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Abstract

The ability of soluble C. albicans 20A (serotype A) mannoprotein (CMP) to serve as a ligand

for toll-like receptor 4 (TLR4) and its co-receptors was examined using commercially avail-

able and stably-transfected HEK293 cells that express human TLR4, MD2 and CD14, but

not MR. These TLR4 reporter cells also express an NF-κB-dependent, secreted embryonic

alkaline phosphatase (SEAP) reporter gene. TLR4-reporter cells exhibited a dose-depen-

dent SEAP response to both LPS and CMP, wherein peak activation was achieved after

stimulation with 40–50 μg/mL of CMP. Incubation on polymyxin B resin had no effect on

CMP’s ligand activity, but neutralized LPS-spiked controls. HEK293 Null cells lacking TLR4

and possessing the same SEAP reporter failed to respond to LPS or CMP, but produced

SEAP when activated with TNFα. Reporter cell NF-κB responses were accompanied by

transcription of IL-8, TNFα, and COX-2 genes. Celecoxib inhibited LPS-, CMP-, and TNFα-

dependent NF-κB responses; whereas, indomethacin had limited effect on LPS and CMP

responses. SEAP production in response to C. albicans A9 mnn4Δ mutant CMP, lacking

phosphomannosylations on N-linked glycans, was significantly greater (p� 0.005) than

SEAP responses to CMP derived from parental A9 (both serotype B). These data confirm

that engineered human cells expressing TLR4, MD2 and CD14 can respond to CMP with

NF-κB activation and the response can be influenced by variations in CMP-mannosylation.

Future characterizations of CMPs from other sources and their application in this model

may provide further insight into variations observed with TLR4 dependent innate immune

responses targeting different C. albicans strains.

Introduction

Pattern recognition receptors (PRRs) are expressed on a variety of cell types and are responsi-

ble for initiating immune responses to microbes and dead or dying cells [1–3]. Moreover, this

action is achieved through PRR interactions with pathogen associated molecular patterns

(PAMPs) and damage associated molecular patterns (DAMPs). The outcome of recognition
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often leads to an intracellular NF-κB signal that, in turn, promotes selected cytokine signals

from innate immune cells. While responses to DAMPs and PAMPs are accepted as collateral

occurrences during phagocytosis, the roles of non-phagocytic cells expressing PRRs have been

frequently noted [4–6] but generally these remain underappreciated.

PRRs are of paramount importance in controlling and responding to indigenous micro-

biota, but the scope of their contribution is still being learned [7]. For example, there is mini-

mal understanding of how the host might discriminate between noninvasive and invasive

commensal threats. Candida albicans is a commensal yeast found on human mucosa and is

recognized as a normal component of the gastrointestinal microbiota [8]. When the mucosal

barrier is immunologically or physiologically compromised, this fungus can become an inva-

sive pathogen. The clinical presentation of C. albicans infection on mucosal membranes is typi-

cally observed as an inflammatory disease of the mucosa that impacts the health and well-

being of people worldwide [9]. In hospitals, disseminated candidiasis can emerge as life threat-

ening fungal sepsis, particularly among neutropenic and non-neutropenic intensive care

patients [10]. Invasive candidiasis, including both candidemia and deep-seated tissue candidi-

asis, occurs worldwide and the mortality rate has remained at approximately 40% [11]. In the

ICU environment, the frequency of colonization may approach 80%, but recent surveys dem-

onstrate that only 10% develop candidiasis [12]. Therefore, it is important that we examine all

plausible mechanisms that might explain this confined virulence and/or susceptibility, viz.,

TLR4 recognition of C. albicans.
The most abundant Candida PAMPs on the cell wall surface are mannosylated polypeptides

and polysaccharides (collectively referred to in this document as C. albicans mannoprotein or

CMP). Moreover, host responses to CMPs follow a course of ligand detection, signaling, gene

activation and cytokine production [13–16]. Phagocyte response to CMPs on the intact cell

wall are known to utilize toll-like receptor 4 (TLR4), its co-receptors (MD2 and CD14) and

mannose receptor (MR; CD206) recognition [13, 17]. In contrast to TLRs, MR is a membra-

nous C-type lectin that lacks signaling motifs [18]. Nonetheless, MR is known to play an

important role in the phagocytic process and is believed to cooperate with other PRRs in rec-

ognition [19, 20]. Confirming CMP recognition in cellular TLR4 models engineered to func-

tion independent of MR expression can further define CMP’s scope and variability as an

inflammatory PAMP [21]. To this end, it is fortuitous that numerous PRR reporter cell lines

have been engineered [22] to study potential PAMPs. Moreover, their commercialization has

made this approach broadly available, reproducible and standardized [23].

With respect to CMP, recognition appears to be dependent upon the structural signature of

the appended glycosylations. For example, Ueno et al. [24] reported that the loss of β-1,2-man-

nose residues from CMPs increased their inflammatory potential. NMR spectroscopy, com-

bined with computational modeling, has revealed that internal mannosylation residues are

immunodominant epitopes, but their recognition is also dependent upon the nature of the

mannose unit at the reducing end of the di- and tri-saccharides [25]. Furthermore, differential

expression of the O- and N-linked glycosylations of CMPs through genetic manipulation of C.

albicans produces variations in host cell interactions and virulence [26, 27]. This dual recogni-

tion mechanism was further corroborated using PRR knockout mice wherein O- and N-linked

glycosylation deficiencies affected PRR interactions with TLR4 and MR, independently [17].

Having previously reported that similar CMP preparations caused an increase in serum

TNFα when injected into mice and induced murine macrophage production of TNFα in vitro
(14, 15), our aim here was to examine TLR4 recognition of CMP without the participation of

MR. Recent studies suggest that in vivo defenses to Candida challenge rely more on MR than

TLR4 recognition [28], which correlates with our previous studies on hepatic Candida capture

[29–31]. The studies by Netea et al. [28] also propose that TLR4 recognition of different
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Candida strains is dependent on variations in mannosylation patterns. To clarify and extend

this concept, we began by examining C. albicans (20A; serotype A). CMPs from this strain

were previously evaluated in multiple murine candidiasis studies [32–35]. Therein, the CMPs

derived from strain 20A have been examined as both immune modulators and immunogens.

To evaluate CMP here, we selected the engineered TLR4 model HEK-Blue h TLR4 cell line

(HEK-TLR4; Invivogen, San Diego, CA) and its TLR4-negative HEK parental cell line (HEK-

Null) because of their overall consistency, availability, controlled TLR4 expression and predict-

able ligand responsiveness. The correlation between TLR4, NF-κB and SEAP in this reporter

cell line has been described in detail in the literature [36–38]. HEK-Null cells lack TLR4, MD2

and CD-14, but contain the same NF-κB SEAP reporter as HEK-TLR4 cells and were used as a

negative control throughout the study. Our CMPs were extracted from C. albicans 20A, as pre-

viously described [33, 34, 39]. Potential endotoxin contamination was reduced by using baked

glassware and endotoxin-free reagents. Any residual contamination was averted by depletion

with polymyxin B resin. In addition to strain 20A, CMPs from C. albicans A9 (serotype B) and

an A9 mnn4Δ mutant were used to examine TLR4 glycan discrimination in the absence of

MR. Moreover, these findings corroborate the concept that strain variation can impact TLR4

recognition of CMP [28]. In general, this study demonstrates the utility of engineered TLR4-

cell line models for assessing CMPs from different sources and evaluating quantitative or qual-

itative variations in glycan expression may impact immune recognition.

Results

CMP characterization

The CMPs prepared for this study contained approximately 8.5 mg/mL polysaccharide (mea-

sured by phenol sulfuric assay) and 0.46 mg/mL protein (determined by UV 230 nm/280 nm),

representing a carbohydrate to protein ratio of 18:1. CMPs (7.5 μg/lane) were subjected to elec-

trophoresis through 2–8% gradient polyacrylamide gels (Fig 1, Lanes A-E). Pierce HiMark

(ThermoFisher, Waltham MA) pre-stained high molecular weight protein standards (Fig 1,

Lane A) were used to estimate the mobility of CMP extraction products. Duplicate gels were

stained for both polysaccharides (Fig 1 Lane B) and proteins (Fig 1, Lane C). Silver staining

(Lane C) revealed a visible protein group in the CMP preparation that migrated as a smear

from <25 kD through 70 kD, with a single distinct leading band of small proteins that mi-

grated as 25 kD moieties. Polysaccharide staining of the gels revealed that the majority of the

mannosylated CMP content traveled as expected for proteins with molecular weights�150 kD

(Fig 1, Lane B). Duplicate CMP preparations from strain 20A displayed similar composition

and were also active agonists for the HEK-TLR4 cells used in this study. A review of PAGE

results found in other CMP studies suggests that the high molecular weight products in our

preparations are equivalent to high molecular mass mannoproteins (HMM;>205kD) reported

by Granger et al. [40]. These DTT-extracted CMPs demonstrated a slow trailing migration

during electrophoresis, similar to what we observed with our own CMP moieties. This pattern

may result from variable glycosylation produced during cell growth or the extraction process

(i.e., acid lability or β-elimination) wherein a continuum of similar HMMs are produced.

Upon treatment of HMM with PNGase F, Granger et al. [40] noted conversion of these to a

non-glycosylated product that migrated and accumulated as a low molecular mass product,

most likely the core proteins remaining after de-glycosylation.

Western Blot analyses using commercial rabbit anti-mannan antibody (Dako) revealed the

presence of distinct mannan epitope moieties which migrated above 100 kD (Fig 1, Lanes D

and E). Therein, polyclonal anti-mannan antibodies detected distinct bands at approximately

100, 170 and 225 kD. Above 225 kD, 4–5 bands were noted, one at approximately 250 kD and
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3–4 clustered from 268 to 500 kD. The broad band noted at 170 kD may, in fact, consist of a

series of 3 bands, but the resolution for the individual bands was inconsistent. The faster

migrating band seen at 70 kD was preceded by a collection of antibody-reactive material from

65–100 kD. Immunoreactivity was not obvious below 65kD, which is near the initial point of

silver reactive proteins. To compare with the Dako antisera findings, we also used anti-Can-
dida antibodies (Thermo Fisher), which were obtained from rabbits immunized with whole

C. albicans. These antibodies highlighted a banding pattern similar to that seen with anti-

mannan antibodies (Fig 1, Lanes F and G), but with subtle differences in the bands identified

below 260 kD. Therein, a different series of antigens were detected. For example, the 250 kD

band migrated as a doublet in lane G but appears to be a single band in lane F. The 225 kD

moiety migrated as a doublet in lane F, but as a singlet band in lane G. This may represent a

distinct variation in glycan content or proteolysis that otherwise impacts a single glycoprotein.

Although mannan- and Candida-specific antibodies demonstrated different results in the

Western blots, both showed specificity for a similar family of large molecular weight moieties.

Neither antibody bound to the low molecular weight products < 150 kD. In combination with

the results from polysaccharide staining, these data suggest that the low molecular weight pro-

teins are likely minimally glycosylated.

