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Abstract 

Staphylococcus aureus is a major human pathogen 

that causes a wide array of infections ranging in 

severity from mild skin infections to life-threatening 

diseases such as sepsis. S. aureus   can cause severe 

inflammation whilst, at the same time, modulating 

specific innate and humoral immune defense 

mechanisms. Lipoteichoic acid (LTA) is a 

component of the cell wall of gram-positive bacteria 

that is abundantly released by S. aureus. We 

investigated the dose-dependent effects of LTA on 

inflammation in airway epithelial cells. Purified S. 

aureus   LTA was applied to airway epithelial (NuLi-

1) cells in a range of concentrations, followed by 

assessment of expression of NFκB p50 and p65/RelA 

via qPCR, immunofluorescence and western blot. 

Multiplex analysis of cell culture supernatants was 

carried out to evaluate cytokine levels. 

 

NFκB p50 mRNA varied according to the LTA dose 

(p = 0.013) whereas NFκB p65/RelA did not (p = 

0.90). A dose-dependent increase in NFκB p50 

mRNA expression was seen up to 10 µg/ml LTA 

treatment, before falling at the 100µg/ml treatment. 

Western blot analysis showed nuclear and 

cytoplasmic NFκB p50 and cytoplasmic NFκB p65 

protein reduced with increasing LTA concentrations. 

Multiplex analysis demonstrated that cytokine levels 
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increased with LTA dose, but then decreased at the 

highest LTA dose (100 µg/ml). 

This study identifies LTA as having a dual dose-

dependent effect on immune activation at low 

dosages and ablation at high dosages, associated with 

altered expression levels of NFκB. It adds LTA to the 

extensive repertoire of possible immune modulators 

produced by S. aureus. 

 

Keywords: Lipoteichoic acid; Staphylococcus 

aureus; NFκB p50; Immune evasion 

 

Abbreviations 

LTA= Lipoteichoic Acid 

NFκB = Nuclear Factor kappa B 

 

1. Introduction 

Staphylococcus aureus is responsible for causing 

diseases ranging in severity from mild skin and soft 

tissue infections (SSTI) to severe and life-threatening 

diseases such as endocarditis, osteomyelitis, septic 

arthritis and sepsis. S. aureus   colonizes the nares of 

approximately 56% of human populations (24% 

permanently and 31% intermittently) [1, 2]. Most 

infections result from endogenous nasal carriage, 

even though the causal events underlying the 

transition from colonization to infection are not well 

defined [3]. In particular, persistent carriers have a 

higher chance of developing staphylococcal 

infections compared to intermittent or non- S. aureus   

carriers [4]. The mechanisms leading to S. aureus   

nasal carriage are thought to be multi-factorial and 

involve host factors (e.g. immune function and 

genetic susceptibility) [5, 6], environmental factors 

(e.g. hospitalisation and crowding) [7] and bacterial 

factors (e.g. toxin production) [6, 8]. Bacterial factors 

promoting nasal carriage are particularly those that 

promote adhesion of S. aureus   to epithelial cells 

such as clumping factor B and teichoic acids [8, 9]. 

Teichoic acids are characteristic of gram-positive 

bacteria and play fundamental roles in bacterial 

physiology and morphology. They include wall 

teichoic acids (WTAs), which are covalently linked 

to the peptidoglycan polymer of the bacterial cell 

wall, and lipoteichoic acids (LTAs), which are 

anchored in the bacterial membrane via a glycolipid 

[10, 11]. LTA is thought to play an important role in 

bacterial cell division and has been shown to activate 

the immune system of infected hosts and promote 

inflammation [12]. 

