lethal systemic infection with C. 
albicans. Whereas all the mice lacking Nedd4 (systemically or myeloid-cell specifically) 

died by day 8, more than 50% of WT mice survived beyond day 10 (Fig. 4A). This 

correlated with dampened levels of TNF-α and IL-6 in the sera of Nedd4 deficient mice 

(Fig. 4B), as well as higher fungal burden in the kidney, lung, spleen and liver (Fig. 4C), 

compared with those of WT mice. Kidney histology also revealed massive inflammatory cell 

damage and more hyphae dwelling in the cells of Nedd4f/f/ROSACreER-Tam mice compare 

with WT mice upon PAS and H&E staining (Fig. 4D).

During Candidemia, C. albicans enter the blood stream and subsequently localize in the 

viscera (54) with the kidney been the most preferred site. Protective effector activity requires 

the recruitment of phagocytes and other immune cells to sites of infection. We further 
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assessed recruitment of immune cells to the kidneys, spleens, livers and lungs. We observed 

that more immune cells including macrophages and neutrophils were recruited to the 

kidneys of control Nedd4f/f than Nedd4ΔM mice (Fig. 5A). To confirm the effector activities 

of these cells ex vivo, we monitored ROS expression in monocytes, macrophages and 

neutrophils from control Nedd4f/f and Nedd4ΔM spleens and kidneys by Cell-Rox dye using 

flow cytometry. We observed that, similar to in vitro C. albicans infection of BMDMs and 

BMNs (Fig. 3B), macrophages and neutrophils from kidneys and spleens of mice lacking 

Nedd4 produced less ROS than controls (Nedd4f/f; Fig. 5B). While kidney monocytes 

lacking Nedd4 were defective in ROS compared with monocytes sufficient for Nedd4, there 

was no difference in ROS production of monocytes from control Nedd4f/f and Nedd4ΔM 

spleen (Fig. 5B).

Nedd4 is required for NF-κB activation downstream of PKC-δ but upstream of or at TAK-1

During fungal infection, CLRs binding to their ligands leads to downstream signalling, 

which induces the activation of Syk which subsequently activates PKC-δ. Signalling through 

PKC-δ facilitates the formation of the CARD9-BCL10-MALT1 complex which 

subsequently activates NF-κB. Having shown that Nedd4 positively regulates the dectin-1- 

and dectin-2/3-mediated immune responses (Fig. 2A), we wanted to determine the potential 

molecular mechanism(s) of Nedd4 in anti-fungal innate immune responses. To this end, we 

differentiated BMDM from Nedd4f/f/ROSACreER-Oil and Nedd4f/f/ROSACreER-Tam mice, 

then infected them with C. albicans yeasts or hyphae for 5, 15, 30 or 60 minutes. We then 

determined the activation of Syk, PKC-δ, TAK-1, NF-κB, ERK, JNK and p38 MAPK. 

Although Syk and PKC-δ phosphorylation was comparable between the controls and 

Nedd4f/f/ROSACreER-Tam, phosphorylation of TAK-1 and NF-κB was markedly reduced in 

Nedd4 deficient BMDMs upon infection with C. albicans yeasts and hyphae (Fig. 6). These 

results suggest Nedd4 regulates the CLR signalling downstream of PKC-δ but at or 

upstream of TAK-1.

Discussion

Recognition of the surface β-glucans and α-mannans on C. albicans yeasts and hyphae, 

respectively, by dectin-1 and dectin-2/3 expressed on neutrophils and macrophages results in 

release of inflammatory cytokines, which is critical for anti-fungal immunity (23–25, 55, 

56). However, how the CLR pathway is regulated during fungal infection is still not fully 

understood. Here we showed Nedd4 regulates the CLR signalling pathway during C. 
albicans infections. Whilst we did not observe any difference in the production of TNF-α 
and IL-6 by control and Nedd4ΔM BMDMs upon stimulation with TLR 1-9 ligands (Fig. 