Fig 1. PAGE and Western blot analysis of CMP preparations. CMPs were combined with SDS sample

buffer containing DTT to yield 1 mg/mL samples: 10ul of each sample was applied per well in 2–8% Tris

acetate polyacrylamide gels and electrophoresed with a Tris/Tricine SDS running buffer. Western blot was

performed in a standard discontinuous Tris/CAPS buffer. Gel lanes are: Lane A, molecular weight markers;

Lane B, polysaccharide-stained CMP; Lane C, silver-stained CMP. Duplicate gels were also blotted to

nitrocellulose. Lane D & E, 2 independent CMP samples probed with polyclonal rabbit anti-mannan antibody

(Dako); Lane F & G, repeated 2 independent CMP samples probed with polyclonal rabbit anti-C. albicans

antibody (Thermo Fisher). Chemiluminescent visualization of primary antibody binding used a goat anti-

rabbit-peroxidase conjugate and a Super Signal West Pico Substrate Kit. These images are representative of

2 independent preps, wherein D and F represent a single CMP sample that displayed more activity than the E

and G sample.

https://doi.org/10.1371/journal.pone.0189939.g001
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HEK-TLR4 cells respond to CMP stimulation

As expected, neither LPS nor CMP activated HEK-Null cells, as these cells lack TLR4 expres-

sion; however, a strong, TLR4-independent SEAP response was measured following TNFα
treatment, facilitating the use of these cells as a negative control cell line for analysis of TLR4-

specific activation events (Fig 2A). In contrast, LPS was a potent activator of HEK-TLR4 cells,

producing measurable SEAP activity in response to concentrations > 0.10 ng/mL with maxi-

mal activation observed at� 6.25 ng/mL LPS (Fig 2B). A similar dose-response curve was

observed following CMP treatment but higher concentrations of this ligand were required to

reach similar levels of SEAP activation (Fig 2C, filled circles). SEAP activity was detected fol-

lowing stimulation with� 2.4 μg/mL CMP and the resultant activity increased in a dose-

dependent manner, where activity plateaued following treatments with�156 μg/mL CMP.

The maximum activations achieved for each of the agonists was roughly equivalent, but re-

quired broadly different amounts of each agonist (6.25 ng/mL LPS and 156 μg/mL CMP,

respectively). Since LPS is such a potent TLR4 agonist and is found ubiquitously in the envi-

ronment, it was important to demonstrate that the activity attributed to CMP was not the

result of LPS contamination in the CMP preparation. Polymyxin B-resins are widely-used to

remove LPS from a variety of sample types. When CMPs were incubated on polymyxin B col-

umns, the dose response curves for SEAP activation among HEK-TLR4 cells were indistin-

guishable from those observed with the unfiltered CMP (Fig 2C). These results suggest that

SEAP activation following CMP treatment is the result of CMP agonist activity and not due to

LPS contamination. To confirm the LPS-neutralizing abilities of the column, we diluted LPS

into media to achieve LPS concentrations ranging from 0.16 to 10 ng/ml. The dilutions were

applied to the reporter cells as noted in Fig 2B and 2C. In this TLR reporter system, concentra-

tions of LPS� 6.25 ng/mL reproducibly yielded maximal SEAP activity and 0.16 ng/ml of our

LPS standard was nearly undetectable by the reporter cells. After incubation on polymyxin B

columns, depyrogenated and untreated LPS samples were applied to the reporter cells (Fig 3).

The LPS concentrations shown in the Fig 3 legend are the LPS dilutions prepared before poly-

myxin treatments. Two 1 h incubations on the column reduced the ability of the LPS-spiked

samples to activate the TLR4 pathway by 90–100%, while 3 1 h incubations produced a relative

Fig 2. CMP activates TLR4 reporter cells in a dose-dependent manner. HEK-Null reporter cells lacking

TLR4 (A) were unresponsive to media (clear bar) or stimulation with TLR4 ligands (LPS, checked bar and

CMP, striped bar); however, TNFα treatment (positive control, gray bar) significantly activated NF-κB-

dependent SEAP responses in the HEK-Null reporter cells. HEK-TLR4 reporter cells treated overnight with a

range of LPS (B) concentrations reached a plateau of SEAP activity at 6.25 ng/ml LPS (closed squares). CMP

stimulation of TLR4 reporter cells (C) was dose dependent and was not sensitive to LPS-depletion with

polymyxin B; LPS-depleted CMP (open circles) or non-depleted CMP (closed circles). Control wells

(designated by 0 on the X axis) were treated with complete media in the absence of TLR4 ligands.

https://doi.org/10.1371/journal.pone.0189939.g002
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100% reduction in activity. These data show that this method of depyrogenation can effectively

remove 9–10 ng LPS (viz., roughly 100 endotoxin units; EU) from a 1 ml sample.

Transcription of IL-8, TNFα and COX-2 genes

Following TLR4-induced NF-κB-activation, transcription of pro-inflammatory cytokines and

enzymes are viewed as the hallmark signature of TLR4 stimulation. To further elucidate the

actions of CMPs as TLR4 ligands in the HEK-TLR4 model we measured inflammatory gene

transcripts that are typically produced in phagocytic cell lines stimulated with C. albicans [41]

or mannose-based PAMPs [42]. Given the manufacturer’s recommended assay time course

and reduced cell density requirements (0.5–1 x 105 cells/ml) for the reporter cell assays, initial

cytokine ELISAs were unsuccessful. Therefore, we opted to examine mRNA transcripts for

TNFα and IL-8 genes 1–4 h after stimulation. Transcripts were detected within 1 h of stimula-

tion with LPS or CMP. Both transcripts were significantly elevated (with IL-8 expressed at the

higher level) in HEK-TLR4 cells and the relative number of mRNA transcripts peaked for both

genes between 1 and 2 h post-treatment (Fig 4A). RT-PCR analyses demonstrated that CMP

also induced TNFα and IL-8 transcription in a dose-dependent manner and that this response

increased throughout the first 4 h of CMP treatment (Fig 4B). Furthermore, TNFα or IL-8
transcripts were undetectable in LPS-treated TLR4-negative HEK-Null cells. Cyclooxygenase-

2 (COX-2) is an enzyme that promotes prostaglandin synthesis and, as with TNFα and IL-8,

can be induced following NF-κB activation. In this study, COX-2 gene expression was induced

within 4 h of LPS (Fig 5A) and CMP (Fig 5B) stimulation of HEK-TLR4 cells. No COX-2 gene

expression was detected when HEK-Null cells were treated with LPS (Fig 5A) or CMP (data

not shown).

Modulating CMP and LPS activation of NF-κB
To further correlate CMP treatment with NF-κB activation, we utilized celecoxib to inhibit

NF-κB signaling. Celecoxib (active agent in Celebrex), a selective pharmaceutical inhibitor of

COX-2, prevented LPS- and CMP-induced NF-κB activation in HEK-TLR4 cells (Fig 6). The

Fig 3. Polymyxin B depletion of LPS from spiked-positive control samples abolishes SEAP

responses. To demonstrate the effectiveness of LPS depletion, samples of LPS-spiked media (0.16–10 ng/

ml) were incubated twice on polymyxin columns with gentle rocking at room temperature. After elution from

the columns, the effluents were applied to TLR4-reporter cells (as performed in Fig 2) and the stimulation was

assessed with QuantiBlue. The gray bar represents the mean background of SEAP activity +/- SEM). The %

net change in O.D. (HEK treatment O.D. minus background O.D.) produced by polymyxin depyrogenation of

10 ng/ml LPS was determined to be 89%. Significance is represented by the asterisks, p� 0.005.

https://doi.org/10.1371/journal.pone.0189939.g003
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inhibition was dose-dependent insomuch as 100 μM celecoxib treatment completely abrogated

the CMP response (p� 0.005), while 10 μM and 30 μM treatments with celecoxib demon-

strated intermediate levels of inhibition (Fig 7). In contrast, indomethacin (another COX

inhibitor) had very little effect on NF-κB activation irrespective of the agonist (Fig 8). To better

demonstrate inhibition, optimum concentrations (lowest concentration required to achieve

near-maximal SEAP activation) of LPS and CMP (12.5 ng/mL and 40 μg/mL, respectively)

were selected and applied to reporter cells. No effect was seen when HEK-TLR4 cells were pre-

treated for 1 h with 1.25–80 μM indomethacin prior to the addition of LPS or CMP. However,

incubation with 160 μM indomethacin resulted in approximately 25% reduction (p� 0.05) of

the LPS and CMP-induced SEAP responses. TNFα initiates a potent SEAP response in both

HEK-TLR4 (Fig 9) and HEK-Null cells (Fig 2A). This response was significantly inhibited

(p� 0.005) in a dose-dependent manner when cells were pre-treated with celecoxib prior to

TNFα stimulation. Complete ablation of the response was observed with 100 μM celecoxib

pre-treatment. These findings directly paralleled the dose-dependent celecoxib kinetics

observed with CMP-dependent NF-κB activation (Fig 8). Cytotoxicity assays using metabolic

XTT reduction were performed to evaluate any changes in HEK-TLR4 reporter cell viability

that might be attributable to the addition of celecoxib (Fig 10). Cells were incubated overnight

with the same dilutions of celecoxib used to modulate NF-κB-dependent SEAP production.

No cytotoxicity was attributable to celecoxib treatments. In contrast, triton X-100 dilutions (16

Fig 4. CMP-induced TLR4-signaling activates TNFα and IL-8 mRNA expression. TNFα (squares) and IL-

8 (triangles) transcript levels were assessed by quantitative PCR. (A) HEK-TLR4 reporter cells (filled symbols)

and HEK-Null reporter cells (open symbols) cells were stimulated with 12.5 ng/mL LPS for the indicated times

prior to RNA isolation and qPCR analyses. (B) HEK-TLR4 reporter cells were treated with different doses of

CMP (1 mg/mL, solid line; 100 μg/mL, dashed line) for the indicated times (0–4 h). Significance is represented

by the asterisk, p� 0.05.

https://doi.org/10.1371/journal.pone.0189939.g004
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mM or greater) produced> 85% cytotoxicity which mirrors values reported by other studies

[43].

Role of N-linked glycosylations in TLR4 recognition

Candida strains possessing knockout mutations in the MNN4 gene have been used to deter-

mine the contributions of N-linked glycosylations to cellular hydrophobicity [44]. The changes

in glycan charge that accompany loss of MNN4 are attributable to loss of the phosphoglycan

side chain and correlate with a failure to bind to Alcian Blue. This change includes the loss of

β-1,2-oligomannosides that are linked to N-linked glycan through mannosylphosphate [45].

To correlate changes in CMP composition with TLR4 recognition we compared CMPs derived

from C. albicans strains A9 and A9 mmn4Δ (serotype B strains) [44] in TLR4 reporter cells.

The data are shown in Fig 11 as percentage of the paired LPS-induced SEAP controls. SEMs

are shown, but their incrementally low values placed them within the domain of the symbols.

CMP from both the A9 parent strain and the A9 mnn4Δ mutant induced NF-κB SEAP pro-

duction, but A9 mnn4Δ mutant strain-derived CMP was significantly (p� 0.005) more potent

than the parent A9-derived CMP (Fig 11). This may be interpreted to suggest that the β-1,2

mannan chains normally associated with phosphoglycan extensions on N-linked glycosyla-

tions could possibly interfere with interactions between TLR4/co-receptor complex and CMP.

