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Abstract
Background: The Toll-like receptor (TLR) family is involved 
in the recognition of and response to microbial infections. 
These receptors are expressed in leukocytes. TLR stimulation 
induces the production of proinflammatory cytokines and 
chemokines. Given that human lung macrophages (LMs) 
constitute the first line of defense against inhaled patho-
gens, the objective of this study was to investigate the ex-
pression and function of TLR subtypes in this cell population. 
Methods: Human primary LMs were obtained from patients 
undergoing surgical resection. The RNA and protein expres-
sion levels of TLRs, chemokines, and cytokines were assessed 
after incubation with subtype-selective agonists. Results: In 
human LMs, the TLR expression level varied from one sub-
type to another. Stimulation with subtype-selective agonists 
induced an intense, concentration- and time-dependent in-
crease in the production of chemokines and cytokines. TLR4 
stimulation induced the strongest effect, whereas TLR9 stim-
ulation induced a much weaker response. Conclusions: The 

stimulation of TLRs in human LMs induces intense cytokine 
and chemokine production, a characteristic of the proin-
flammatory M1 macrophage phenotype.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Macrophages are major players in the homeostatic 
clearance of apoptotic/damaged cells, the recognition of 
pathogens, and the induction of an adaptive immune re-
sponse. These cells reside in all organs but are particu-
larly well-represented in the lungs, where they perform 
immune surveillance and constitute the body’s first line 
of defense against inhaled pathogens. In addition to their 
role in innate immunity, macrophages may also promote 
adaptive immunity through their ability to act as antigen-
presenting cells [1]. Macrophages interact with (and then 
phagocytize) pathogens and damaged cells by binding to 
a number of receptors expressed at their cell surface (such 
as scavenger receptors, mannose receptors, and β-glucan 
receptors). It is known that the pattern-recognition re-
ceptors (PRRs) expressed in macrophages are involved in 

This article is licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (CC BY-
NC-ND) (http://www.karger.com/Services/OpenAccessLicense). 
Usage and distribution for commercial purposes as well as any dis-
tribution of modified material requires written permission.
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the recognition of either conserved microbial ligands 
(pathogen-associated molecular patterns [PAMPs]) or 
endogenous ligands originating from injured cells (dam-
age-associated molecular patterns [DAMPs]) [2]. PRRs 
encompass the Toll-like receptor (TLR) family, which has 
10 members in humans. The TLRs are transmembrane 
proteins that primarily sense PAMPs (but can also bind 
to DAMPs) and then induce an immune response. The 
latter is mainly implemented via the modified expression 
of transcription factors and inflammatory genes, and the 
production of mediators (e.g., cytokines). Each of the 
TLR subtypes has its own specific recognition pattern. 
TLR1, TLR2, TLR4, TLR5, and TLR6 are located at the 
cell surface, where they sense external microbial compo-
nents such as lipopeptides, flagellins, and lipopolysaccha-
ride (LPS, the cell-wall component of gram-negative bac-
teria). TLR3, TLR7, TLR8, and TLR9 are expressed in in-
tracellular compartments (endosomes) and bind to 
nucleic acids (such as single- or double-stranded viral 
RNA and CpG DNA). Some TLRs function as homodi-
mers (TLR3, TLR4, TLR5, and TLR9) or heterodimers 
(TLR1/2 and TLR2/6), while others are active as mono-
mers (TLR7 and TLR8) [3]. TLR4 (the first subtype to be 
identified in humans) is the most widely studied, due to 
its ability to bind LPS, various allergens (e.g., ragweed 
pollen, house dust extract, and cat dander), and many air 
pollutants (including particulate matter). It is known that 
TLR2, TLR4, and TLR9 are expressed in human alveolar 
macrophages (AMs) at the mRNA level [4, 5] and protein 
level [6, 7].

