
© 2018 Lea et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of COPD 2018:13 771–780

International Journal of COPD Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
771

O r I g I n a l  r e s e a r C h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/COPD.S97071

The effects of repeated Toll-like receptors 2 and 4 
stimulation in COPD alveolar macrophages

simon r lea1,*
sophie l reynolds1,*
Manminder Kaur1

Karen D simpson2

simon r hall2

edith M hessel2

Dave singh1

1Division of Infection, Immunity and 
respiratory Medicine, school of 
Biological sciences, Faculty of Biology, 
Medicine and health, Manchester 
academic health science Centre, The 
University of Manchester, Manchester 
University nhs Foundation Trust, 
Manchester, 2refractory respiratory 
Inflammation DPU, glaxosmithKline 
Medicines research Centre, 
stevenage, UK

*These authors contributed equally 
to this work

Background: COPD is a progressive inflammatory airway disease characterized by increased 

numbers of alveolar macrophages in the lungs. Bacterial colonization of the lungs is a com-

mon feature in COPD and can promote inflammation through continual and repeated Toll-like 

receptor (TLR) stimulation. We have studied the response of COPD alveolar macrophages to 

repetitive stimulation with TLR2 and TLR4 ligands. We investigated the effect of sequential 

stimulation with different ligands to determine whether this results in tolerance or amplification 

of the immune response.

Methods: We stimulated alveolar macrophages from COPD patients (n=9) and smokers (n=8) 

with the TLR4 agonist lipopolysaccharide (LPS) or the TLR2 agonist Pam3CSK4 for 24 hours 

before restimulating again for 24 hours. Cytokine protein release and gene expression were 

investigated.

Results: Repetitive stimulation of COPD and smokers macrophages with LPS for both 24-hour 

periods caused a reduction in tumor necrosis factor α, CCL5, and IL-10 production compared to 

cells that were not exposed initially to LPS. IL-6 and CXCL8 production were not significantly 

altered following repetitive LPS stimulation. The same pattern was observed for repeated stimu-

lation with Pam3CSK4. Using COPD macrophages, LPS followed by Pam3CSK4 stimulation 

increased the levels of all cytokines compared to media followed by Pam3CSK4.

Conclusion: TLR tolerance in COPD alveolar macrophages occurs after repetitive stimulation 

with the same TLR ligand, but this only occurs for selected cytokines. CXCL8 production is 

not reduced after repetitive TLR stimulation with the same ligand; this may be an important 

mechanism for the increased CXCL8 levels that have been observed in COPD. We showed 

that TLR4 stimulation followed by TLR2 stimulation does not cause tolerance, but enhances 

cytokine production. This may be a relevant mechanism by which bacteria cause excessive 

inflammation in COPD patients.
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Introduction
COPD is characterized by an increased inflammatory response to the inhalation of nox-

ious particles, such as cigarette smoke.1 There are increased numbers of macrophages, 

neutrophils, and lymphocytes in the lungs of COPD patients,2 with these cells releasing 

a broad range of inflammatory mediators.

Bacterial colonization of the airways is a feature of COPD.3,4 There are a variety 

of possible underlying causes for this, including defective phagocytosis by COPD 

macrophages allowing persistence of bacteria.5 Bacterial colonization may lead to 

chronic stimulation of immune cells through Toll-like receptors (TLRs) which sense 

pathogen-associated molecular patterns (PAMPs).6 The bacterial PAMPs lipopolysac-

charide (LPS) and lipopeptide signal through TLR4 and TLR2, respectively, promoting 
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activation of signaling pathways such as mitogen-activated 

protein kinases and nuclear factor kB7,8 that increase the 

secretion of pro-inflammatory mediators.7,9

Endotoxin tolerance is the development of refractoriness 

to LPS, where repeat exposure to LPS results in a limited 

inflammatory response characterized by reduced production 

of cytokines such as tumor necrosis factor α (TNFα).10–12 

The mechanisms proposed to be responsible for endotoxin 

tolerance include downregulation of TLRs13 or increased 

expression of negative regulators of TLR signaling.14–16 The 

behavior of some inflammatory mediators following repeat 

LPS exposure tolerance may be different to TNFα, as it has 

been reported that the neutrophil chemoattractant CXCL8 

showed tolerance in one study12 but not in another.11 CXCL8 

levels are increased in the lungs of COPD patients, and its 

production by alveolar macrophages is poorly suppressed 

by corticosteroids.17–21 CXCL8 appears to be an important 

driver of corticosteroid-insensitive neutrophilic inflamma-

tion in COPD.