For example, these glycans may mask shorter O-linked serine glycosylations, compete for

Fig 5. LPS- and CMP-mediated activation of TLR4 signaling induces COX-2 expression. (A) HEK-TLR4

reporter cells (filled squares) and HEK-Null reporter cells (gray squares) were stimulated with 12.5 ng/mL LPS

over 4 hours. Additionally, HEK-TLR4 cells were stimulated with 1 mg/mL CMP for 4 hours (B). Total RNA

was isolated and subjected to quantitative PCR analysis. COX-2 expression in individual samples was

normalized to expression of β-actin and overall expression is relative to cells treated with media alone.

Significance is represented by the asterisk, p� 0.05.

https://doi.org/10.1371/journal.pone.0189939.g005
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binding sites or change the hydrophobic/hydrophilic nature of CMPs. Moreover, this alter-

ation of molecular charge may allow A9 mnn4Δ mutant CMP better interaction with TLR4

and/or its co-receptors thereby resulting in a more competent activation platform on the

membrane.

Fig 6. Celecoxib inhibits TLR4 activation. HEK-TLR4 cells were treated with media (filled symbols) or

100 μM celecoxib (Celebrex; open symbols) prior to LPS (A) or CMP (B) stimulation. SEAP activity was

measured after overnight incubation.

https://doi.org/10.1371/journal.pone.0189939.g006

Fig 7. Celecoxib inhibits CMP activation of TLR4 in a dose-dependent manner. HEK-TLR4 cells were

pre-treated with with 0 μM (filled circles), 10 μM (open triangles), 30 μM (open diamonds), or 100 μM (open

circles) celecoxib for one hour prior to treatment with increasing concentrations of CMP as indicated. SEAP

activity was measured the next day to evaluate cellular activation. CMP-induced SEAP activity was

significantly reduced by celecoxib treatment (open symbols). Significance between the collective regressions

is represented by the asterisks p� 0.005.

https://doi.org/10.1371/journal.pone.0189939.g007

Candida mannoprotein preparations activate the TLR4 pathway

PLOS ONE | https://doi.org/10.1371/journal.pone.0189939 December 27, 2017 9 / 23

https://doi.org/10.1371/journal.pone.0189939.g006
https://doi.org/10.1371/journal.pone.0189939.g007
https://doi.org/10.1371/journal.pone.0189939


Discussion

We previously reported that CMPs stimulate macrophages in vitro, causing these cells to pro-

duce TNFα [14]. It has since been demonstrated that TNFα production in response to CMP

requires the sequential actions of TLR4, MyD88, and NF-κB [13]. Since TLR4 cooperates with

CD14 and MD2 in ligand recognition, we used a reporter cell line that expresses an engineered

and functional TLR4 receptor complex and a NF-κB-dependent SEAP-reporter system (Invi-

vogen). Many different cell types express TLR4; whereas, display of co-receptors CD14 and

Fig 8. Indomethacin inhibits TLR4 activation only at high concentrations. HEK-TLR4 cells were pre-

treated with a range of indomethacin concentrations (0–160 μM) for 1 h. After pre-treatment, cells were

subjected to stimulation with media (filled circles), 12.5 ng/mL LPS (open squares) or 40 μg/mL CMP (open

triangles). Ligand concentrations were selected after determining the lowest concentration required to

achieve near-maximal SEAP activity. SEAP activity was measured after overnight incubation to evaluate

cellular activation. The asterisk represents the significance (p� 0.05) wherein the variance in mean SEAP

activity of media plus indomethacin is compared with CMP or LPS treatments in the presence of 160 μM

indomethacin.

https://doi.org/10.1371/journal.pone.0189939.g008

Fig 9. Celecoxib inhibits TNFα-induced activation of HEK-TLR4 cells in a dose-dependent manner.

HEK-TLR4 cells were treated with varying concentrations of celecoxib for one hour after which cells were

stimulated with TNFα (2μg/well). After overnight incubation, SEAP activity was measured to evaluate cellular

activation. Significance is represented by the asterisks, p� 0.0005.

https://doi.org/10.1371/journal.pone.0189939.g009
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MD2 is primarily restricted to immune cells. However, structural cells have been shown to par-

ticipate in ligand recognition via surface-expressed TLR4 and soluble co-receptors [46]. Thus,

lingering questions regarding the role of MD2 and CD14 in TLR4 activation by non-LPS

ligands require additional research. The primary goal of this study was to assess CMP as a

TLR4 PAMP using an established reporter cell [22] that also lacked MR. CMPs derived from

C. albicans 20A have been shown to stimulate TNFα production in mice (14) and cultures of

murine macrophages (15). These and other CMPs from various preparations contain similar

electrophoretic patterns that display a defined reactivity with anti-mannan antibodies. The

overall aim of the study was to compare and contrast CMP induced TLR4 activation with LPS-

Fig 10. Celecoxib-treatments below 100mM are not cytotoxic to HEK-TLR4 cells. The HEK reporter cells

were cultured overnight in dilutions of celecoxib (triangles) or Triton X-100 (control; squares). The X axis

shows the final concentrations of celecoxib in the culture media and the numerical labels above the square

data labels show the mM concentrations of Triton X-100 used in the positive cytotoxic controls. Cell viability

was tested using XTT + menadione. Substrate (XTT) conversion was monitored and measured as OD 490

during a 12 h incubation. Net absorbance was adjusted by subtraction of media only (acellular) absorbance

and % cytotoxicity was computed as an absorbance quotient using treated cell XTT conversion/non treated

cell XTT conversion x 100%. Computed SEM were negligible and while shown in the graph, they are hidden

by the symbols.

https://doi.org/10.1371/journal.pone.0189939.g010

Fig 11. CMPs derived from C. albicans A9 and A9 mnn4Δmutant strains both stimulate HEK-TLR4

cells. The A9 mnn4 Δmutant CMP lacks phosphodiester-linked extensions on the N-linked glycans and was

found to be superior to CMP from the A9 parent strain as a TLR4 agonist. In this experiment SEAP conversion

was stopped at 45 min. Peak LPS stimulation corresponded to mean absorbance of 0.11 +/- 0.004

absorbance units (positive control). The negative control wells received only additional media. All data were

converted to percentage of LPS control by dividing the mean net absorbance of CMP treated cells by the

mean net absorbance of LPS treated cells. SEM was converted to % SEM in the same manner. Significance

that is represented by the asterisks was p� 0.005.

https://doi.org/10.1371/journal.pone.0189939.g011
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induced activation in the same reporter cell system. In accomplishing this goal, the data show

that CMP contains multiple high molecular weight moieties that could serve as molecular vehi-

cles in the delivery of the ligand signals to TLR4/MD2/CD14. It was clearly shown that CMP

can produce a reporter cell response equivalent to that observed with LPS, provided sufficient

quantities of CMP are used. Using a depyrogenation system, it was conclusively demonstrated

that the CMP-induced TLR4 responses were not due to endotoxin contamination. Despite the

fact that this cell line contains an imported and engineered NF-κB-dependent reporter system,

these data also showed that the stimulated reporter cells not only produced SEAP but also tran-

scribed CMP-inducible mRNA transcripts from inflammatory cytokine genes (viz., TNFα and

IL-8). These cytokines, as well as COX-2 are commonly observed in CMP responses among

cultured phagocytes. In this respect, HEK 293 cells have also been shown to be capable of pro-

ducing IL-8 in an NF-κB-dependent fashion when stimulated with TNFα [47]. COX-2’s role

in the response was further examined using COX inhibitors. Celecoxib was used as a modula-

tor of NF-κB-dependent cellular regulation, wherein it was found that COX-2 may function in

an auto-regulatory mechanism that possibly sustains the initial reporter cell response to CMP

[28]. Insomuch as human macrophages respond to mannose-containing PAMPs with strong

prostaglandin E2 (PGE2) responses [48], contrasting this modulation against a COX-1 inhibi-

tor provided some indirect assurance that the NF-κB inhibition was dependent on COX-2.

Finally, the correlation of variable TLR4 reporter cell responses to differentially expressed β-

1,2 mannosylations paralleled and confirmed the findings of other labs regarding pattern rec-

ognition of C. albicans cell wall glycans. In summary, these TLR4-reporter cells are a flexible

genetic platform that are robust and easily transfected with plasmids containing variable col-

lections of PRR genes. These features make them an appropriate cellular model for evaluating

genetic variations in TLR4 and co-receptor dependencies that may contribute to variable host

recognition of C. albicans strains. Moreover, PRR-dependent reporter cells also provide a

valuable tool for examining variations in glycan expression on CMP that may contribute to

virulence.

The biochemical basis of TLR4 reactivity with CMP is dependent upon glycosylation pat-

terns. CMPs derived from C. albicans by citrate extraction and CTAB purification possess both

N- and O-linked mannosylations [44, 49]. O-linked mannosylations are composed of 3–4 α-

1,2-linked mannosides that are anchored to CMP at Ser/Thr residues. N-linked mannosyla-

tions are attached to CMP at Asn-X-Ser/Thr sequons and are much larger and more compli-

cated polymers that contain a mixture of various β- and α-linked mannosides occurring as

branching mannose polymers. PRR recognition and activation with these glycosylations may

well be dependent upon glycan linkages and quite possibly dependent upon their presentation

as a part of a larger multiplexed molecule. For example, synthetic forms of mannans have been

compared with native CMPs for their ability to stimulate TNFα secretion in macrophage-like

cells, but little if any stimulation was noted among the synthetic mannose polymers [50]. In

vaccine studies, synthetic conjugates of mannans coupled to proteins provide protective

immunity in mice [51]. Taken together, these results indicate that the native state and form of

CMP maybe critical to recognition. Other studies [13, 52] have suggested that O-linked man-

nosylations on CMP react with TLR4 and activate the associated pathways leading to NF-κB

release. Among wild type serotype A stains of C. albicans, β-1,2-mannosylations are expressed

on acid-labile phosphoglycan extensions of the N-linked glycans and are also found on the ter-

mini of acid-stable extensions. Epitopes formed by the β-1,2-extensions appear to be the pre-

dominant target (viz., antigenic factor 5) in antisera raised against C. albicans mannans [53].

Furthermore, studies with dendritic cells have shown that protein-free β-1,2 mannosides

reduce the production of inflammatory cytokines [24]. These researchers also found that the

inhibitory activities of the β-1,2 mannosides were sensitive to polyclonal rabbit anti-mannan
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antibody neutralization. These studies collectively point to a regulatory action that is depen-

dent upon expression of β-1,2-linked mannosides.