TLR signaling engages an early cytokine response that 
amplifies the inflammatory response and recruits other 
cells to combat the invading microorganisms [8]. Macro-
phages are particularly involved in the production of cy-
tokines; indeed, tumor necrosis factor (TNF)-α and inter-
leukin (IL)-1β, IL-6, IL-10, and IL-12 are released by AMs 
following the activation of TLR2, TLR4, and TLR9 [6, 7]. 
The inhaled microbes recognized by TLR2, TLR4, and 
TLR9 may cause lung infections and acute exacerbations 
of chronic obstructive pulmonary disease (COPD) and 
asthma. Indeed, it was recently reported that bacteria and 
viruses are associated with, respectively, 55 and 29% of 
COPD exacerbations [9]. Viral respiratory tract infec-
tions (predominantly due to rhinoviruses) are associated 
with up to 85% of asthma exacerbations [10]. Genetic 
polymorphisms in the TLR genes are also associated with 
asthma [11, 12]. Cigarette smoke, the most prevalent risk 
factor for COPD, is also known to alter TLR expression 
and function in monocyte-derived macrophages [13–15]. 
Some researchers have therefore suggested that TLRs are 

potential drug targets for asthma and COPD [16, 17]. 
Characterization of the response of human lung macro-
phages (LMs) to TLR stimulation is also of therapeutic 
interest, since this cell type is a target for TLR-modulating 
drugs in the preclinical or early clinical development for 
the treatment of asthma or cystic fibrosis; these drugs in-
clude chemically modified mRNAs that modulate TLR 
expression [18–20] and oligonucleotide TLR9 agonists 
[21].

It is now acknowledged that macrophages can be po-
larized into a range of functional phenotypes, depending 
on various environmental cues. The two ends of the spec-
trum correspond to proinflammatory M1 macrophages 
(also referred to as classically activated macrophages) and 
immunoregulatory M2 macrophages (also referred to as 
alternatively activated macrophages), thus mirroring the 
Th1/Th2 dichotomy. M1 macrophages are obtained after 
stimulation with LPS or by exposure to Th1-cytokines 
like interferon (IFN)-γ; the cells are involved in mounting 
effective responses against microorganisms and tumor 
cells. M2 macrophages result from stimulation by the Th2 
cytokines IL-4 and IL-13, or by IL-10, immune complex-
es, or glucocorticoids [22]. They are considered to be 
“wound-healing” macrophages, as illustrated by their 
role in the regulation of lung inflammation and tissue re-
modeling in mouse models of asthma [23, 24]. M1 and 
M2 macrophages differ markedly with regard to their cy-
tokine production, enzyme content, and surface protein 
expression. For example, TNF-α, CCL3 and CXCL8 are 
M1 cytokines whereas CCL18 and CCL22 are M2 cyto-
kines [22]. Since some of macrophages’ main functions in 
innate immunity rely on the ability to produce cytokines, 
we decided to focus on the production of these mediators 
following the activation of each TLR subtype in human 
LMs. As recently emphasized [25], there are few literature 
data on this topic; in particular, there are no comparative 
data on the stimulation of each TLR subtype in primary 
cultures of human LMs. Our objective was to map the ex-
pression of TLRs in human LMs and characterize the re-
sponse of cells to selective agonists of each TLR subtype.

Methods

Reagents
Penicillin, streptomycin and L-glutamine were purchased 

from Sigma (St. Louis, MO, USA). RPMI 1640 medium, PBS, FCS, 
and BSA were obtained from Eurobio Biotechnology (Les Ulis, 
France). Agonists of TLR1/2 (Pam3CSK4), TLR2 (a heat-killed 
preparation of Listeria monocytogenes [HKLM]), TLR3 (low- or 
high-molecular-weight [LMW or HMW] poly[I:C]), TLR4 (LPS 
from Escherichia coli serotype K12), TLR5 (flagellin from Salmo-
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nella typhimurium), TLR6/2 (FSL-1), TLR7 (imiquimod), TLR8 
(ssRNA40), and TLR9 (ODN2006) were purchased from Invivo-
Gen (San Diego, CA, USA) and resuspended in endotoxin-free 
water. The maximal concentrations used in this study are listed in 
online supplemental Table 1 (for all online suppl. material, see 
www.karger.com/doi/10.1159/000494463). All other chemicals 
were of analytical grade and were obtained from Merck (Darm-
stadt, Germany). All cell culture plastics were purchased from 
CML (Nemours, France).