Tolerance to repeated TLR stimulation has been described 

in various macrophage models,10–12 but this phenomenon 

has not been investigated in COPD lung macrophages. The 

phenotype and behavior of COPD macrophages differ from 

other types of macrophages; for example, the response 

to LPS is lower than healthy alveolar macrophages17 and 

they display less pro-inflammatory potential compared to 

healthy cells.20,22,23 The response of COPD macrophages to 

repetitive TLR stimulation is clinically relevant, as these 

cells are exposed to chronic stimulation by bacteria in the 

lungs which may contribute to the frequency and severity 

of exacerbations.

The bacterial flora within the lungs of COPD patients 

often contains multiple pathogens capable of stimulation 

through different or multiple TLRs.24 COPD alveolar mac-

rophages may therefore be exposed to sequential stimula-

tion with different PAMPs. The inflammatory response of 

alveolar macrophages to such sequential stimulation has not 

been studied, and it is not known if a tolerized or an increased 

response will occur in this situation.

The aim of this study was to characterize the response of 

COPD alveolar macrophages to repetitive stimulation with 

TLR2 and TLR4 ligands. The novelty of this study is that 

we have used COPD alveolar macrophages to investigate the 

development of tolerance after repeated TLR stimulation. 

Furthermore, we investigated the production of inflammatory 

mediators after sequential stimulation with different ligands 

to study whether tolerance or an increased inflammatory 

response occurs.

Methods
subjects
Patients undergoing surgical resection for suspected or 

confirmed lung cancer (Table 1) were recruited. COPD was 

diagnosed based on a history of smoking for 10 pack-years, 

typical symptoms, and airflow obstruction, defined as forced 

expiratory volume in 1 second/forced vital capacity ratio 0.7. 

COPD patients and smokers without airflow obstruction 

included current and ex-smokers who had ceased smoking 

for 1 year. All subjects gave written informed consent and the 

study was approved by the local ethics committee.

alveolar macrophage isolation
Alveolar macrophages were isolated as previously 

described.17 Briefly, COPD patients and smokers without 

airflow obstruction undergoing lung surgery were recruited. 

Lung tissue distant from the tumor site was removed before 

perfusing with 0.1 M NaCl for macrophage isolation. Flushed 

fluid was centrifuged and the cell pellet was resuspended in 

RPMI-1640 (Sigma-Aldrich Co, St Louis, MO, USA). The 

cell suspension was floated over a Ficoll gradient, centri-

fuged, and viable macrophages were isolated and counted 

using trypan blue exclusion.

Cell culture
Alveolar macrophages in supplemented RPMI-1640 media 

were plated out in 96- and 24-well plates at a concentration 

of 1×106/mL. Cells were incubated with LPS (Sigma-Aldrich, 

serotype O26:B6; 1 μg/mL) or Pam3CSK4 (Sigma-Aldrich; 

0.1 μg/mL) for a 24-hour period before removing superna-

tants and washing 3 times with media. Cells were then stimu-

lated again with LPS (1 μg/mL) or Pam3CSK4 (0.1 μg/mL) 

for 24 hours or as indicated; these concentrations have been 

shown to give optimal stimulation of alveolar macrophages at 

24 hours.17,25 For TLR mRNA analysis, cells were stimulated 

with LPS (1 μg/mL), Pam3CSK4 (0.1 μg/mL), or ultrapure 

Escherichia coli O111:B4 LPS (UPLPS; InvivoGen, San 

Diego, CA, USA; 0.1 μg/mL) for 4, 6, 24, and 48 hours. 