In the present study, the data showed that both LPS and CMP achieve similar maximal

thresholds of NF-κB activity in TLR-4 reporter cells, but very different ligand concentrations

were required for their respective maximal activations. Thresholds can result from extracellu-

lar or intracellular regulation, but may also depend on ligand presentation where competitive

agonists and antagonists (e.g., β-1,2-linked mannosylations) interfere or enhance interactions

with the receptor. It has also been proposed that TLR4 activation may be regulated by internal

cellular signals (e.g., eicosanoids) that act through G-coupled protein kinase A anchoring pro-

teins (AKAPs) [54]. This work suggested that LPS-induced PGE2 suppressed TLR4-induced

TNFα production in macrophages through the actions of AKAP8-anchored protein kinase

A-RII. However, they also showed that endogenous PGE2 induced cAMP which provided a

positive AKAP10 signal for cytokines IL-6 and IL-10 that also enhanced nitric oxide produc-

tion. The fact that our data showed both LPS and CMP induced transcription of COX-2 in the

reporter cells and both NF-κB responses were inhibited by a COX-2 inhibitor supports the

concept that endogenous PG may also play a positive role in controlling TLR4 responses in

reporter cells. For example, it is well known that celecoxib directly inhibits COX-2 and de-

creases the production of PGs. This regulatory feature could have divergent effects on NF-κB

related actions insomuch as PGE2 has been shown to promote the transcriptional activities of

NF-κB, while cyclopentenone PG has been shown to inhibit IκB kinase [55]. These and other

authors (46) propose models wherein PGs impact the early response to a TLR4 ligand by ini-

tially amplifying and sustaining NF-κB’s activity. Another study [56] showed that celecoxib

depletion of intracellular PGE2 enhanced NF-κB p65, but inhibited p50 translocation to the

nucleus and interfered with p50 binding to DNA. Thus, our application of celecoxib and indo-

methacin during the early stages of the reporter cell response to CMP and the subsequent inhi-

bition of NF-κB allowed us to consider the assumption that the reporter cell NF-κB responses

to either CMP and/or TNFα may partly depend upon endogenous PGE2 as a part of an early

PG amplification signal.

Moreover, celecoxib was an effective inhibitor of both LPS and CMP stimulation in the

HEK-TLR4 model. Complete inhibition of CMP was achieved with 100 μM and 50% inhibi-

tion was measured in the presence of 30 μM celecoxib. This agrees with other studies that

report 50% inhibition of TNFα-induced activation when cancer cells are treated with 27 μM

celecoxib [57]. In contrast, indomethacin in our model was found to be a weak inhibitor of

LPS- and CMP-induced NF-κB activation, insomuch as>100 μM concentrations of the drug

were required to achieve 25% inhibition. Similar to previous reports in other cell lines, we

found celecoxib was superior to indomethacin in inhibiting NF-κB activity [57]. For example,

Takada et al. (2004) reported that 600 μM indomethacin was needed in a tumor model to

achieve 50% inhibition of TNFα-induced NF-κB release. After overnight exposure to higher

concentrations of indomethacin, the HEK-TLR4 cells were rounded and less adherent, but

otherwise appeared healthy and viable. Takada et al. previously reported that indomethacin

concentrations above 100 μM could produce a 25% decrease in viability/proliferation follow-

ing 2 days of exposure, as compared to our overnight exposure. It is well-recognized that indo-

methacin is predominantly a COX-1 inhibitor that will also inhibit COX-2, while celecoxib is a

selective COX-2 inhibitor. However, we should not assume that the variation in the action of

COX inhibitors in CMP or LPS activation was solely dependent upon PG production. None-

theless, the celecoxib sensitivity we observed agrees with recent studies in which alternative

NSAID-dependent control mechanisms have been proposed. For example, another plausible

point for celecoxib-sensitivity is the NF-κB interference mechanism that has been identified to

be dependent upon non-steroidal anti-inflammatory drug induced gene-1 (NAG-1) products
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[58]. Celecoxib interference with NF-κB activation in the current HEK-TLR4 model could

also occur through NAG-1 modulation. In conclusion, similar reporter cell sensitivities to

COX-1 and -2 inhibitors by LPS- and CMP-treatments suggest that their respective PG activa-

tion mechanisms are convergent with respect to NF-κB activation and modulation.

The observation that the TLR4-reporter cells were more sensitive to LPS than CMP suggests

variable activation thresholds that may result from either variable ligand efficiencies or variable

regulation. While HEK-TLR4 cells produced a maximal SEAP response to both ligands, LPS

served as the more potent agonist. This observation was further evaluated by comparing the

estimated ligand molarities used for each of the two ligand stimulations. We have determined

that our CMPs are>200kD, whereas the Salmonella LPS used in this study is recognized to be

only 50-100kD (Sigma Technical Bulletin; Product L2262). When the masses of each ligand

are considered, the molar values required to induce 50% SEAP activity were 0.5–1.0 nM and

40 μM for LPS and CMP, respectively. Therefore, in regard to TLR4 stimulation, Salmonella
LPS was estimated to be 40,000–80,000 times more potent than our CMPs. If maximal SEAP

activation is used as an indirect measurement of receptor or signal saturation, we can surmise

that saturation may occur with 125–250 nM LPS or 5 mM CMP. These values suggest that LPS

is 20,000–40,000 times more active than CMP as a TLR4 agonist. Other studies support our

findings in that 10–100 μM concentrations of Candida mannan are needed to induce TNFμ
production by the macrophage cell line J774.2 [50]. The differences in the molar requirements

for TLR4 activation by LPS and CMP may be the result of differences in ligand-binding affini-

ties or receptor complex composition (e.g., co-receptors required). It may also be considered

that the assembly and sorting of multiple co-receptors into their effective molecular ratios is

favored by the LPS ligand.

When polymyxin B columns were used to remove potential endotoxin contamination from

CMP preparations, no change was noted in SEAP responses. In contrast, media spiked with

0.16–10 ng/ml LPS lost 90–100% of its stimulatory activity when exposed to polymyxin B

resin. The minimum threshold of LPS detection for these reporter cells was 0.32 ng/ml LPS.

Based on our calculations, CMP produces a near maximum threshold SEAP response at 78 μg/

ml, which should hypothetically contain no more than 10.4 ng/ml LPS. The polymyxin B col-

umns effectively reduced the TLR4 stimulation induced by 10 ng/ml LPS by 90%, but no

change was noted in polymyxin B treated CMP at 78 μg/ml. We can conclude from these data

that the CMP responses observed here with TLR reporter cells are not the result of endotoxin

contamination.

It is generally known that NF-κB activation occurs following the phosphorylation and

release of its inhibitor IκB [1]. NF-κB travels to the nucleus where it cooperates with other

transcription factors to bind to the promoters of specific genes. The NF-κB signal derived

from TLR4 activation drives transcription of TNFα [59] and other cytokine genes [60]. CMP

treatment of TLR4-reporter cells was followed by a 10-fold increase in IL-8 and TNFα, like

what has been reported after LPS exposure. CMP enhanced COX-2 gene transcription 2-4-fold

compared to cells treated with media alone. Taken together, these data show that CMP acti-

vates a similar cascade of signaling events to those seen following LPS binding to TLR4 and its

co-receptors [60, 61]. This finding further supports the use of HEK-TLR4 cells as a representa-

tive TLR4-reporter cell for comparative recognition of mannans and mannoproteins from dif-

ferent C. albicans strains. Moreover, recognition was dependent upon ligand concentration,

occurred independently of MR expression and produced detectable transcriptional products.

The data reported here indicate that CMPs induce NF-κB in HEK-TLR4 cells in a fashion

similar to LPS. CMP activation is most likely dependent upon the shorter O-linked mannosy-

lations present on a soluble, high molecular mass mannoprotein that is extracted with hot cit-

rate from C. albicans 20A. TLR4 recognition of CMP can occur independent of MR, but the
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dependency of CMP recognition on CD14 and MD2 is still unknown. Nonetheless, it has been

suggested that variations in β-1,2-linked mannosides occurring on the N-linked glycans influ-

ence cytokine production, a function that is otherwise currently attributed to O-linked recog-

nition [24]. Furthermore, the contrasting TLR4-reporter cell responses observed with A9 and

A9 mnn4Δ mutant CMPs support the notion that strain-dependent variation in O-linked

phosphoglycan extensions of N-linked glycosylations may interfere with TLR4 recognition of

O-linked mannosylations. This interference may be due to altered hydrophobicity and/or

changes in the molecular arrangement of glycans wherein masking of TLR4 targets occurs. In

the absence of MR, the TLR4/MD2/CD14 receptor complex is acting without the benefit of

this N-linked glycan receptor, but even in its absence an NF-κB activation signal is produced

in the reporter cell. The data presented here showed that loss of MNN4-dependent glycans on

CMP enhanced the stimulatory nature of CMP extracted from the A9 mnn4 Δ-mutant.

Taken together, the data in this study demonstrates that the HEK-TLR4 model is suitable

for assessing the interactions of CMPs with TLR4 and its co-receptors. The response pro-

gresses much like responses seen with the human macrophage cell line, THP1. Moreover, the

model provides insight into a possible mechanism that non-phagocyte TLR4 expression might

provide to initiate an innate immune response in the absence of MR. The studies described

here also showed that NF-κB responses by the TLR-4 reporter cell line reflected subtle changes

in the expression of mannosylations on soluble CMP. The standardization of this model will

provide a testing platform for genetic manipulation of PRR and the evaluation of C. albicans
strain-dependent variations in TLR4 recognition.

Materials and methods

C. albicans cultures and CMP extraction

CMPs were extracted from C. albicans 20A (a serotype A, an isolate originally obtained from

Errol Reiss, Centers for Disease Control, Atlanta, GA) using hot citrate buffer and cetyltri-

methylammonium bromide (CTAB; also referred to as cetavalon) purification [39, 49]. A9

(serotype B) and A9 mnn4Δ mutant-derived CMPs were a gift from Kevin Hazen, Duke Uni-

versity [44]. All buffers were prepared with endotoxin-free water (EF; 0.001 EU/mL) derived

from a Millipore Academic-Elix System with a BioPak Filter (EMD Millipore, Billerica, MA).

All glassware was baked at 250˚C for 2 h. Candida stocks were maintained at 4˚C on Sabour-

aud dextrose agar (Difco Laboratories, Detroit MI). Prior to bulk culture, an overnight culture

was prepared by inoculating 200 mL of Sabouraud dextrose broth and shaking (150 rpm) at

35˚C. The starter culture was distributed to eight 4 L flasks containing 1 L Sabouraud dextrose

broth with 250 μg/mL ampicillin (Sigma, St Louis, MO) and grown with shaking overnight at

35˚C. Cells were pelleted by centrifugation at 2840 × g, washed with 500 mL sterile, EF-PBS

(Sigma) and suspended in 200 mL of 0.02M citrate buffer (pH 7.0). The cell suspension was

autoclaved at 125˚C in the citrate buffer for 90 min. The autoclaved cells were pelleted at

2840 × g, suspended in a fresh 200 mL of citrate buffer and again autoclaved for 90 min. Both

citrate supernatants were combined and either precipitated in an equal volume of methanol or

lyophilized. The crude mannan preparation was dissolved in 200 mL water and dialyzed

against 4 changes of EF-water during a 48 h period. The dialyzed sample was lyophilized,

weighed, and suspended in EF-water at a concentration of 4 g/100 mL. The volumes described

in the following steps were adjusted to be proportional to 4 g of crude mannan/100 mL water.