Patient Population
The use of resected lung tissue was approved by the regional 

investigational review board (Comité de Protection des Personnes 
Ile de France VIII, Boulogne-Billancourt, France), and the patients 
undergoing surgical lung resection gave their informed consent. 
Lung tissue was obtained from 19 patients with the following de-
mographic characteristics: a median age of 67 years (interquartile 
range [IQR] 56–77 years), 11 males and 8 females, a ratio of current 
smokers/ex-smokers/never-smokers of 12: 6: 1, median pack-years 
n = 37 (IQR 35–60), and % FEV1 predicted of 79% (IQR 67–98%). 
Five patients were suffering from COPD (as defined by a postbron-
chodilator FEV1/FVC ratio < 0.7), none had FEV1 < 50% predicted, 
and none had undergone chemotherapy or radiotherapy prior to 
surgical lung resection.

Isolation and Culture of Human LMs
The procedure for preparation of LMs has been described else-

where [26–28]. Briefly, peripheral lung tissue obtained from sites 
distant from the tumor were minced finely and then washed 3 
times with RPMI medium. The washings were filtered and centri-
fuged (300 g, 10 min), and the cell pellet was resuspended in RPMI 
medium supplemented with 10% heat-inactivated FCS, 2 mM L-
glutamine, 100 µg/mL streptomycin, and 100 U/mL penicillin. The 
resuspended cells were then plated at 106 viable cells • mL–1. Fol-
lowing incubation for at least 1 h at 37  ° C in a 5% CO2 humidified 
atmosphere, nonadherent cells were removed by gentle washing. 
Ninety-five percent of the adherent cells were macrophages, and 
the cell viability exceeded 95% (in a trypan blue dye exclusion  
assay).

The next day, adherent LMs were washed with warm RPMI 
medium lacking FCS, and 1 mL of fresh medium supplemented 
with 1% FCS was then added per well. The cells were treated with 
the selected TLR1–9 agonists or vehicle. After incubation for be-
tween 4 and 48 h, supernatants were collected and stored at –80  ° C 
for subsequent cytokine assays. The adherent cells were counted 
when the supernatant was collected. Adherent cells were also col-
lected in TRIzol reagent for molecular analysis.

Reverse Transcriptase Quantitative Polymerase Chain 
Reaction
After stimulation of the LMs with TLR agonists, the cells were 

lysed and harvested. Total RNA was extracted with TRIzol® re-
agent (Life Technologies, Saint Aubin, France). The RNA concen-
tration was determined using a Biowave DNA spectrophotometer 
(Biochrom, Cambridge, England), and the RNA’s purity was eval-
uated on an Experion microfluidics electrophoresis system using 
RNA standard sensitivity kits (Bio-Rad, Marnes-la-Coquette, 
France). Next, after treatment with DNase I (Life Technologies), 1 
µg of total RNA was reverse-transcribed using SuperScript® III 
first-strand SuperMix kit (Life Technologies). A TaqMan® human 

chemokines array and specific TaqMan® arrays based on prede-
signed reagents (Life Technologies) were used for the analysis of 
cytokines, chemokines, and TLR transcripts. Real-time quantita-
tive polymerase chain reaction (RT-qPCR) was performed using 
Gene Expression Master Mix (Life Technologies), with 20 ng of 
cDNA in a StepOnePlus thermocycler (Life Technologies). Ther-
mal cycling conditions were as follows: initial denaturation at 
95  ° C for 10 min, followed by 40 cycles of 95  ° C for 15 s, and 60  ° C 
for 1 min. Three housekeeping genes (hypoxanthine phosphoribo-
syltransferase [HPRT1], glyceraldehyde-3-phosphate dehydroge-
nase [GAPDH], and β-glucuronidase [GUSB]) were used for the 
normalization of transcript levels. The expression of 59 cytokine 
transcripts (22 CC chemokines, 14 CXC chemokines, the 2 C che-
mokines, the CX3C chemokine fractalkine, 13 ILs, 2 IFNs, 2 colo-
ny-stimulating factors [CSFs], and 3 TNFs) was assessed in the 
presence of vehicle or each of the subtype-selective TLR agonists.