 

S. aureus can cause recurrent and chronic infections 

even in the presence of a robust immune response, 

implying that prior infection with S. aureus does not 

result in protective immunity to subsequent 

infections [13]. Indeed, vaccination of mice with heat 

killed S. aureus induces activation of dendritic cells, 

T-cells and B-cells. However, neither those cells nor 

their secreted cytokines IFN-γ and IL-17, affect 

bacterial clearing from organs or disease outcome 

[14]. Moreover, S. aureus can prime human TH17 

cells to produce either IFN-γ or IL- 10 [15] and a 

large S. aureus-specific T-memory cell pool is 

commonly present in healthy adults irrespective of 

their carrier status [16]. Antibodies to S. aureus 

toxins and antigens are relatively stable over time in 

persistent carriers as well as in non-carriers, however, 

median levels of antibodies to some of those antigens 

are higher in persistent carriers [17]. Together, this 

data indicates that S. aureus elicits a strong and 

lasting B- and T-cell dependent immune response 

that is, however, ineffective at protecting against re-

infection. These findings are in line with the notion 

that S. aureus has developed sophisticated 

mechanisms to evade the host adaptive and innate 

immune defences. These mechanisms enable the 

pathogen to survive and establish effective and 

recurrent infections in the context of a hostile 

antigen- specific immune response. Indeed, 
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numerous S. aureus factors have been described that 

can reduce or abrogate both innate and humoral 

immune defence mechanisms at different levels [18]. 

In particular, LTA has been shown to modulate 

innate and adaptive immunity by suppressing the 

activation, proliferation and migration of T-cells [19, 

20] and neutrophils [21]. However, the effect of LTA 

on immune activation of airway epithelial cells has 

not been established. This study evaluated the effect 

of LTA at different concentrations on immune 

activation of airway epithelial cells in vitro. 

 

2. Materials and Methods Cells and Cell 

Culture 

NuLi-1 (CRL-4011) cells were obtained from The 

American Type Culture Collection (ATCC). They were 

grown in Bronchial Epithelial Growth Medium, serum-

free (BEGM Bullet kit, CC- 3170) (Lonza group, Basel, 

Switzerland). This was made up from BEBM basal 

medium and SingleQuot additives, with the exception 

of gentamycin-amphotericin B. In addition, medium 

was supplemented with 50 µg/ml of G-418 disulfate salt 

(Sigma-Aldrich, Castle Hill, Australia). Cells were cultured 

in collagen-coated cell culture flasks (ThermoFisher 

Scientific, Waltham, Massachusetts, USA) and for 

agonist stimulation experiments were seeded into Falcon 

8 well glass chamber slides (Corning Inc, Mulgrave, 

Australia), 6-well culture plates (ThermoFisher 

Scientific) or 12-well culture plates (Merck Millipore, 

Bayswater, Australia). Multiwell plates were coated with 

60µg/ml collagen IV (Sigma-Aldrich). 

 

2.1 Treatment of NuLi-1 cells with purified S. 

aureus LTA 

Purified S. aureus   LTA (LTA-SA, Invivogen, San 

Diego, USA) was applied to the culture medium of 

NuLi-1 cells in concentrations ranging from 0.1 µg /ml to 

100 µg/ml for different times and incubated at 37℃ with 

5% carbon dioxide and 95% humidity. Invivogen’s LTA-

SA is highly purified using n-butanol extraction to ensure 

purity and specific bioactivity [22]. After treatment, 

culture medium was harvested and stored at -80℃. Cells 

were subjected to RNA extraction, immunofluorescence 

or nuclear   and  cytoplasmic  protein  extraction. 

 

2.2 Immunofluorescence for NFκB 

Cells grown in 8-well culture slides were fixed with 

2.5% formalin (Sigma-Aldrich) in phosphate buffered 

saline (PBS) for 10 minutes before washing four times in 

tris buffered saline + 0.05% Tween 20 (TBST, Sigma-

Aldrich) and air drying. Cells were permeabilised with 1% 

Sodium Dodecyl Sulphate (Sigma-Aldrich) in TBS for 5 

minutes before washing 5 times with TBST. A drop of 

serum free block (SFB; Dako, Glostrup, Denmark) was 

applied to each well and incubated for 1 hour at room 

temperature. Cells were then incubated overnight at 4℃ in 

primary antibody mouse anti-human NFκB p105/p50, 

1:100 (Abnova Corporation, Taipei City, Taiwan) or 

rabbit anti-human NFκB p65, 1:40 (Santa Cruz 

Biotechnology Inc, Dallas, Texas, USA) diluted in 10% 

SFB/TBST. Excess primary antibody was removed by 

washing five times with TBST before incubation for 1 

hour at room temperature with secondary antibody [for 

NFκB p105/p50, sheep anti-mouse Cy3, 1:200, (Sigma-

Aldrich); for NFκB p65, donkey anti-rabbit Alexafluor 647, 

1:200 (Jackson ImmunoResearch Labs Inc., PA, USA)].  