Approximately 100 mL of the crude cell wall extract was combined with 4 g CTAB/150 mL of

water, stirred and allowed to set at room temperature overnight. The precipitate was removed

by centrifugation at 3500 × g, suspended and washed in 50 mL EF-water for 1 h. The CTAB

precipitates were discarded. The supernatant (150 mL) was combined with the 50 mL wash
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and 100 mL of 1% (wt/vol) boric acid. The CMP suspension was adjusted to a pH of 8.8 by the

slow addition of 1 N NaOH while stirring at room temperature for 1 h. The precipitate was col-

lected by a 15 min centrifugation at 3500 × g and was washed with 100 mL 0.5% (wt/vol)

sodium acetate (pH 8.8). The sodium acetate solution was eluted from the precipitate and dis-

carded. The precipitate was dissolved in 50 mL of 2% (vol/vol) acetic acid. Next, 1 g of sodium

acetate in 3 vols of ethanol was added to re-precipitate the crude mannan. The precipitate was

collected by centrifugation at 3500 × g, dissolved in EF-water and the cloudy solution was clar-

ified by adjusting the pH to 7.0 with the slow addition of 1N NaOH. The CMP solution was

dialyzed against 4 changes of EF-water over 48 h. The solution was rapidly frozen using a

methanol/dry ice bath and lyophilized. CMP was stored as a lyophilized powder at 4˚C.

SDS polyacrylamide gel electrophoresis and immunoblotting

CMPs were subjected to electrophoresis through 10 cm Tris-acetate gels prepared as 2–8%

acrylamide gradients (Thermo Fisher Scientific Inc., Waltham, MA). The samples were pre-

pared for electrophoresis by boiling for 2 min in sample buffer containing 20 mM Tris-HCl

(pH 7), 2% SDS, 100 mM DTT, 10% glycerol and 0.02% bromophenol blue. Gels were placed

into Tris-Tricine SDS buffer (Expedeon Running Buffer; Thermo Fisher) and samples were

subjected to a constant current of 7.5 mA per gel for approximately 1 h or until the dye front

progressed to the bottom of the gel. Pre-stained Precision Plus Protein Dual Xtra standardsTM

(BioRad) or Pierce HiMark standards (Thermo Fisher) were included on each gel to assess

electrophoretic mobility. Gels were either fixed and stained immediately or transferred onto

nitrocellulose. Staining was performed according to manufacturer’s directions with a standard

coomassie blue, silver or polysaccharide staining kit (all from Thermo Fisher). Transfer to

nitrocellulose was performed with a semi-dry system using filter papers soaked in discontinu-

ous anode and cathode buffers. The first anode filter was saturated with 0.3 M Tris at pH 10.4

in 30% (vol/vol) methanol. The second anode filter was saturated with 0.25 M Tris at pH 10.4

in 30% (vol/vol) methanol. The cathode filter was saturated with 0.025 M Tris/0.4 M amino

caproic acid/0.00044% SDS at pH 9.4 in 30% (vol/vol) methanol. CMPs were transferred at 80

mA for 1 h onto NitroPureTM nitrocellulose (0.45 μm; MSI, Westboro, MA) and blocked over-

night with 6% powdered milk (BioRad) in Tris-buffered saline with Tween (TBST; Bio Rad).

The membranes were probed with 1:1000 dilution of primary antibodies in TBST with 3% dry

milk. The primary antibodies used were a rabbit polyclonal antibody specific for mannan

(Dako, Carpinteria, CA) or a rabbit polyclonal antibody specific for C. albicans (Thermo

Fisher). Primary antibodies were detected with a 1:5000 dilution of secondary goat anti-rabbit

antibody conjugated with peroxidase (Sigma) in 20 mL TBST with 2% dry milk. Bound anti-

body was detected using a chemiluminescence kit (ECL Plus western blotting reagent, Thermo

Fisher). Blotted gels were visualized using a FluorChem E imaging system (ProteinSimple,

Santa Clara, CA) and gels were photograph with a Nikon X7500 camera using light-box back

lighting.

Cells and cell culture

HEK-BlueTM Null 2 and HEK-BlueTM hTLR4 cells (herein referred to as HEK-Null and

HEK-TLR4, respectively) were purchased from InvivoGen, San Diego, CA. HEK-Null cells are

stably transfected with a plasmid containing the secreted embryonic alkaline phosphatase

(SEAP) reporter gene under the control of the IL-12p40 minimal promoter fused to five NF-

κB binding sites. HEK-Null cells were stably transfected with human TLR4, MD2, and CD14
genes to produce HEK-TLR4 cells. Neither cell line is known to express TLR2 or MR. The

HEK-Null and HEK-TLR4 cell lines were cultured at 37˚C/5% CO2 in DMEM supplemented
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with 4.5 g glucose/L (Thermo Fisher), 50 U/mL penicillin, 50 μg/mL streptomycin (Thermo

Fisher), 100 μg/mL normocin (Thermo Fisher), 2 mM L-glutamine (Thermo Fisher), and 10%

heat-inactivated FBS (Atlanta Biologicals, Flowery Branch, GA). HEK-Null and HEK-TLR4

cells were maintained under selection using 100 μg/mL zeocin (InvivoGen) or HEK-BlueTM

(InvivoGen), respectively.

Cell stimulation and QuantiBlue assay

HEK reporter cells were grown to 50–70% confluence (viz., greater than 70% confluence

results in high NF-κB background values). Cells were dislodged from adherence in cold Ca-

and Mg-free Hank’s Balanced Salt Solution (HBSS). Dislodged cells were re-suspended to a

density of 0.5–1×105 reporter cells per ml. Each well in a 96-well flat-bottomed tissue culture

plate received 100 μl of the cell suspension prior to treatment. Cells were treated immediately

after plating with complete media alone or complete media plus dilutions of LPS (from Sal-
monella typhimurium; Sigma), purified CMP [14], indomethacin (Sigma), celecoxib (Sigma)

or a combination of these agonists and inhibitors in a final volume of 200 μL/well. Cytotoxic-

ity assays were performed with dilutions of celecoxib and compared with non-treated (nega-

tive control) or Triton X-100 treated reporter cells (positive cytotoxic control) [43] using an

XTT (sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) ben-

zene sulfonic acid hydrate metabolic assay [62]. All ligand and reagent dilutions were made

in complete media to prevent dilution of growth factors. Polymyxin B columns (Sigma) were

used according to manufacturer’s instructions to eliminate LPS contamination from the

CMP preparation prior to stimulation of HEK-TLR4 cells. A range of LPS concentrations

were similarly depyrogenated with polymyxin B columns to confirm resin efficiency with

our media.

NF-κB activity was determined by measuring the SEAP activity derived from NF-κB

responsive SEAP reporter genes found on plasmids in the reporter cell. As per manufacturer’s

specs for TLR4-reporter cells (Invivogen), SEAP accumulated in the culture medium following

overnight incubations with TLR4 agonists. For each well, 20 μL of supernatant were removed

and transferred to a new 96 well plate containing 180 μL pre-warmed (37˚C), filtered (0.22

μm) QUANTI-BlueTM (a proprietary Invivogen chromogenic substrate for SEAP). Reactions

were developed at 37˚C (without CO2) for 30–60 min and SEAP activity was measured at 630

nm using a BioTek Epoch microplate spectrophotometer. The results were evaluated with

Gen5 Data Analysis software (BioTek US, Winooski, VT). HEK-Null cells served as an impor-

tant control for the assay as they do not respond to TLR4 ligands, but SEAP production can be

readily induced by treatment with 100 ng/mL TNFα. All tests and controls were done in tripli-

cate and the mean SEAP activation +/- SEM were reported. Experiments were performed

three times unless otherwise indicated.

RNA isolation and cDNA synthesis

Cells were grown in 1–2 mL of complete medium to 50–70% confluence in 24-well plates (1–

2 × 106 cells/mL) and were treated as described in the previous section. After the indicated

treatment times, total RNA was isolated using the TRIzol method (Invitrogen, Carlsbad, CA)

according to the manufacturer’s instructions. RNA concentrations were measured using an

ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) at 260 nm. Con-

taminating genomic DNA was removed by treating 1 μg of each RNA preparation with 1 Unit

RQ1 RNase-free DNase (Promega, Madison, WI). After 30 min, DNase was inactivated and

cDNAs were synthesized using Promega’s ImProm-II™ Reverse Transcription system accord-

ing to the manufacturer’s instructions. All cDNAs were analyzed by quantitative (qPCR).
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Quantitative PCR

All primers for qPCR were custom-ordered from ThermoFisher Scientific (Pittsburgh, PA).

Whenever possible, primers were designed to span introns to eliminate background signals

from genomic DNA. The following primers were used for qPCR: TNFα Fwd 5’-GGGACCT
CTCTCTAATCAGCCCTCTGG-3’ and Rev 5’-GACGGCGATGCGGCTGATGG-3’ (290 bp,

60˚C annealing; [63]), IL-8 Fwd 5’-CAAGAGCCAGGAAGAAACCA-3’ and Rev 5’-GTCCAC
TCTCAATCACTCTCAG -3’ (225 bp, 55˚C annealing; [64]), COX-2 Fwd 5’-GAATCATTCA
CCAGGCAAATTG-3’and Rev 5’-TCTGTACTGCGGGTGGAACA-3’ (321 bp, 55˚C anneal-

ing; [65]), GAPDH Fwd 5’-GGTATCGTGGAAGGACTCATGAC-3’ and Rev 5’-ATGCCAGT
GAGCTTCCCGTTCAGC-3’ (188 bp, 55˚C annealing, [66]) and β-actin Fwd 5’-ATTGCCGAC
GGATGCAGAA-3’ and Rev 5’-GTCATACTCCTGCTTGCTGACC-3’ (165 bp, 55˚C anneal-

ing, [67]). Each PCR mixture (25 μL) was comprised of 1X iQ SYBR mix (Bio-Rad, Hercules,

CA), 0.5 μM each for the forward and reverse primers, and 2 μL of cDNA or sterile H2O for

negative controls. Reactions were run in an MJ Mini Opticon (Bio-Rad) thermal cycler using

the following conditions: denaturation at 95˚C for 5 min followed by 40 cycles of amplification

(95˚C/15 sec, 55–60˚C/30 sec, 72˚C/30 sec). All final PCR reactions were subjected to melt

curve analyses. Data were analyzed using Bio-Rad’s CFX Manager software. Threshold values

were automatically established by the software programming, and the cycle in which each sam-

ple crossed the threshold (CT) was recorded. The ΔCT value was determined for each sample

as the CT value for the gene of interest–the CT value for the housekeeping gene. Both GAPDH

and β-actin were used as housekeeping genes. Expression in each treatment group was con-

verted to fold expression (increase or decrease) over the average basal expression level seen in

cells treated with media (set to a value of 1). All analyses were performed on triplicate samples

(at a minimum) and all experiments were repeated using new cells at least 1–2 times for a total

of 2–3 replications.

Statistical analyses

Data from multiple samples are represented as the mean ± SEM (indicated by error bars). For

most figures, the variance is low enough that the error bars are not visible outside of the data

symbol margins. Where serial dilution or time course curves were calculated, linear regression

r2 analyses were performed to determine the significance differences occurring between the

curves. Moreover, t-tests were used to determine significant differences between the means.

Values of significance are indicated as p� 0.05 (�), p� 0.005 (��), or p� 0.0005 (���).