Immunoassays
Cytokines in the LM culture supernatants were measured using 

an ELISA (Duoset Development System, R&D Systems, Lille, 
France). Cytokine concentrations were expressed in ng/106 LMs. 
The assays’ limits of detection were 4 pg • mL–1 for CCL3, CCL18, 
CCL22, and IL-1β; 8 pg • mL–1 for TNF-α, CCL1, and CCL4; 9 
pg • mL-1 for IL-6; and 16 pg • mL–1 for CXCL1 and CXCL8.

Data Expression
Data were expressed as the mean ± standard error of the mean 

(SEM); below, n corresponds to the number of patients from 
whom LMs were isolated. The RT-qPCR data were expressed as 
the relative expression (2-ΔCt) [29]. A gene was considered to be 
up- or downregulated when its fold-change was > 2.

Results

Expression of TLR Transcripts in Human LMs
LMs were screened for the expression of the genes cod-

ing for TLRs. All 10 transcripts were detectable, and the 
magnitudes of TLR transcript expression were as follows: 
TLR8 > TLR4 > TLR1 > TLR2 > TLR7 > TLR6 > TLR5 > 
TLR3 > TLR9 > TLR10 (Fig. 1). There was no correlation 
between TLR expression on the one hand and sex or FEV1 
on the other; however, TLR2 expression was correlated 
with age (Spearman’s r = 0.7474; p = 0.0070).

Transcriptional Cytokinome Profiling
The human LMs were stimulated with the TLR1/2 ag-

onist Pam3CSK4 (1 µg • mL–1), the TLR2 agonist HKLM 
(108 cells • mL–1), the TLR3 agonists LMW and HMW 
poly(I:C) (10 µg • mL–1 for both), the TLR4 agonist LPS 
(10 µg • mL–1), the TLR5 agonist flagellin (1 µg • mL–1), the 
TLR6/2 agonist FSL-1 (1 µg • mL–1), the TLR7 agonist  
imiquimod (1 µg • mL–1), the TLR8 agonist ssRNA40  
(1 µg • mL–1), and the TLR9 agonist ODN2006 (4 µM). The 
results are presented in Figure 2.
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Of the 22 CC chemokines, 4 (CCL11, CCL16, CCL21, 
and CCL25) were not expressed in unstimulated LMs, and 
were not expressed or only weakly expressed following 
TLR stimulation. Furthermore, 3 CC chemokines (CCL26, 
CCL27, and CCL28) were weakly expressed in unstimu-
lated LMs and were not upregulated by exposure to the 
TLR agonists. CCL18 was highly expressed in unstimu-
lated LMs but was not upregulated by the TLR agonists.

The transcripts of all CXCL, C, and CX3C chemokines 
were found in unstimulated LMs. CXCL4 and CXCL9 
were relatively weakly expressed in unstimulated LMs 
and only weakly upregulated in response to the TLR ago-
nists. Very high expression levels were observed for 
CXCL5 and CXCL8 in unstimulated LMs. Conversely, 
CXCL12 transcripts were found in unstimulated cells but 
could no longer be detected after stimulation with most 
of the TLR agonists.

Of the 13 ILs, 6 (IL-2, IL-4, IL-5, IL-9, IL-12A, and IL-
13) were not expressed or only weakly expressed in un-
stimulated LMs and in response to TLR stimulation. In 
contrast, IL-12B was weakly expressed in unstimulated 
LMs but strongly expressed in response to TLR stimulation 
(except with the TLR3, TLR7, and TLR9 agonists). IL-16 
was not upregulated by the TLR agonists. For the growth 
factors CSF2 and CSF3, transcript levels were higher after 
exposure to the TLR1, TLR2, TLR4, TLR5, and TLR6 ago-
nists. Transcript levels of both IFN-γ and IFN-κ were low 
and only weakly upregulated by TLR agonists.

Although the 3 TNF transcripts were found in unstim-
ulated LMs, only TNF and TNFSF10 were upregulated by 
exposure to TLR agonists.