After  3  washes  with  TBST,  cells  were  counterstained  

with  4',  6-diamidino-2- phenylindole (DAPI, Sigma-

Aldrich) before washing a final twice and mounting 

with Fluorescence Mounting Medium (Dako). Slides 

were stored at 4°C in dark conditions and visualised 

using fluorescent microscopy (Zeiss, Oberkochen, 

Germany). 

2.3 Nuclear and cytoplasmic protein extraction 

Nuclear and cytoplasmic protein fractionation was 

carried out on cells grown in 6-well culture plates using 

the Pierce NE-PER Nuclear and Cytoplasmic Protein 

Extraction Reagents kit (Thermo Fisher Scientific) 

according to the manufacturer’s instructions. 
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2.4 Western analysis 

Protein was quantified using the Pierce BCA protein 

assay kit (Thermo Fisher Scientific), according to the 

manufacturer’s instructions. Western analysis was 

performed using the Invitrogen XCell SureLock Mini 

Cell System (Thermo Fisher Scientific). 5 µg protein 

was resolved using a 10% Bis-Tris NuPAGE gel and 

transferred onto a nitrocellulose membrane. Membranes 

were probed with rabbit monoclonal anti-human NFκB 

p105/p50 (1:5000; Abcam Plc, Melbourne, Australia), 

and rabbit polyclonal anti-human NFκB p65 (1:1000; 

Santa Cruz) antibodies. Equal protein loading was 

assessed using rabbit polyclonal anti- human Profilin I 

antibody (1:10,000; Thermofisher Scientific) as a 

cytoplasmic marker and mouse monoclonal anti-human 

TBP antibody (1:5:000; Abcam Plc) as a nuclear marker. 

Secondary antibodies used were HRP-conjugated goat anti-

rabbit (Abcam Plc) and goat anti- mouse (Abnova). Protein 

bands were developed using Invitrogen ECL 

chemiluminescent substrate (ThermoFisher Scientific). 

Luminescence was detected using the LAS‐4000 Imager 

(Fugifilm, Tokyo, Japan). Band densitometry was 

performed using Multi Gauge 2.0 software (Fugifilm). 

Densitometry measurements of NFκB p50 (n = 3) and 

NFκB p65/RelA (n = 2) Western Blots were 

normalised to either profilin (for cytoplasmic protein) 

or TBP (for nuclear protein). Analysis of LTA dose was 

performed using a gamma (log link) generalised 

regression model, with blot replicates included as a 

blocking variable, and total intensity (across all bands) 

as the exposure variable. Results were expressed as 

intensity ratios, relative to no LTA treatment. 

 

2.5 RNA extraction from NuLi-1 cells 

Cells which had been grown in 12-well collagen coated 

plates were washed in PBS, followed by RNA extraction 

using the RNeasy Mini Kit according to the 

manufacturer’s instructions (Qiagen, Hilden, Germany). 

An on-column DNAse treatment was performed using an 

RNase- Free DNase Set (Qiagen). RNA integrity was 

assessed using an Experion RNA StdSens Kit and the 

Experion Electrophoresis station (Bio-Rad Laboratories, 

Gladesville, Australia). RNA concentration was 

quantified using a NanoDrop 1000 Spectrophotometer 

(ThermoFisher Scientific). 

 

2.6 Reverse Transcription and Real Time 

Quantitative PCR 

RNA was reverse transcribed into cDNA using the 

QuantiTect Reverse Transcription kit (Qiagen) 

according to the manufacturer’s instructions. For each 

sample a control omitting the reverse transcriptase 

enzyme was prepared. Real time qPCR was performed 

using Universal Taqman Mastermix II and Taqman Gene 

Expression Assays (both Life Technologies by 

ThermoFisher Scientific). Gene expression assays used 

were Hs99999903_m1 (Actin-B), Hs00765730_m1 

(NFκBp50) and Hs00153294_m1 (NFκB p65/RelA). 