2A), BMDMs lacking Nedd4 produced significantly less amounts of TNF-α and IL-6 when 

stimulated with zymosan, which triggers dectin-1 and TLR-2 (46), curdlan, which triggers 

dectin-1 only (47), and α-mannan, which triggers both dectin-2 and dectin-3 (23) compared 

to their WT controls. These data collectively indicate that Nedd4 positively regulates 

signalling derived from CLRs, but not TLRs during fungal infection. In support of this 

notion, Nedd4ΔM BMDMs secreted less TNF-α and IL-6 than control BMDMs upon 

infection with yeast and hyphae of C. albicans. Furthermore, mice lacking Nedd4 

systemically or in myeloid cells succumbed to systemic C. albicans infection, with lower 
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levels of serum TNF-α and IL-6 and higher fungal burdens in kidneys, spleens, livers, and 

lungs. Therefore, our data collectively demonstrate that Nedd4 expression in myeloid cells is 

essential for anti-fungal innate immune responses mediated by the dectin family of CLRs.

ROS have been shown to play a significant role in the fungal killing (49, 57) and the ability 

of phagocytes to produce ROS enhances their fungal killing effector functions (53, 58–60). 

Our results established that BMDMs and BMNs lacking Nedd4 exhibited reduced capability 

to produce ROS during fungal infection (Fig. 3). Although the precise mechanism for this 

observation is currently not defined, defective signalling events mediated by Nedd4 upon C. 
albicans infection may be responsible for impaired ROS activity. It has been shown that ROS 

production is impaired in Card9−/− macrophages (61), and that neutrophils from patients 

with a CARD9 mutation display defective fungal killing (62). Therefore, it is highly possible 

that Nedd4 may regulate CARD9-mediated signalling pathways.

E3 ubiquitin ligases have been commonly shown to negatively regulate signalling pathways 

and when specific E3 ubiquitin ligases are eliminated or inactivated, these pathways often 

exhibit enhanced signalling. In regards to innate responses after Candida challenge, our 

group and others have previously shown the E3 ubiquitin ligase Cbl-b to dampen signals 

generated through the dectin-1 and dectin-2 CLRs. When Cbl-b is eliminated or inactivated, 

innate immune responses are greatly enhanced and mice are now protected from lethal C. 
albicans infection (24, 63, 64). This is in contrast to the results presented herein, where 

elimination of the E3 ubiquitin ligase Nedd4 has the opposite effect with innate responses 

mediated through CLRs diminished, and mice lacking Nedd4 either globally or within the 

myeloid compartment now much more sensitive to C. albicans challenge. This strongly 

implies that Nedd4 supports or enhances signalling through CLRs as opposed to the negative 

regulation enforced by Cbl-b. This is consistent with previous studies demonstrating Nedd4 

to enhance T cell activation and proliferation (35, 36). The reason for these opposing effects 

is not fully understood, but may reflect K48 versus K63 linked ubiquitination (65). Although 

K48 polyubiquitinated substrates are targets for degradation, K63-linked ubiquitination has 

been associated with proteasome-independent roles within the cell, a number of which 

support key cellular functions (65). Of interest, K63-linked ubiquitination has been shown to 

support downstream NF-κB activation in several systems (66) and suggests Nedd4 may play 

a similar role in dectin receptor signalling pathways.

As to signal transduction through the dectin receptors, binding by β-glucans and α-mannans 

is known to activate Syk. Activated Syk then phosphorylates PKC-δ, which phosphorylates 

CARD9. This facilitates complex formation with BCL10 and MALT1, thus eliciting NF-κB 

activation (27). Intriguingly, although BMDMs lacking Nedd4 display defective activation of 

NF-κB and TAK-1, the activation of Syk and PKC-δ is not altered upon infection with C. 
albicans yeasts and hyphae (Fig. 6). These data strongly indicate that Nedd4 lies 

downstream of PKC-δ but upstream of or at TAK-1. The target(s) of Nedd4 in dectin-

mediated signalling pathways is currently under investigation.