The TLR3, TLR4, and TLR5 agonists, i.e., LPS, flagel-
lin, and HMW poly(I:C), respectively, upregulated the 
greatest number of cytokine transcripts (32, 43, and 41 
genes, respectively). The most intense upregulations were 
observed for HMW poly(I:C), LPS, and LMW poly(I:C), 
with > 80-fold increases for the following genes: CCL4, 
CCL5, CCL8, CXCL1, CXCL8, CXCL10, CXCL11, IL-1A, 
IL-1B, IL-6, CSF2, CSF3, TNF, and TNFSF10. Imiquimod 
and ODN2006 induced no or very weak increases in cy-
tokine transcript expression. In contrast, very few genes 
were downregulated: only 1 was downregulated by 
Pam3CSK4 (TNFSF10), HKLM (TNFSF10), HMW 
poly(I:C) (IL-16) and flagellin (CCL28), and only 3 by LPS 
(IL-16, CCL28, and TNFSF14). The fold-decreases in gene 
expression were small (range 3.1–6.3).

The Protein Cytokinome: Time Courses and 
Concentration-Response Curves
In view of the transcriptional cytokinome profiling de-

scribed above, our previous published and unpublished 
data on LPS [26–28, 30], the known involvement of some 
cytokines in (i) the pathophysiology of COPD and asth-
ma and (ii) the M1/M2 states of macrophage activation, 
we established concentration-response curves with the 
different TLR agonists for the production of 10 selected 
cytokines (Fig. 3). A concentration-dependent response 
was clearly observed for TNF-α, CCL3, CXCL8, IL-1β, 
and IL-6, was less pronounced for CCL1, CCL4, and 
CXCL1, and was almost nonexistent for CCL18 and 
CCL22. Among the different TLR agonists, a concentra-
tion-response relationship was most often observed for 
Pam3CSK4, LPS, and FSL-1. Maximum production was 
usually obtained with the highest concentration of ago-
nist tested. LPS usually induced the greatest increases in 
cytokine production.

The amounts of cytokine protein released were associ-
ated with their transcript level, with the exception of IL-
1β. It is well known that the release of IL-1β is markedly 
enhanced by extracellular ATP and the toxin nigericin, 
inducing the caspase-1-dependent release of IL-1β de-
pendent following the formation of the NLRP3 inflam-
masome [31]. However, an assessment of the regulation 
of IL-1β release by LMs was beyond the scope of this 
study. As with the transcript results, the lowest level of 
cytokine production was observed with imiquimod and 
ODN2006 (with the exception of TNF-α, which was re-
leased in large quantities following LM stimulation with 
ODN2006).

To further investigate the response to agonists, time-
response curves were obtained for 6 cytokines (Fig. 4). 
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Fig. 1. Transcript expression levels for TLRs in human LMs. Levels 
of TLR transcripts were determined by RT-qPCR in LMs isolated 
from 12 patients and normalized against the expression of 3 house-
keeping genes, HPRT1, GAPDH, and GUSB.
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Fig. 2. Expression of cytokine genes in human LMs stimulated (or not [control]) with TLR agonists. Human LMs 
(n = 3) were cultured for 6 h in the presence or absence of maximal concentrations of the following TLR agonists: 
the TLR1/2 agonist Pam3CSK4 (1 µg • mL–1); the TLR2 agonist HKLM (108 cells • mL–1); the TLR3 agonists LMW 
poly(I:C) (10 µg • mL–1) and HMW poly(I:C) (10 µg • mL–1); the TLR4 agonist LPS (10 g • mL–1); the TLR5 agonist 
flagellin (1 µg • mL–1); the TLR6/2 agonist FSL-1 (1 µg • mL–1); the TLR7 agonist imiquimod (1 µg • mL–1); the 
TLR8 agonist ssRNA40 (1 µg • mL–1); and the TLR9 agonist ODN2006 (4 µM). Gray, not expressed.
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For TNF-α, CCL3, and CXCL8, an early response (within 
4–8 h) was observed for all agonists tested, other than im-
iquimod and ssRNA40, which had no effect for up to 48 
h. For the remaining cytokines, the response time course 
was intermediate (CXCL1: 8–12 h) or late (CCL18 and 
CCL22: 24–48 h).

Discussion and Conclusions

We have described the TLR expression and chemokine 
production resulting from the stimulation of human LMs 
with a spectrum of TLR agonists; this enabled us to com-
pare the cell activations triggered by each TLR subtype.