Table 1 Patient demographics data expressed as mean (sD)

Smokers (n=9) COPD (n=19)

Male/female, n 5/4 7/12
age (years) 67 (4.3) 66.4 (4.3)
FeV1 2.23 (0.18) 1.6 (0.37)
FeV1 % predicted 87.6 (6.7) 74.7 (17.35)
FeV1/FVC 72.3 (4.3) 61.29 (5.9)
Pack-year history 40.4 (7.3) 54.7 (30.67)
smoking status (current/ex) 7/2 15/4
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Where necessary, supernatants were removed and frozen for 

future cytokine analysis.

Cytokine and chemokine quantification
Cell culture supernatants were harvested and enzyme-linked 

immunosorbent assays (ELISA) were used according to man-

ufacturers’ instructions (R&D Systems, Inc, Minneapolis, 

MN, USA) to quantify levels of CXCL8 and TNFα. Lower 

limits of detection were 31.25 and 15.625 pg/mL, respec-

tively. IL-6 and IL-10 (lower limits of detection 0.17 pg/mL) 

were measured using the Luminex 100 System. CCL5 was 

measured by both ELISA (15.625 pg/mL) and Luminex 

(0.17 pg/mL); these results were comparable.

analysis of mrna levels
Samples harvested in TRIzol were homogenized using 

a 21-gauge needle. Chloroform was added to the TRIzol 

samples (1 in 5 v/v) and separation was achieved following 

centrifugation at 12,000 g for 15 minutes. The upper aque-

ous RNA phase was purified using DNase I and an RNeasy 

Mini Kit (Qiagen NV, Venlo, the Netherlands) according to 

the manufacturers’ instructions.

cDNA was synthesized from 50 ng RNA using the 

Verso™ 2-step qRT-PCR kit (Thermo Fisher Scientific, 

Waltham, MA, USA). Real-time PCR was performed using 

the Stratagene machine (Agilent Technologies, Santa Clara, 

CA, USA). cDNA (1 μL) was added to ABsolute Blue qPCR 

mix (Thermo Fisher Scientific) according to the manufac-

turers’ instructions in the presence of 6-carboxyfluorescein 

(FAM)-labeled primers for CXCL8, TNFa, TLR1, TLR2, 

TLR4, or GAPDH (Thermo Fisher Scientific). Amplification 

conditions were 95°C for 15 minutes, 95°C for 15 minutes 

before cooling to 60°C for 1 minute for 40 cycles. Levels of 

CXCL8, TNFa, TLR1, TLR2, and TLR4 were normalized to 

housekeeping gene GAPDH to quantify mRNA levels.

statistical analysis
Data normality was measured using the Kolmogorov–Smirnov 

test. For comparison of 2 parametrically distributed data sets a 

Student’s paired t-test was used. For comparison of 2 nonpara-

metrically distributed data sets, Wilcoxon matched pairs (paired 

data) or Mann–Whitney (unpaired) tests were used. In tolerance 

experiments with multiple conditions, pairwise tests were used 

to analyze a priori determined selected conditions only, and not 

comparisons between all conditions. These a priori determined 

comparisons are stated in the “Results” section. All statistical 

analysis was carried out using GraphPad InStat version 3.00 

(GraphPad Software, Inc, La Jolla, CA, USA).

Results
repeated lPs stimulation
Alveolar macrophages from smokers (n=7) and COPD 

patients (n=9) were incubated with media (M) or LPS for 

24 hours. Supernatants were removed, and cells from both 

conditions were subsequently incubated with either M or LPS 

for 24 hours. Inflammatory mediators secreted in the latter 

24-hour cell culture period were measured. Cells exposed to 

M and then LPS (ML) showed significant increases in inflam-

matory mediator production compared to cells not exposed 

to LPS (MM), confirming that cells left initially in M culture 

were subsequently responsive to LPS stimulation. There were 

no differences in cytokine levels between smoking controls 

and COPD patients for either MM or ML conditions (p0.05 

for all inflammatory mediators; Figure S1).