In summary, we found that Nedd4 expression in myeloid cells is required for inflammatory 

responses and fungal killing. Nedd4 is essential for the activation of NF-κB in myeloid cells 

mediated by the dectin family of CLRs downstream of PKC-δ but upstream of or at TAK-1.
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Abbreviations used in this article

BCL10 B-cell lymphoma/leukemia 10

BMDM Bone marrow-derived macrophage

BMN Bone marrow neutrophil

CARD9 Caspase recruitment domain-containing protein 9

Cbl-b Casitas B lymphoma-b

CLR C-type lectin receptor

HECT Homologous to E6-AP C-terminus

Nedd4 Neural precursor cell expressed developmentally down-regulated 4

PAMP Pathogen-associated molecular patterns

PKC-δ Protein kinase C-δ

PRR Pattern recognition receptor

RLU Relative light unit

ROS Reactive oxygen species

SYK Spleen tyrosine kinase

TAK-1 Transforming growth factor-beta-activating kinase-1

YPD Yeast Extract-Peptone-Dextrose
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Key points

• Nedd4 regulates CLR but not TLR signalling during fungal infection

• Macrophages and neutrophils lacking Nedd4 have impaired effector functions

• CLR-mediated activation of NF-κB signalling pathway is enhanced by Nedd4
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Figure 1: Construction of the targeting vector and generation of the Floxed nedd4 allele in mice:
(a) schematic structure of the mouse nedd4 wild type allele and the targeting vector. The top 

line represent the genomic DNA structure containing exons 1-5 of the mouse wild type 

nedd4 allele and the lower line represents the recombinant allele. The targeting vector was 

constructed for conditional deletion of exons 2 and 3 in the plasmid containing both LoxP 

and Frt cassettes; (b) Western blots of tissue homogenates from various organs of 

Nedd4f/fROSACreER mice pretreated with corn oil or tamoxifen and harvested 3 days later; 

(c) Western blots of tissue homogenates from various organs from Nedd4f/fROSACreER mice 
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pretreated with oil (0) or tamoxifen which were harvested 1, 2, or 3 weeks after the last 

injection; (d) Western blots of lysate from immune cell subsets T (T cells), B (B cells), DC 

(DC cells) and M (macrophages) from Nedd4f/f (WT), CD11cCre.Nedd4f/f (dcKO), and 

LysMCre.Nedd4f/f (mKO) mice. Data are representative of 2 independent experiments.

Nuro-Gyna et al. Page 17

J Immunol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Nedd4 regulates CLRs but not TLRs signaling:
(a) Control Nedd4f/f and Nedd4ΔM BMDMs were stimulated with TLR ligands 1 to 9, α-

mannan, zymosan, and curdlan for 24 h; TNFα (left) and IL-6 (right) levels in the 

supernatant were detected using ELISA. Data are pooled from 3 independent experiments 

with three replicates of each sample per experiment. Error bars are mean ± s.d. *P < 0.05, 

**P < 0.01, ***P < 0.001; unpaired two-tailed Student’s t test. (b-c) BMDMs (top) or BMNs 

(bottom) from control Nedd4f/f and Nedd4ΔM were infected with C. albicans hyphae (b) or 

yeast (c) at MOI of 1:1 for 0, 1 or 3 hrs; (d) control Nedd4f/f and Nedd4ΔM BMDM were 
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infected with Conidia from A. fumigatus. TNF-α and IL-6 content in supernatant was 

measured using ELISA. For Fig 2B – 2D, data are pooled from 3 independent experiments 

with three replicates of each sample per experiment. Error bars are mean ± s.d. *P < 0.05, 

**P < 0.01, ***P < 0.001; unpaired two-tailed Student’s t test.
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Figure 3: Nedd4 deficiency impairs ROS production and fungal killing in BMDMs and BMNs:
(a) ROS production by control Nedd4f/fROSACreER-Oil or Nedd4f/fROSACreER-Tam BMDM 

(left) and BMNs (right) was determined by co-culture with C. albicans yeast at MOI = 5:1 

and monitored in real time over the indicated time period using chemiluminescence assay. 