Relative quantification was performed on a CFX96 Real-

Time PCR Detection System (Bio-Rad Laboratories). 

Linear mixed model analysis was used to estimate 

Ct values accounting for all sources of 

experimental variation [between experiment (n = 2), 

within experiment treatment-time replicates (n = 3) and 

technical qPCR replicates (n = 2)], as described [23]. 

Results were expressed as fold change, after  

normalization  to both β-actin and the no LTA treatment 

group. 

 

2.7 Multiplex cytokine analysis 

Multiplex analysis of cell culture supernatant samples 

was performed on a Bio-Plex 200 system (Bio-Rad 

Laboratories) using a Bio-Plex Pro Human Cytokine 

Group I panel 8-plex assay according to the 

manufacturer’s instructions. Cytokines analysed were IL-

2, IL-4, IL-6, IL-8, IL-10, GM-CSF, IFN- and TNF-α. 

Cytokine release was assessed using an LTA dose- time 

factorial design, with three experimental replicates for 

each LTA dose-time combination. Analysis was 

performed by a MANOVA linear model because 
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cytokines were measured simultaneously in a 

multiplex assay. Results were expressed as the change 

in cytokine relative to the reference level. 

 

2.8 Cell viability assay 

Viability of treated cells was measured using the Cyto Tox 

96 Non-Radioactive Cytotoxicity Assay (Promega 

Corporation, Madison, WI, USA) according to the 

manufacturer’s instructions. LDH release was measured 

according to a LTA dose-time factorial design, with three 

experimental replicates, each with 2 measurement 

replicates, for each treatment- time combination. 

Analysis was performed by a random intercept linear 

mixed regression model, with loge(Absorbance) as the 

response. Results were expressed as percentage 

viability, relative to no LTA treatment at one hour, 

according to the formula: (1- coefficient)*100. 

 

2.9 Statistics 

All analyses were performed using Stata v14 (StataCorp 

LLC, College Station, Texas USA). Analyses were 

performed using generalised regression models that were 

appropriate for the outcome variable and the experimental 

structure in the data. Ordinal trends in the data (LTA dose 

response and time response) were interpreted using 

orthogonal polynomial contrasts, with p-values corrected 

for multiple comparisons using Sidak’s methods. When 

both LTA dose and time were included in the 

experiment, interpretation was performed on main 

effects only. P-values < 0.05 indicated statistical 

significance. 

 

3. Results 

3.1 Gene expression analysis 

Both NFκB p50 and p65/RelA mRNA increased 

between 4 and 24 hours (p < 0.001). LTA treatment 

induced a dose-dependent increase in NFκB p50 

mRNA expression up to 10 µg/ml LTA treatment, before 

falling at the 100µg/ml treatment (Figure 1). NFΚBp50 

mRNA varied according to the LTA dose (p = 0.013) 

whereas NFκB p65/RelA did not (p = 0.90). While there 

was not a linear trend for NFκB p50 expression and LTA 

dose (pcorrected = 1.00), there was a significant quadrature 

term (pcorrected = 0.014) indicative of   lower  NFκBp50 

expression at high LTA doses. 
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Figure 1:  Changes in relative mRNA expression of (A) NFB p50 and (B) NFB p65/RelA with LTA dose and 

time. Data shown is the mean of 2 experimental replicates, each consisting of 3 treatment-time replicates and 2 

technical qPCR replicates. Normalised Ct values were expressed relative to the no LTA treatment group at 4 

hours (Ct method). Vertical bars represent 95% confidence intervals. 

 

3.2 NFκB protein expression 

Immunofluorescence analysis showed cytoplasmic and 

nuclear expression of both NFB p50 and p65/RelA in 

NuLi-1 cells treated with LTA and control cells (Figure 2). 

Western blot analysis showed a reduction in expression 

of both nuclear and cytoplasmic NFB p50 protein with 

increasing LTA concentration, consistent with a dose-

response relationship. The reduction was significant in 

both the cytoplasm (p < 0.001) and the nucleus (p = 

0.031). Cytoplasmic NFB p65 protein also decreased 

significantly with increasing LTA dose (p = 0.004), but 

the NFB p65 nuclear bands were weak with no 

substantial changes (Figure 3). 