Acknowledgments

The authors would like to thank Errol Reiss and Anna Walker for reviewing this manuscript and

providing editorial direction. Many thanks are also expressed to Kevin Hazen for providing A9

and A9 mnn4Δmutant-derived CMP. The authors also thank Mercer University School of Medi-

cine and Armstrong State University for their encouragement and support of this research.

Author Contributions

Conceptualization: Traci Ness, Ronald Garner.

Data curation: Traci Ness, Mahmud Abdallah, Brittany House, Rebekah Robinson, Ronald

Garner.

Formal analysis: Traci Ness, Mahmud Abdallah, Jaime Adams, Edwin Gunn, Brittany House,

Rebekah Robinson, Jill Sharma, Ronald Garner.

Candida mannoprotein preparations activate the TLR4 pathway

PLOS ONE | https://doi.org/10.1371/journal.pone.0189939 December 27, 2017 18 / 23

https://doi.org/10.1371/journal.pone.0189939


Funding acquisition: Traci Ness, Ronald Garner.

Investigation: Traci Ness, Mahmud Abdallah, Jaime Adams, Claudia Alvarado, Edwin Gunn,

Brittany House, John Lamb, Jack Macguire, Emily Norris, Rebekah Robinson, Morgan

Sapp, Jill Sharma, Ronald Garner.

Methodology: Traci Ness, Mahmud Abdallah, Jaime Adams, Claudia Alvarado, Edwin Gunn,

Brittany House, John Lamb, Jack Macguire, Emily Norris, Rebekah Robinson, Morgan

Sapp, Jill Sharma, Ronald Garner.

Project administration: Traci Ness, Ronald Garner.

Resources: Traci Ness, Ronald Garner.

Supervision: Traci Ness, Brittany House, Ronald Garner.

Validation: Traci Ness, Ronald Garner.

Visualization: Claudia Alvarado, Brittany House, Ronald Garner.

Writing – original draft: Traci Ness, Ronald Garner.

Writing – review & editing: Traci Ness, Ronald Garner.

References
1. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell. 2006; 124(4):783–

801. Epub 2006/02/25. https://doi.org/10.1016/j.cell.2006.02.015 PMID: 16497588.

2. Ishii KJ, Koyama S, Nakagawa A, Coban C, Akira S. Host innate immune receptors and beyond: making

sense of microbial infections. Cell Host Microbe. 2008; 3(6):352–63. Epub 2008/06/11. https://doi.org/

10.1016/j.chom.2008.05.003 PMID: 18541212.

3. Yu L, Wang L, Chen S. Endogenous toll-like receptor ligands and their biological significance. J Cell Mol

Med. 2010; 14(11):2592–603. Epub 2010/07/16. https://doi.org/10.1111/j.1582-4934.2010.01127.x

PMID: 20629986.

4. Pivarcsi A, Bodai L, Rethi B, Kenderessy-Szabo A, Koreck A, Szell M, et al. Expression and function of

Toll-like receptors 2 and 4 in human keratinocytes. Int Immunol. 2003; 15(6):721–30. Epub 2003/05/17.

PMID: 12750356.

5. Dauphinee SM, Clayton A, Hussainkhel A, Yang C, Park YJ, Fuller ME, et al. SASH1 is a scaffold mole-

cule in endothelial TLR4 signaling. J Immunol. 2013; 191(2):892–901. https://doi.org/10.4049/jimmunol.

1200583 PMID: 23776175.

6. Liu L, Wang Y, Cao ZY, Wang MM, Liu XM, Gao T, et al. Up-regulated TLR4 in cardiomyocytes exacer-

bates heart failure after long-term myocardial infarction. J Cell Mol Med. 2015; 19(12):2728–40. https://

doi.org/10.1111/jcmm.12659 PMID: 26290459; PubMed Central PMCID: PMCPMC4687701.

7. Tang AT, Choi JP, Kotzin JJ, Yang Y, Hong CC, Hobson N, et al. Endothelial TLR4 and the microbiome

drive cerebral cavernous malformations. Nature. 2017; 545(7654):305–10. https://doi.org/10.1038/

nature22075 PMID: 28489816.

8. Kumamoto CA. Inflammation and gastrointestinal Candida colonization. Curr Opin Microbiol. 2011; 14

(4):386–91. https://doi.org/10.1016/j.mib.2011.07.015 PMID: 21802979; PubMed Central PMCID:

PMCPMC3163673.

9. Sardi JC, Scorzoni L, Bernardi T, Fusco-Almeida AM, Mendes Giannini MJ. Candida species: current

epidemiology, pathogenicity, biofilm formation, natural antifungal products and new therapeutic options.

J Med Microbiol. 2013; 62(Pt 1):10–24. Epub 2012/11/28. https://doi.org/10.1099/jmm.0.045054-0

PMID: 23180477.

10. Ostrosky-Zeichner L, Sable C, Sobel J, Alexander BD, Donowitz G, Kan V, et al. Multicenter retrospec-

tive development and validation of a clinical prediction rule for nosocomial invasive candidiasis in the

intensive care setting. Eur J Clin Microbiol Infect Dis. 2007; 26(4):271–6. Epub 2007/03/03. https://doi.

org/10.1007/s10096-007-0270-z PMID: 17333081.

11. Kullberg BJ, Arendrup MC. Invasive Candidiasis. N Engl J Med. 2015; 373(15):1445–56. https://doi.org/

10.1056/NEJMra1315399 PMID: 26444731.

Candida mannoprotein preparations activate the TLR4 pathway

PLOS ONE | https://doi.org/10.1371/journal.pone.0189939 December 27, 2017 19 / 23

https://doi.org/10.1016/j.cell.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16497588
https://doi.org/10.1016/j.chom.2008.05.003
https://doi.org/10.1016/j.chom.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18541212
https://doi.org/10.1111/j.1582-4934.2010.01127.x
http://www.ncbi.nlm.nih.gov/pubmed/20629986
http://www.ncbi.nlm.nih.gov/pubmed/12750356
https://doi.org/10.4049/jimmunol.1200583
https://doi.org/10.4049/jimmunol.1200583
http://www.ncbi.nlm.nih.gov/pubmed/23776175
https://doi.org/10.1111/jcmm.12659
https://doi.org/10.1111/jcmm.12659
http://www.ncbi.nlm.nih.gov/pubmed/26290459
https://doi.org/10.1038/nature22075
https://doi.org/10.1038/nature22075
http://www.ncbi.nlm.nih.gov/pubmed/28489816
https://doi.org/10.1016/j.mib.2011.07.015
http://www.ncbi.nlm.nih.gov/pubmed/21802979
https://doi.org/10.1099/jmm.0.045054-0
http://www.ncbi.nlm.nih.gov/pubmed/23180477
https://doi.org/10.1007/s10096-007-0270-z
https://doi.org/10.1007/s10096-007-0270-z
http://www.ncbi.nlm.nih.gov/pubmed/17333081
https://doi.org/10.1056/NEJMra1315399
https://doi.org/10.1056/NEJMra1315399
http://www.ncbi.nlm.nih.gov/pubmed/26444731
https://doi.org/10.1371/journal.pone.0189939


12. Eggimann P, Pittet D. Candida colonization index and subsequent infection in critically ill surgical

patients: 20 years later. Intensive Care Med. 2014; 40(10):1429–48. https://doi.org/10.1007/s00134-

014-3355-z PMID: 24934813; PubMed Central PMCID: PMCPMC4176828.

13. Netea MG, Gow NA, Munro CA, Bates S, Collins C, Ferwerda G, et al. Immune sensing of Candida albi-

cans requires cooperative recognition of mannans and glucans by lectin and Toll-like receptors. J Clin

Invest. 2006; 116(6):1642–50. Epub 2006/05/20. https://doi.org/10.1172/JCI27114 PMID: 16710478;

PubMed Central PMCID: PMC1462942.

14. Garner RE, Rubanowice K, Sawyer RT, Hudson JA. Secretion of TNF-alpha by alveolar macrophages

in response to Candida albicans mannan. Journal of leukocyte biology. 1994; 55(2):161–8. Epub 1994/

02/01. PMID: 8301212.

15. Garner RE, Hudson JA. Intravenous injection of Candida-derived mannan results in elevated tumor

necrosis factor alpha levels in serum. Infection and immunity. 1996; 64(11):4561–6. Epub 1996/11/01.

PMID: 8890207; PubMed Central PMCID: PMC174413.

16. Rizzetto L, Kuka M, De Filippo C, Cambi A, Netea MG, Beltrame L, et al. Differential IL-17 production

and mannan recognition contribute to fungal pathogenicity and commensalism. J Immunol. 2010; 184

(8):4258–68. https://doi.org/10.4049/jimmunol.0902972 PMID: 20228201.

17. Netea MG, Ferwerda G, van der Graaf CA, Van der Meer JW, Kullberg BJ. Recognition of fungal patho-

gens by toll-like receptors. Curr Pharm Des. 2006; 12(32):4195–201. Epub 2006/11/15. PMID:

17100622.

18. Gazi U, Martinez-Pomares L. Influence of the mannose receptor in host immune responses. Immuno-

biology. 2009; 214(7):554–61. Epub 2009/01/24. https://doi.org/10.1016/j.imbio.2008.11.004 PMID:

19162368.

19. Martinez-Pomares L. The mannose receptor. Journal of leukocyte biology. 2012; 92(6):1177–86. Epub

2012/09/12. https://doi.org/10.1189/jlb.0512231 PMID: 22966131.

20. Sorvillo N, Pos W, van den Berg LM, Fijnheer R, Martinez-Pomares L, Geijtenbeek TB, et al. The mac-

rophage mannose receptor promotes uptake of ADAMTS13 by dendritic cells. Blood. 2012; 119

(16):3828–35. Epub 2012/02/01. https://doi.org/10.1182/blood-2011-09-377754 PMID: 22289891.

21. Dheer R, Santaolalla R, Davies JM, Lang JK, Phillips MC, Pastorini C, et al. Intestinal Epithelial Toll-

Like Receptor 4 Signaling Affects Epithelial Function and Colonic Microbiota and Promotes a Risk for

Transmissible Colitis. Infect Immun. 2016; 84(3):798–810. https://doi.org/10.1128/IAI.01374-15 PMID:

26755160; PubMed Central PMCID: PMCPMC4771346.

22. Chow JC, Young DW, Golenbock DT, Christ WJ, Gusovsky F. Toll-like receptor-4 mediates lipopolysac-

charide-induced signal transduction. J Biol Chem. 1999; 274(16):10689–92. PMID: 10196138.

23. Teodorowicz M, Perdijk O, Verhoek I, Govers C, Savelkoul HF, Tang Y, et al. Optimized Triton X-114

assisted lipopolysaccharide (LPS) removal method reveals the immunomodulatory effect of food pro-

teins. PLoS One. 2017; 12(3):e0173778. https://doi.org/10.1371/journal.pone.0173778 PMID:

28355240; PubMed Central PMCID: PMCPMC5371287.