Repetitive stimulation with LPS for both 24-hour cell cul-

ture periods (LL) caused a statistically significant reduction 

in TNFα compared to cells that were not exposed initially 

to LPS (ML) in both smokers and COPD patients (p0.05; 

Figure 1). LL treatment also significantly reduced CCL5 

and IL-10 production compared to ML treatment in COPD 

patients (p0.05 for each cytokine). In smokers, there were 

numerical decreases in CCL5 and IL-10 levels after LL com-

pared to ML treatment, but these were not statistically sig-

nificant (p=0.3 and p=0.15, respectively). Contrastingly, the 

levels of CXCL8 and IL-6 production were not significantly 

altered following LL compared to ML treatment in either 

smokers or COPD patients. These results demonstrate toler-

ance to LPS stimulation for selected inflammatory mediators 

(TNFα, CCL5, and IL-10). Overall, the pattern of results was 

similar between smokers and COPD patients.

We investigated whether inflammatory mediator release 

in the 24-hour period after a second LPS exposure (LL) 

was greater than the natural time course observed after a 

single LPS exposure followed by media (LM). Inflammatory 

mediator production after LL was significantly greater 

(p0.05) than LM in all experiments apart from IL-6 in 

smokers. This demonstrates that even though tolerance 

occurred for TNFα, CCL5, and IL-10, LL stimulation still 

increased inflammatory mediator production above the levels 

caused by a single LPS stimulation (LM; Figure 1). These 

results again showed a generally similar pattern between 

smokers and COPD cells.

repeated Pam3CsK4 stimulation
COPD alveolar macrophages (n=8) incubated with M for 

24 hours followed by stimulation with Pam3CSK4 (P) for 

24 hours produced significantly increased levels of TNFα, 
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CCL5, IL-10, CXCL8, and IL-6 compared to cells incubated 

in M for 48 hours (p0.05 for each inflammatory mediator; 

Figure S2).

Following 2 consecutive Pam3CSK4 stimulations (PP), 

TNFα, CCL5, and IL-10 release were significantly reduced 

(p0.05) compared to MP treatment. CXCL8 and IL-6 pro-

duction after PP and MP treatment were similar (Figure 2).

We investigated whether inflammatory mediator release 

in the 24-hour period after a second Pam3CSK4 exposure 

(PP) was greater than the natural time course after a single 

Figure 1 lPs pre-stimulation results in differential desensitization of cytokine and chemokine release following subsequent lPs stimulation. alveolar macrophages from 
smoking controls (n=7) and COPD patients (n=9) were cultured in media (M) or lPs (l) (1 μg/ml) for 24 hours before washing and restimulating in the presence or absence 
of lPs for further 24 hours. supernatants were removed and TnFα (A), CCl5 (B), Il-10 (C), CXCl8 (D), and Il-6 (E) were quantified. Paired t-tests were carried out to 
compare conditions ML versus LL and LL versus LM. Bars indicate statistical significance was reached. *p0.05 and **p0.01.
Abbreviations: lPs, lipopolysaccharide; TnF, tumor necrosis factor.
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Figure 2 Tlr2 pre-stimulation results in differential desensitization of cytokine and chemokine release following subsequent Tlr2 stimulation. alveolar macrophages from 
COPD (n=8) patients were cultured in media (M) or Pam3CsK4 (P) (0.1 μg/ml) for 24 hours before washing and restimulating in the presence or absence of Pam3CsK4 
(0.1 μg/ml) for further 24 hours. supernatants were removed and TnFα (A), CCl5 (B), Il-10 (C), CXCl8 (D), and Il-6 (E) were quantified. Paired t-tests were carried out 
to compare PP versus MP and PP versus PM. Bars indicate statistical significance was reached. *p0.05 and **p0.01.
Abbreviations: Tlr, Toll-like receptor; TnF, tumor necrosis factor.
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P exposure followed by M (PM). Inflammatory mediator 

release after PP was numerically greater compared to PM, 

reaching significance for IL-10 and CCL5. This demonstrates 

that even though tolerance occurred for IL-10 and CCL5, PP 

stimulation still increased mediator production above the 

levels that would have been caused by a single Pam3CSK4 

stimulation (PM; Figure 2).