 

3.3 Cytokine analysis 

Cytokines were measured using Multiplex assay. Five of 

the eight inflammatory cytokines analysed were produced 

at detectable levels (IL-6, IL-8, GM-CSF, IFN- and TNF-

α, Figure 4). Cytokine release increased in a time-

dependent manner for all cytokines (plinear < 0.001 for all). 

At 1 hour, levels were mostly undetectable; therefore 

analysis was only performed on data from 4, 8 and 24 

hours. TNFα was also excluded from statistical analysis 

due to its presence at low concentrations. Cytokine levels 

increased with LTA dose, (plinear < 0.001 for all), but the 

level decreased at the highest LTA dose (100 µg/ml) 

(pquadratic < 0.001 for all). 

 

Cell viability assays showed no significant difference 

between LTA treatments, confirming that the changes in 

cytokine levels were not due to cytotoxic effects of 

LTA (see Supplementary data). 
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Figure 2: Representative images of NFκB p50 (red) and p65/RelA (green = pseudo colour of far red immunofluorescence) 

in NuLi-1 cells. A, Cells were treated with different doses of LTA (0; 0.1; 1; 10 and 100 µg/ml). B, Cells were treated with LTA 

at 10 µg/ml. Both nuclear and cytoplasmic expression of NFκB p50 (red) and p65/RelA could be seen. Scale bars are in 

micrometers. 

 



Arch Clin Biomed Res 2020; 4 (4): 367-380                                                                                                     DOI: 10.26502/acbr.50170110 

 

 

Archives of Clinical and Biomedical Research      Vol. 4 No. 4 – August 2020. [ISSN 2572-9292].                                               374 

 

Figure 3: Western blot analysis (A) and densitometry (B) of NFκB p50 and p65/RelA production in nuclear and 

cytoplasmic protein fractions extracted from NuLi-1 cells after 24 hour treatment with four concentrations of LTA-SA. 

Error bars indicate the 95% CIs. P values for reduction relative to the 0 LTA treatment were <0.001 for NFκB p50 

cytoplasmic, 0.031 for NFκB p50 nuclear and 0.004 for NFκB p65 cytoplasmic. Data shown represents the mean of 3 

biological replicates for p50; 2 for p65/RelA. 
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Figure 4: Cytokine production in NuLi-1 cells after 1, 4, 8 and 24 hours treatment with four concentrations of LTA-SA. 

Cytokine release increased significantly in a time-dependent manner for all cytokines (plinear < 0.001 for all) and with 

LTA dose, (plinear < 0.001 for all). Levels decreased significantly at the highest LTA dose (pquadratic < 0.001 for all). Error 

bars represent standard error. Data shown represents the mean of 3 biological replicates.  
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4. Discussion 

This study showed that S. aureus LTA had a dose-

dependent effect on the mRNA expression of NFκB 

p50 in airway epithelial cells with induction of 

expression at low concentrations and reduced 

expression at high concentrations. These changes in 

expression were associated with dose-dependent 

changes in the release of pro-inflammatory cytokines. 

Together, this data indicates that LTA has a dose-

dependent dual effect on inflammation with a 

reduction in inflammation at high LTA 

concentrations associated with reduced NFκB p50 

expression. 

 

NFκB is the master regulator of inflammatory and 

stress responsive gene transcription and plays a 

pivotal role in the immune response to infection, cell 

proliferation and survival [24]. Dysregulation of 

NFκB expression has been linked to various 

inflammatory diseases such as cancer, autoimmune 

diseases and septic shock. NFκB activation depends 

on a number of positive and negative regulatory 

elements. In the absence of inflammatory 

stimulation, NFκB dimers are held inactive in the 

cytoplasm through association with IB proteins. 