24. Ueno K, Okawara A, Yamagoe S, Naka T, Umeyama T, Utena-Abe Y, et al. The mannan of Candida

albicans lacking beta-1,2-linked oligomannosides increases the production of inflammatory cytokines

by dendritic cells. Med Mycol. 2013; 51(4):385–95. Epub 2012/10/30. https://doi.org/10.3109/

13693786.2012.733892 PMID: 23101887.

25. Johnson MA, Cartmell J, Weisser NE, Woods RJ, Bundle DR. Molecular recognition of Candida albi-

cans (1->2)-beta-mannan oligosaccharides by a protective monoclonal antibody reveals the immunodo-

minance of internal saccharide residues. The Journal of biological chemistry. 2012; 287(22):18078–90.

Epub 2012/04/12. https://doi.org/10.1074/jbc.M112.355578 PMID: 22493450; PubMed Central PMCID:

PMC3365708.

26. Bates S, Hall RA, Cheetham J, Netea MG, MacCallum DM, Brown AJ, et al. Role of the Candida albi-

cans MNN1 gene family in cell wall structure and virulence. BMC Res Notes. 2013; 6:294. Epub 2013/

07/28. https://doi.org/10.1186/1756-0500-6-294 PMID: 23886038; PubMed Central PMCID:

PMC3750861.

27. Mora-Montes HM, Bates S, Netea MG, Castillo L, Brand A, Buurman ET, et al. A multifunctional manno-

syltransferase family in Candida albicans determines cell wall mannan structure and host-fungus inter-

actions. The Journal of biological chemistry. 2010; 285(16):12087–95. Epub 2010/02/19. https://doi.

org/10.1074/jbc.M109.081513 PMID: 20164191; PubMed Central PMCID: PMC2852947.

28. Netea MG, Gow NA, Joosten LA, Verschueren I, van der Meer JW, Kullberg BJ. Variable recognition of

Candida albicans strains by TLR4 and lectin recognition receptors. Med Mycol. 2010; 48(7):897–903.

https://doi.org/10.3109/13693781003621575 PMID: 20166865.

29. Sawyer RT, Garner RE, Hudson JA. Arg-Gly-Asp (RGD) peptides alter hepatic killing of Candida albi-

cans in the isolated perfused mouse liver model. Infect Immun. 1992; 60(1):213–8. PMID: 1729184;

PubMed Central PMCID: PMCPMC257525.

Candida mannoprotein preparations activate the TLR4 pathway

PLOS ONE | https://doi.org/10.1371/journal.pone.0189939 December 27, 2017 20 / 23

https://doi.org/10.1007/s00134-014-3355-z
https://doi.org/10.1007/s00134-014-3355-z
http://www.ncbi.nlm.nih.gov/pubmed/24934813
https://doi.org/10.1172/JCI27114
http://www.ncbi.nlm.nih.gov/pubmed/16710478
http://www.ncbi.nlm.nih.gov/pubmed/8301212
http://www.ncbi.nlm.nih.gov/pubmed/8890207
https://doi.org/10.4049/jimmunol.0902972
http://www.ncbi.nlm.nih.gov/pubmed/20228201
http://www.ncbi.nlm.nih.gov/pubmed/17100622
https://doi.org/10.1016/j.imbio.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19162368
https://doi.org/10.1189/jlb.0512231
http://www.ncbi.nlm.nih.gov/pubmed/22966131
https://doi.org/10.1182/blood-2011-09-377754
http://www.ncbi.nlm.nih.gov/pubmed/22289891
https://doi.org/10.1128/IAI.01374-15
http://www.ncbi.nlm.nih.gov/pubmed/26755160
http://www.ncbi.nlm.nih.gov/pubmed/10196138
https://doi.org/10.1371/journal.pone.0173778
http://www.ncbi.nlm.nih.gov/pubmed/28355240
https://doi.org/10.3109/13693786.2012.733892
https://doi.org/10.3109/13693786.2012.733892
http://www.ncbi.nlm.nih.gov/pubmed/23101887
https://doi.org/10.1074/jbc.M112.355578
http://www.ncbi.nlm.nih.gov/pubmed/22493450
https://doi.org/10.1186/1756-0500-6-294
http://www.ncbi.nlm.nih.gov/pubmed/23886038
https://doi.org/10.1074/jbc.M109.081513
https://doi.org/10.1074/jbc.M109.081513
http://www.ncbi.nlm.nih.gov/pubmed/20164191
https://doi.org/10.3109/13693781003621575
http://www.ncbi.nlm.nih.gov/pubmed/20166865
http://www.ncbi.nlm.nih.gov/pubmed/1729184
https://doi.org/10.1371/journal.pone.0189939


30. Sawyer RT, Garner RE, Hudson JA. Effect of lectins on hepatic clearance and killing of Candida albi-

cans by the isolated perfused mouse liver. Infect Immun. 1992; 60(3):1041–6. PMID: 1541519; PubMed

Central PMCID: PMCPMC257591.

31. Sawyer RT, Horst MN, Garner RE, Hudson J, Jenkins PR, Richardson AL. Altered hepatic clearance

and killing of Candida albicans in the isolated perfused mouse liver model. Infect Immun. 1990; 58

(9):2869–74. PMID: 2117571; PubMed Central PMCID: PMCPMC313580.

32. Domer JE, Garner RE, Befidi-Mengue RN. Mannan as an antigen in cell-mediated immunity (CMI)

assays and as a modulator of mannan-specific CMI. Infect Immun. 1989; 57(3):693–700. PMID:

2917780; PubMed Central PMCID: PMCPMC313164.

33. Garner RE, Childress AM, Human LG, Domer JE. Characterization of Candida albicans mannan-

induced, mannan-specific delayed hypersensitivity suppressor cells. Infect Immun. 1990; 58(8):2613–

20. PMID: 2142482; PubMed Central PMCID: PMCPMC258863.

34. Garner RE, Domer JE. Lack of effect of Candida albicans mannan on development of protective

immune responses in experimental murine candidiasis. Infect Immun. 1994; 62(2):738–41. PMID:

7507901; PubMed Central PMCID: PMCPMC186170.

35. Garner RE, Kuruganti U, Czarniecki CW, Chiu HH, Domer JE. In vivo immune responses to Candida

albicans modified by treatment with recombinant murine gamma interferon. Infect Immun. 1989; 57

(6):1800–8. PMID: 2498208; PubMed Central PMCID: PMCPMC313359.

36. Knopick PL, Bradley DS. Detecting Immune Responses to Type III Secretion Systems. Methods Mol

Biol. 2017; 1531:165–72. https://doi.org/10.1007/978-1-4939-6649-3_14 PMID: 27837490.

37. McKim JM Jr., Wilga PC, Pregenzer JF, Blakemore WR. The common food additive carrageenan is not

a ligand for Toll-Like- Receptor 4 (TLR4) in an HEK293-TLR4 reporter cell-line model. Food Chem Toxi-

col. 2015; 78:153–8. https://doi.org/10.1016/j.fct.2015.01.003 PMID: 25640528.

38. Karki R, Igwe OJ. Toll-like receptor 4-mediated nuclear factor kappa B activation is essential for sensing

exogenous oxidants to propagate and maintain oxidative/nitrosative cellular stress. PLoS One. 2013; 8

(9):e73840. https://doi.org/10.1371/journal.pone.0073840 PMID: 24058497; PubMed Central PMCID:

PMCPMC3776800.

39. Nakajima T, Ballou CE. Characterization of the carbohydrate fragments obtained from Saccharomyces

cerevisiae mannan by alkaline degradation. The Journal of biological chemistry. 1974; 249(23):7679–

84. Epub 1974/12/10. PMID: 4612040.

40. Granger BL, Flenniken ML, Davis DA, Mitchell AP, Cutler JE. Yeast wall protein 1 of Candida albicans.

Microbiology. 2005; 151(Pt 5):1631–44. Epub 2005/05/05. https://doi.org/10.1099/mic.0.27663-0

PMID: 15870471.

41. Wang M, Wang F, Yang J, Zhao D, Wang H, Shao F, et al. Mannan-binding lectin inhibits Candida albi-

cans-induced cellular responses in PMA-activated THP-1 cells through Toll-like receptor 2 and Toll-like

receptor 4. PLoS One. 2013; 8(12):e83517. https://doi.org/10.1371/journal.pone.0083517 PMID:

24391778; PubMed Central PMCID: PMCPMC3877063.

42. Valera I, Vigo AG, Alonso S, Barbolla L, Crespo MS, Fernandez N. Peptidoglycan and mannose-based

molecular patterns trigger the arachidonic acid cascade in human polymorphonuclear leukocytes. J

Leukoc Biol. 2007; 81(4):925–33. https://doi.org/10.1189/jlb.0706451 PMID: 17264305.

43. Koley D, Bard AJ. Triton X-100 concentration effects on membrane permeability of a single HeLa cell by

scanning electrochemical microscopy (SECM). Proc Natl Acad Sci U S A. 2010; 107(39):16783–7.

https://doi.org/10.1073/pnas.1011614107 PMID: 20837548; PubMed Central PMCID:

PMCPMC2947864.

44. Singleton DR, Masuoka J, Hazen KC. Surface hydrophobicity changes of two Candida albicans sero-

type B mnn4delta mutants. Eukaryot Cell. 2005; 4(4):639–48. https://doi.org/10.1128/EC.4.4.639-648.

2005 PMID: 15821124; PubMed Central PMCID: PMCPMC1087808.

45. Hobson RP, Munro CA, Bates S, MacCallum DM, Cutler JE, Heinsbroek SE, et al. Loss of cell wall man-

nosylphosphate in Candida albicans does not influence macrophage recognition. J Biol Chem. 2004;

279(38):39628–35. https://doi.org/10.1074/jbc.M405003200 PMID: 15271989.

46. Visintin A, Halmen KA, Khan N, Monks BG, Golenbock DT, Lien E. MD-2 expression is not required for

cell surface targeting of Toll-like receptor 4 (TLR4). Journal of leukocyte biology. 2006; 80(6):1584–92.

Epub 2006/09/02. https://doi.org/10.1189/jlb.0606388 PMID: 16946018.

47. Lee S, Kim YJ, Kwon S, Lee Y, Choi SY, Park J, et al. Inhibitory effects of flavonoids on TNF-alpha-

induced IL-8 gene expression in HEK 293 cells. BMB Rep. 2009; 42(5):265–70. PMID: 19470239.

48. Fernandez N, Alonso S, Valera I, Vigo AG, Renedo M, Barbolla L, et al. Mannose-containing molecular

patterns are strong inducers of cyclooxygenase-2 expression and prostaglandin E2 production in

human macrophages. J Immunol. 2005; 174(12):8154–62. PMID: 15944324.