TNFa and CXCL8 gene expression
The effects of repeated LPS stimulation on TNFa and CXCL8 

gene expression were assessed. Alveolar macrophages from 

COPD patients (n=6) were cultured with media or LPS for 

24 hours followed by LPS for 4 or 24 hours. TNFa and CXCL8 

gene expression were increased at 4 and 24 hours after ML; 

TNFa production peaked at 4 hours, while CXCL8 produc-

tion was greater at 24 hours (Figure 3). Twenty-four-hour 

pre-treatment with LPS reduced the effect of the second LPS 

stimulation on TNFa, with mRNA levels reduced at both  

4- and 24-hour time points. Contrastingly, CXCL8 gene expres-

sion was not reduced by LL treatment compared to ML.

lPs stimulation of alveolar macrophages 
increases TLR2 gene expression
TLR2 and TLR4 gene expression levels were measured fol-

lowing LPS stimulation (n=6; Figure 4). TLR2 mRNA levels 

were significantly increased at 6, 24, and 48 hours after LPS 

stimulation (p0.05 at each time point). LPS did not change 

TLR4 gene expression at any time point (Figure 4A).

Alveolar macrophages from 4 further COPD patients 

were treated with either TLR2-specific ligand Pam3CSK4 

(Figure 4B) or TLR4-specific ligand UPLPS (Figure 4C). 

TLR1, TLR2, and TLR4 gene expression levels were mea-

sured; TLR2 mRNA levels were significantly increased at 24 

and 48 hours by UPLPS stimulation but were not changed by 

Pam3CSK stimulation. TLR4 mRNA was significantly reduced 

by UPLPS at 24 and 48 hours and Pam3CSK4 at 48 hours. 

TLR1 mRNA levels were unchanged by either UPLPS or 

Pam3CSK4 stimulation at any time point (Figure S3).

lPs and subsequent Pam3CsK4 
stimulation
As LPS increased TLR2 expression, we investigated the 

effect of treatment with LPS or M followed by stimulation 

with Pam3CSK4 using COPD alveolar macrophages (n=8; 

Figure 5).

LP treatment caused significantly greater production of 

all 5 cytokines compared to LM treatment (p0.05), dem-

onstrating an additional stimulatory effect of Pam3CSK4 

after LPS treatment. There were numerical increases in the 

levels of IL-6, IL-10, CCL5, and CXCL8 production after 

LP treatment compared to MP that reached significance 

for CCL5 (p=0.016). LP treatment resulted in lower TNFα 

release compared to MP-treated cells (p=0.016).

Discussion
COPD alveolar macrophages develop tolerance to repetitive 

LPS stimulation, but this only occurs for selected cytokines 

such as TNFα, CCL5, and IL-10. In contrast, tolerance was 

not observed for CXCL8 and IL-6. There was similar cytokine 

selective tolerance after repetitive TLR2 stimulation. This 

difference between cytokine responses after repetitive TLR 

stimulation may be relevant to the pathophysiology of COPD 

as a mechanism by which selected cytokines are produced at 

persistently high levels, thus promoting inflammation. LPS 

upregulated TLR2 gene expression, potentially enhancing the 

sensitivity of these cells to TLR2 ligands. We tested this pos-

sibility, and found that LPS followed by Pam3CSK4 stimu-

lation (LP) increased the levels of all cytokines measured 

α
∆∆ ∆∆

Figure 3 lPs tolerance results in the differential desensitization of TNFa and CXCL8 gene expression. COPD alveolar macrophages were cultured in media or lPs (1 μg/ml) 
for 24 hours before washing and restimulating with lPs (1 μg/ml) for further 4 or 24 hours as indicated. Cells were harvested in TrIzol and TNFa (A) and CXCL8 (B) gene 
expression was measured by qPCr and normalized to GAPDH levels (n=6). Data show mean ± seM fold induction compared to non-stimulated time-matched controls. Paired 
t-tests were carried out to compare each condition to Ml. **p0.01.
Abbreviations: lPs, lipopolysaccharide; TnF, tumor necrosis factor.
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∆∆ ∆∆