Inflammatory stimuli trigger a degradation of IB 

proteins, releasing NFκB dimers that translocate to 

the nucleus, and promote transcription of target genes 

[25]. Recent research has demonstrated that the fold 

change in gene expression of the nuclear fraction of 

NFκB determines transcription of inflammatory 

genes [26]. Interestingly, and in line with those 

findings, our results indicate a dose-response 

relationship between LTA and NFκB p50 expression 

in both the cytoplasm and the nucleus in relation to 

secretion of pro- inflammatory cytokines. Five NF-

κB family members have been described in 

mammals: RelA/p65, RelB, c-Rel, p50 (NF-κB1), 

and p52 (NF-κB2). They form either homodimers or 

heterodimers and can exert both positive and 

negative effects on target gene transcription. Whilst 

p50 lacks a C-terminal transactivation domain 

(TAD), it can regulate transcription through 

heterodimerization with TAD-containing NF-κB 

subunits such as RelA/p65, expression of which was 

also reduced in response to high LTA concentrations 

in this study. 

 

LTA is a polymer of alternating units of glycolipids 

and hydrophilic phosphoric acid and is a major 

constituent found in the envelope of Gram-positive 

bacteria including S. aureus [27]. LTA has various 

roles in bacterial cell division, separation and biofilm 

formation [11] and has immunomodulatory 

properties by interacting with Toll Like Receptor 

(TLR) 2, CD14 [12, 28,] CD36 [29] and platelet-

activating factor receptor [30]. Binding of LTA to 

TLR2 results in the activation of a wide array of 

signaling cascades, including those involving NFκB 

with induction of pro-inflammatory cytokine 

secretion. Similarly, in this study, LTA at 

concentrations below 10 µg/ml induced mRNA 

expression of NFκBp50 in association with an 

increased secretion of pro-inflammatory cytokines. 

Our results indicate however that LTA negatively 

affects the mRNA and protein expression of p50 

NFκB at dosages above 10 µg/ml. It is known that 

LTA is released in substantial amounts during 

bacterial growth and infection and in contrast to 

lipopolysaccharide, which triggers severe 

inflammatory responses at low concentrations [31], 

relatively large amounts of LTA (approximately 1- 

10 µg/ml) are required to elicit cellular responses in 

vitro [32]. These large quantities of LTA have been 

found also in vivo: LTA levels as high as 10 µg/ml 

were measured in wash fluid samples of atopic 

dermatitis (AD) patients with levels correlating with 

S. aureus colony-forming unit (cfu) counts and AD 

disease severity [33]. Indeed, when the number of S. 
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aureus is around 10
6
 cfu/mL, measurable amounts of 

LTA can be found in >90% of AD skin lesions [33] 

with levels above 10
6
 cfu/mL indicative of clinical 

infection [34]. Moreover, LTA concentrations in 

cerebrospinal fluid of patients with S. pneumoniae 

meningitis were as high as 26 µg/ml with an inverse 

correlation of LTA concentrations and incidence of 

neurologic sequelae and mortality [35]. LTA has 

been shown to modulate the adaptive immune system 

by suppressing the proliferation of CD4+ T-cells [19] 

and by inducing a temporary functional T-cell 

paralysis when LTA is applied at high concentrations 

[20]. In line with our findings, these studies indicate 

a potential immune evasion mechanism of S. aureus 

where high LTA concentrations, frequently 

encountered during S. aureus infection, have a 

generalized effect on reducing inflammation, 

potentially in a NFκB-dependent way. Our findings 

might also be relevant in the context of bacterial 

sepsis where LTA has been shown to impair 

neutrophil migration in a TLR2 dependent way [21]. 

 

 Further research is needed to determine the effect of 

local and circulating LTA levels on the 

pathophysiology of infection and whether targeting 

LTA might affect the balance of pro- and anti-

inflammatory responses that are at play in the context 

of severe infections and sepsis. 

 

5. Conclusion 

We have evaluated the effect of LTA on immune 

activation of airway epithelial cells, which has not 

previously been established. LTA was shown to have 

a dual dose-dependent effect on immune activation at 

low dosages and ablation at high dosages, associated 

with altered expression levels of NFB. It adds LTA 

to the extensive repertoire of possible immune 

modulators produced by S. aureus. Targeting LTA as 

a potential immune evasion mechanism might prove 

a novel therapeutic alternative in fighting 

staphylococcal infections. 
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Supplementary Figure 1: Cell viability in NuLi-1 cells after 1, 4, 8 and 24 hour treatment with four concentrations of LTA-

SA. Error bars indicate the 95% CIs. No significant differences between LTA doses were observed (p = 0.28). 
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