Candida mannoprotein preparations activate the TLR4 pathway

PLOS ONE | https://doi.org/10.1371/journal.pone.0189939 December 27, 2017 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/1541519
http://www.ncbi.nlm.nih.gov/pubmed/2117571
http://www.ncbi.nlm.nih.gov/pubmed/2917780
http://www.ncbi.nlm.nih.gov/pubmed/2142482
http://www.ncbi.nlm.nih.gov/pubmed/7507901
http://www.ncbi.nlm.nih.gov/pubmed/2498208
https://doi.org/10.1007/978-1-4939-6649-3_14
http://www.ncbi.nlm.nih.gov/pubmed/27837490
https://doi.org/10.1016/j.fct.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25640528
https://doi.org/10.1371/journal.pone.0073840
http://www.ncbi.nlm.nih.gov/pubmed/24058497
http://www.ncbi.nlm.nih.gov/pubmed/4612040
https://doi.org/10.1099/mic.0.27663-0
http://www.ncbi.nlm.nih.gov/pubmed/15870471
https://doi.org/10.1371/journal.pone.0083517
http://www.ncbi.nlm.nih.gov/pubmed/24391778
https://doi.org/10.1189/jlb.0706451
http://www.ncbi.nlm.nih.gov/pubmed/17264305
https://doi.org/10.1073/pnas.1011614107
http://www.ncbi.nlm.nih.gov/pubmed/20837548
https://doi.org/10.1128/EC.4.4.639-648.2005
https://doi.org/10.1128/EC.4.4.639-648.2005
http://www.ncbi.nlm.nih.gov/pubmed/15821124
https://doi.org/10.1074/jbc.M405003200
http://www.ncbi.nlm.nih.gov/pubmed/15271989
https://doi.org/10.1189/jlb.0606388
http://www.ncbi.nlm.nih.gov/pubmed/16946018
http://www.ncbi.nlm.nih.gov/pubmed/19470239
http://www.ncbi.nlm.nih.gov/pubmed/15944324
https://doi.org/10.1371/journal.pone.0189939


49. Masuoka J, Hazen KC. Cell wall protein mannosylation determines Candida albicans cell surface hydro-

phobicity. Microbiology. 1997; 143 (Pt 9):3015–21. Epub 1997/10/06. https://doi.org/10.1099/

00221287-143-9-3015 PMID: 9308183.

50. Ranta K, Nieminen K, Ekholm FS, Polakova M, Roslund MU, Saloranta T, et al. Evaluation of immunos-

timulatory activities of synthetic mannose-containing structures mimicking the beta-(1->2)-linked cell

wall mannans of Candida albicans. Clin Vaccine Immunol. 2012; 19(11):1889–93. Epub 2012/09/21.

https://doi.org/10.1128/CVI.00298-12 PMID: 22993407; PubMed Central PMCID: PMC3491550.

51. Xin H, Cutler JE. Vaccine and monoclonal antibody that enhance mouse resistance to candidiasis. Clin

Vaccine Immunol. 2011; 18(10):1656–67. Epub 2011/08/13. https://doi.org/10.1128/CVI.05215-11

PMID: 21832099; PubMed Central PMCID: PMC3187024.

52. Muller V, Viemann D, Schmidt M, Endres N, Ludwig S, Leverkus M, et al. Candida albicans triggers acti-

vation of distinct signaling pathways to establish a proinflammatory gene expression program in primary

human endothelial cells. J Immunol. 2007; 179(12):8435–45. PMID: 18056390.

53. Shibata N, Arai M, Haga E, Kikuchi T, Najima M, Satoh T, et al. Structural identification of an epitope of

antigenic factor 5 in mannans of Candida albicans NIH B-792 (serotype B) and J-1012 (serotype A) as

beta-1,2-linked oligomannosyl residues. Infect Immun. 1992; 60(10):4100–10. PMID: 1383146;

PubMed Central PMCID: PMCPMC257441.

54. Kim SH, Serezani CH, Okunishi K, Zaslona Z, Aronoff DM, Peters-Golden M. Distinct protein kinase A

anchoring proteins direct prostaglandin E2 modulation of Toll-like receptor signaling in alveolar macro-

phages. The Journal of biological chemistry. 2011; 286(11):8875–83. Epub 2011/01/21. https://doi.org/

10.1074/jbc.M110.187815 PMID: 21247892; PubMed Central PMCID: PMC3058957.

55. Poligone B, Baldwin AS. Positive and negative regulation of NF-kappaB by COX-2: roles of different

prostaglandins. J Biol Chem. 2001; 276(42):38658–64. https://doi.org/10.1074/jbc.M106599200 PMID:

11509575.

56. Gomez PF, Pillinger MH, Attur M, Marjanovic N, Dave M, Park J, et al. Resolution of inflammation: pros-

taglandin E2 dissociates nuclear trafficking of individual NF-kappaB subunits (p65, p50) in stimulated

rheumatoid synovial fibroblasts. J Immunol. 2005; 175(10):6924–30. PMID: 16272352.

57. Takada Y, Bhardwaj A, Potdar P, Aggarwal BB. Nonsteroidal anti-inflammatory agents differ in their

ability to suppress NF-kappaB activation, inhibition of expression of cyclooxygenase-2 and cyclin D1,

and abrogation of tumor cell proliferation. Oncogene. 2004; 23(57):9247–58. Epub 2004/10/19. https://

doi.org/10.1038/sj.onc.1208169 PMID: 15489888.

58. Iguchi G, Chrysovergis K, Lee SH, Baek SJ, Langenbach R, Eling TE. A reciprocal relationship exists

between non-steroidal anti-inflammatory drug-activated gene-1 (NAG-1) and cyclooxygenase-2. Can-

cer letters. 2009; 282(2):152–8. Epub 2009/04/21. https://doi.org/10.1016/j.canlet.2009.03.006 PMID:

19375854.

59. Liu H, Sidiropoulos P, Song G, Pagliari LJ, Birrer MJ, Stein B, et al. TNF-alpha gene expression in mac-

rophages: regulation by NF-kappa B is independent of c-Jun or C/EBP beta. J Immunol. 2000; 164

(8):4277–85. Epub 2001/02/07. PMID: 10754326.

60. Guha M, Mackman N. LPS induction of gene expression in human monocytes. Cell Signal. 2001; 13

(2):85–94. Epub 2001/03/21. PMID: 11257452.

61. Chanput W, Mes J, Vreeburg RA, Savelkoul HF, Wichers HJ. Transcription profiles of LPS-stimulated

THP-1 monocytes and macrophages: a tool to study inflammation modulating effects of food-derived

compounds. Food Funct. 2010; 1(3):254–61. Epub 2011/07/22. https://doi.org/10.1039/c0fo00113a

PMID: 21776474.

62. Piccioni F, Roman BR, Fischbeck KH, Taylor JP. A screen for drugs that protect against the cytotoxicity

of polyglutamine-expanded androgen receptor. Hum Mol Genet. 2004; 13(4):437–46. https://doi.org/

10.1093/hmg/ddh045 PMID: 14709594.

63. Schaller M, Boeld U, Oberbauer S, Hamm G, Hube B, Korting HC. Polymorphonuclear leukocytes

(PMNs) induce protective Th1-type cytokine epithelial responses in an in vitro model of oral candidosis.

Microbiology. 2004; 150(Pt 9):2807–13. Epub 2004/09/07. https://doi.org/10.1099/mic.0.27169-0

PMID: 15347740.

64. Weindl G, Naglik JR, Kaesler S, Biedermann T, Hube B, Korting HC, et al. Human epithelial cells estab-

lish direct antifungal defense through TLR4-mediated signaling. J Clin Invest. 2007; 117(12):3664–72.

Epub 2007/11/10. https://doi.org/10.1172/JCI28115 PMID: 17992260; PubMed Central PMCID:

PMC2066194.

65. Xu F, Xu Z, Zhang R, Wu Z, Lim JH, Koga T, et al. Nontypeable Haemophilus influenzae induces COX-

2 and PGE2 expression in lung epithelial cells via activation of p38 MAPK and NF-kappa B. Respir Res.

2008; 9:16. Epub 2008/02/02. https://doi.org/10.1186/1465-9921-9-16 PMID: 18237405; PubMed Cen-

tral PMCID: PMC2270828.

Candida mannoprotein preparations activate the TLR4 pathway

PLOS ONE | https://doi.org/10.1371/journal.pone.0189939 December 27, 2017 22 / 23

https://doi.org/10.1099/00221287-143-9-3015
https://doi.org/10.1099/00221287-143-9-3015
http://www.ncbi.nlm.nih.gov/pubmed/9308183
https://doi.org/10.1128/CVI.00298-12
http://www.ncbi.nlm.nih.gov/pubmed/22993407
https://doi.org/10.1128/CVI.05215-11
http://www.ncbi.nlm.nih.gov/pubmed/21832099
http://www.ncbi.nlm.nih.gov/pubmed/18056390
http://www.ncbi.nlm.nih.gov/pubmed/1383146
https://doi.org/10.1074/jbc.M110.187815
https://doi.org/10.1074/jbc.M110.187815
http://www.ncbi.nlm.nih.gov/pubmed/21247892
https://doi.org/10.1074/jbc.M106599200
http://www.ncbi.nlm.nih.gov/pubmed/11509575
http://www.ncbi.nlm.nih.gov/pubmed/16272352
https://doi.org/10.1038/sj.onc.1208169
https://doi.org/10.1038/sj.onc.1208169
http://www.ncbi.nlm.nih.gov/pubmed/15489888
https://doi.org/10.1016/j.canlet.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19375854
http://www.ncbi.nlm.nih.gov/pubmed/10754326
http://www.ncbi.nlm.nih.gov/pubmed/11257452
https://doi.org/10.1039/c0fo00113a
http://www.ncbi.nlm.nih.gov/pubmed/21776474
https://doi.org/10.1093/hmg/ddh045
https://doi.org/10.1093/hmg/ddh045
http://www.ncbi.nlm.nih.gov/pubmed/14709594
https://doi.org/10.1099/mic.0.27169-0
http://www.ncbi.nlm.nih.gov/pubmed/15347740
https://doi.org/10.1172/JCI28115
http://www.ncbi.nlm.nih.gov/pubmed/17992260
https://doi.org/10.1186/1465-9921-9-16
http://www.ncbi.nlm.nih.gov/pubmed/18237405
https://doi.org/10.1371/journal.pone.0189939


66. Bahri R, Curt S, Saidane-Mosbahi D, Rouabhia M. Normal human gingival epithelial cells sense C.

parapsilosis by toll-like receptors and module its pathogenesis through antimicrobial peptides and proin-

flammatory cytokines. Mediators Inflamm. 2010; 2010:940383. Epub 2010/05/11. https://doi.org/10.

1155/2010/940383 PMID: 20454633; PubMed Central PMCID: PMC2862961.

67. Jacobs JF, Grauer OM, Brasseur F, Hoogerbrugge PM, Wesseling P, Gidding CE, et al. Selective can-

cer-germline gene expression in pediatric brain tumors. J Neurooncol. 2008; 88(3):273–80. Epub 2008/

04/10. https://doi.org/10.1007/s11060-008-9577-6 PMID: 18398575; PubMed Central PMCID:

PMC2440921.

Candida mannoprotein preparations activate the TLR4 pathway

PLOS ONE | https://doi.org/10.1371/journal.pone.0189939 December 27, 2017 23 / 23

https://doi.org/10.1155/2010/940383
https://doi.org/10.1155/2010/940383
http://www.ncbi.nlm.nih.gov/pubmed/20454633
https://doi.org/10.1007/s11060-008-9577-6
http://www.ncbi.nlm.nih.gov/pubmed/18398575
https://doi.org/10.1371/journal.pone.0189939