∆∆

Figure 4 The effects of lPs, Pam3CsK4, and UPlPs on TLR2 and TLR4 expression. COPD alveolar macrophages were left untreated or stimulated with lPs (1 μg/ml; n=6) (A), 
Pam3CsK4 (0.1 μg/ml) (B), or UPlPs (0.1 μg/ml; n=5 different donors) (C) for 4, 6, 24, and 48 hours. TLR2 and TLR4 gene expression was measured by qPCr and fold change was 
normalized to GAPDH. Paired t-tests were carried out to compare fold induction to unstimulated time-matched controls. *,**Indicates significantly increased above unstimulated 
time-matched control (p0.05 and p0.01, respectively). #,##Indicates significantly decreased below unstimulated time-matched control (p0.05 and p0.01, respectively).
Abbreviations: lPs, lipopolysaccharide; Tlr, Toll-like receptor; ns, no stimulation.

α

Figure 5 lPs pre-stimulation enhances the effect of Pam3CsK4 on the production of Il-6, Il-10, CXCl8, and CCl5. COPD (n=8) alveolar macrophages were cultured in 
media (M), Pam3CsK4 (P) (0.1 μg/ml), or lPs (l) (1 μg/ml) for 24 hours before washing and restimulating in the presence or absence of M or Pam3CsK4 (0.1 μg/ml) for 
further 24 hours. supernatants were removed and TnFα (A), CCl5 (B), Il-10 (C), CXCl8 (D) and Il-6 (E) were quantified. Paired t-tests were carried out to compare MP 
versus LP and LM versus LP. Bars indicate statistical significance was reached, *p0.05.
Abbreviations: lPs, lipopolysaccharide; TnF, tumor necrosis factor.
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compared to media followed by Pam3CSK4 (MP). This was 

a different pattern of results in comparison to stimulation 

with the same TLR ligand. There was reduced production of 

selected cytokines when comparing PP to MP. This upregula-

tion of cytokine production after different TLR stimuli may 

be of clinical relevance in COPD patients who are exposed 

to more than one bacterial strain and hence exposed to dif-

ferent TLR ligands. This may occur in some patients in the 

stable state, or during an acute exacerbation.

This is the first study of TLR tolerance using COPD 

alveolar macrophages. COPD alveolar macrophages have 

unique characteristics17,20,22,23 and are very different to other 

sources of macrophages such as those derived from cell lines 

or blood-derived monocytes. Nevertheless, our results for 

repetitive LPS or Pam3CSK4 stimulation of macrophages 

agree with previous reports concerning TNFα and CCL5, 

which develop tolerance10,11,13,26,27 and for CXCL8, which does 

not.11 Our results for IL-6, which did not develop tolerance, 

differ from previous reports for both LPS and Pam3CSK4 

stimulation.10,11 The reasons for this are not known, but are 

likely to be a reflection of the different phenotype and func-

tion of human lung macrophages from smokers and COPD 

patients. The majority of our experiments were performed in 

COPD patients, but we did observe a similar tolerance pat-

tern in smokers. Lung cancer surgery is usually performed 

on patients with a history of smoking. Never smokers are a 

minority,28 so samples from such patients were unavailable. 

This limited the scope of the study. However, smokers with-

out airflow obstruction allowed changes due to COPD rather 

than chronic smoking to be assessed.

CXCL8 is a neutrophil chemoattractant present at 

higher levels in the lungs of COPD patients compared to 

controls.29–32 CXCL8 is produced by different cell types 

including epithelial cells, macrophages, and smooth muscle 

cells. The overproduction of CXCL8 in the lungs of COPD 

patients could be partly due to bacterial stimulation of lung 

cells, as it is known that lung CXCL8 levels and neutro-

phil numbers are higher in COPD patients with bacterial 

colonization.33 We showed here a mechanism by which this 

may occur; TLR2 or TLR4 repetitive stimulation causes 

persistent CXCL8 secretion, which may lead to enhanced 

neutrophilic lung inflammation. The reasons for the differ-

ences between cytokines in the development of tolerance 

are unclear. The time course experiment showed different 

patterns between TNFa and CXCL8 gene expression after 

TLR4 activation, with CXCL8 showing a slower induction 

and longer duration of expression upregulation. The tran-

scriptional control mechanisms responsible for these different 

profiles after a single TLR activation are likely to dictate the 

response to a repeated activation, with prolonged promotor 

activation for CXCL8 being associated with a lack of toler-

ance. For cytokines such as TNFα, there may be a natural 

promotor activation shutdown mechanism34 after a single 

TLR activation that reduces the effect of a repeated identical 

TLR activation, also highlighting the fact that there is differ-

ential transcriptional regulation for different cytokines. The 

regulation of other inflammatory cytokines not reported in 

this manuscript such as IL-1β may also provide interesting 

results within the context of COPD pathophysiology.