Values are expressed as relative light units (RLU) and represent mean values of 4 replicates 

in each sample. Data were analyzed using student’s t-test; (b) control Nedd4f/f or Nedd4ΔM 

BMDM were co-cultured with C. albicans yeast (cap1 mutant) at an MOI of 40 :1 for 24 hrs 

(left), control Nedd4f/f or Nedd4ΔM BMN were co-cultured with C. albicans yeast (cap1 

mutant) at an MOI of 5 :1 for 2 hrs (right). The fungal/BMDM or fungal/BMN homogenates 
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were plated on YPD media overnight and fungal killing determined. Data are pooled from 3 

independent experiments, with each group having 4 samples per experiment. Error bars are 

mean ± s.d. **P < 0.01, ***P < 0.001 by Student’s t test; (c) Control Nedd4f/f or Nedd4ΔM 

BMDMs were co-cultured with ConA Alexa Fluor 488–labeled C. albicans. After 45 min of 

co-culture, control Nedd4f/f or Nedd4ΔM BMDMs were analyzed for C. albicans uptake by 

flow cytometry. Data are pooled from 2 independent experiments, with each group having 4 

samples per experiment. Error bars are mean ± s.d.
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Figure 4: Nedd4 deficient mice have reduced survival and higher fungal burden during C. 
albicans infection:
(a) Mice lacking Nedd4 in myeloid cells (left) or systemically (right) and control Nedd4f/f 

were injected with 5 x 105 CFU of C. albicans through the tail vein and monitored for 

survival; Kaplan-Meier survival curve was plotted to determine survival rate. Data are are 

pooled from three independent experiments with 5 mice per group per experiment. P< 0.05 

by Log-rank test. (b-c) Control Nedd4f/f and Nedd4ΔM mice were injected with 2.5 x 105 

CFU of C. albicans through the tail vein for 48 hrs, (b) serum TNFα and IL-6 production at 

the stated times were determined by ELISA. Data are are pooled from three independent 
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experiments with 5 mice per group per experiment. Error bars are mean ± s.d. **P < 0.01 

***P < 0.001; by unpaired two-tailed Student’s t-test. (c) Another set of mice were 

sacrificed 48 hrs post infection and the kidney, spleen, liver and lung homogenates were 

plated on YPD media for 24 hrs then colonies were counted and fungal burden determined. 

Data are are pooled from three independent experiments with 5 mice per group per 

experiment. Error bars are mean ± s.d. **P < 0.01 ***P < 0.001; by unpaired two-tailed 

Student’s t-test (d) Kidney histopathology analysis by H&E staining (top) and PAS staining 

(bottom) to visualize fungal burden (hyphae); (n = 5 mice per group). Images are 

representative of two independent experiments (biological replicates). Scale bars, 100 μm.
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Figure 5: Nedd4 enhances effector functions of innate immune cells:
Control Nedd4f/f and Nedd4 deficient mice were injected with 2.5 x 105 CFU of C. albicans 

through the tail vein for 48 hrs. (a) Immune cell recruitment to the kidney was measure by 

flow cytometry; (b) ROS production by myeloid cells in the kidney and spleen measured 

using flow cytometry. For Fig 5A and 5B, data are pooled from three independent 

experiments. For each experiment there were 5 mice per group, each with three replicate 

samples. Error bars are mean ± s.d. *P < 0.05, unpaired two-tailed Student’s t test.
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Figure 6: Nedd4 is required for TAK1 and NF-κB but not Syk and PKC-δ activation:
(a-b) Immunoblot analysis of the indicated proteins from the cell lysate of control Nedd4f/f 

and Nedd4ΔM BMDMs after infection with hyphae (a) and yeast (b) from C. albicans. 

Images are representative of three independent experiments (biological replicates).
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