It has previously been shown using mouse macrophages 

that TLR4 stimulation increases TLR2 gene expression,35 

and that TLR2 stimulation after TLR4 stimulation causes 

increased cytokine production compared to repetitive TLR4 

stimulation.13 We now report the same phenomenon within 

human lung macrophages, confirmed by using a specific 

TLR4 agonist. The upregulation of TLR2 expression, caused 

by LPS, appears to enhance the sensitivity to subsequent 

TLR2 activation, thereby altering downstream cell signaling 

events capable of upregulating cytokine production.

The exact mechanisms underpinning TLR tolerance have 

not been elucidated. In our experiments, there was downregu-

lation of TLR4 gene expression after using ultrapure LPS, 

which targets TLR4 only, but not LPS which also shows 

some activity against TLR2. The reason for this difference 

is unclear. The experiments measuring cytokines were per-

formed using LPS, so TLR4 gene expression downregulation 

was not the reason for tolerance. It has been suggested that 

impaired activation of kinases such as interleukin receptor-

associated kinase 1,16 or altered tyrosine activation of TLR435 

could be contributing to this phenomenon. Impaired activa-

tion of specific signaling pathways could lead to the differ-

ences observed here between inflammatory mediators.

In conclusion, we described TLR tolerance in COPD 

alveolar macrophages. Interestingly, CXCL8 production is 

not reduced after repetitive TLR stimulation with the same 

ligand; this may be an important mechanism causing persis-

tent CXCL8 secretion in COPD. Furthermore, we showed 

that TLR4 stimulation followed by TLR2 stimulation does 

not cause tolerance, but enhances cytokine production; this 

again may be a relevant mechanism by which inflammation 

occurs in the airways of COPD patients.
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Supplementary materials

Figure S1 alveolar macrophages from smokers (n=7) and COPD patients (n=9) were cultured in media (M) for 24 hours before washing and replacing media (M) or 
stimulating with lPs (1 μg/ml) (l) for further 24 hours. supernatants were removed and TnFα (A), CCl5 (B), Il-10 (C), CXCl8 (D), and Il-6 (E) were quantified. Paired 
and unpaired t-tests were carried out to compare MM and ML within and between subject groups, respectively. Bars indicate statistical significance was reached. *p0.05, 
**p0.01, ***p0.001.
Abbreviations: lPs, lipopolysaccharide; TnF, tumor necrosis factor.

α

Figure S2 alveolar macrophages from COPD patients (n=8) were cultured in media (M) for 24 hours before washing and replacing media (M) or stimulating with Pam3CsK4 
(0.1 μg/ml) (P) for further 24 hours. supernatants were removed and TnFα (A), CCl5 (B), Il-10 (C), CXCl8 (D), and Il-6 (E) were quantified. Paired t-tests were carried 
out to compare MM and MP. Bars indicate statistical significance was reached. *p0.05, **p0.01, ***p0.001.
Abbreviations: lPs, lipopolysaccharide; TnF, tumor necrosis factor.

α
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Figure S3 The effects of Pam3CsK4 and UPlPs on TLR1 expression. COPD alveolar macrophages were left untreated or stimulated with Pam3CsK4 (0.1 μg/ml) (A) or 
UPlPs (0.1 μg/ml) (B) (n=5) for 4, 6, 24, and 48 hours. TLR1 gene expression was measured by qPCr and fold change was normalized to GAPDH. Paired t-tests were carried 
out to compare fold induction to unstimulated time-matched controls.
Abbreviations: Tlr, Toll-like receptor; ns, no stimulation.
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