With respect to TLR transcripts, our results are in 
agreement with those of previous reports in which the 
highest expression levels were observed for TLR8, TLR1, 
TLR2, and TLR4 [5]. There was little interpatient varia-
tion in the transcript level for all TLRs other than TLR8, 
which displayed 20-fold variations from one primary cul-
ture to another. In a previous study on mouse AMs ob-
tained by whole lung lavage, the TLR2 and TLR4 tran-
scripts were readily detected but, strikingly, TLR9 tran-
scripts were expressed at negligible levels [32]. In contrast, 
human AMs obtained by bronchoalveolar lavage from 
both healthy subjects and patients suffering from sarcoid-
osis expressed TLR2, TRL6, and TLR9 at similar levels 
[33]. Our results also indicate that human LMs express 
TLR9, albeit at a lower level than TLR6, and a much low-
er level than TLR2.

We also analyzed the transcription of genes coding for 
cytokines and chemokines after stimulation of the LMs 
with the different agonists. Overall, all the subtype-selec-
tive agonists gave much the same spectrum of transcripts. 
Only a quantitative analysis might reveal differences be-
tween the agonists; the TLR4 agonist appeared to induce 
the strongest response whereas the TLR7 and TLR9 ago-
nists induced the weakest response. In a mouse model of 
asthma, an allergic bronchial challenge caused a marked 

increase in inflammatory reactivity to TLR3, TLR4, and 
TLR7 [34]. In sharp contrast, TLR7 expression and func-
tion were found to be markedly reduced in AMs from 
patients with severe asthma, and this deficiency was 
linked to an altered microRNA profile [35].

TLR9 mRNA is almost absent in mouse AMs, which 
are not sensitive to CpG-ODN [32]. The AMs from pa-
tients with sarcoidosis were found to express TLR9, and 
the highest TLR9 expression and the greatest increase in 
CXCL10 release in response to CpG ODNs was mainly 
observed in patients with the more acute forms of sar-
coidosis, in which macrophages are thought to be classi-
cally activated [33]; however, in this particular study, 
stimulation with CpG ODNs did not significantly change 
the release of TNF-α, IL-6, IL-12p40, CXCL8, CXCL9, or 
CXCL11. In our study, the TLR9 agonist clearly increased 
the production of TNF-α and (to a much lesser degree) 
IL-6 but did not cause an increase in the production of 
IL-1β, CCL, and CXC chemokines.

Taken as a whole, our data and the literature data on 
TLR expression and function in LMs emphasize that the 
mouse AM is a surrogate cell model that does not ade-
quately recapitulate the biology of human primary LMs.

We next selected a set of M1- and M2-type cytokines 
involved in COPD or asthma for protein assays [36–40]. 
TNF-α and chemokines involved in the recruitment of T-
lymphocytes (CCL3), monocytes (CCL1), and neutro-
phils (CXCL1 and CXCL8) were selected as markers of 
the M1 activation state [37–40], and CCL18 and CCL22 
were selected as markers of the M2 activation state [41]. 
In unstimulated cells, transcript levels and protein levels 
were closely related. For example, TNF-α, CCL1, CCL22, 
and CXCL1 transcripts and proteins were expressed at 
low levels in unstimulated LMs whereas CCL18 and 
CXCL8 displayed high transcript and protein levels. Sim-
ilarly, most of the TLR agonists induced a concentration- 
and/or time-dependent increase in chemokine protein 
expression, which was closely related to the observed in-
crease in the transcript level. However, these relation-
ships were not always observed in LMs stimulated with 
TLR agonists. On the one hand, the transcripts of TLR1, 
TLR2, and TLR4 were strongly expressed, and stimula-
tion of these subtypes induced strong cytokine produc-
tion. On the other hand, TLR8 transcripts were expressed 
at much the same level as for TLR1, TLR2, and TLR4, al-
though incubation with the agonist ssRNA40 barely pro-
duced a cytokine response. This might be related to the 
physicochemical properties of single-stranded RNA, 
which might not always be able to gain access to intracel-
lular TLR8. In contrast, ODN2006 (the agonist of TLR9, 

Fig. 3. Concentration-response curves for the chemokine produc-
tion induced by subtype-selective TLR agonists. Human LMs were 
incubated for 6 h with vehicle or the TLR agonists Pam3CSK4 
(TLR1/2 agonist, 0.01–0.5 µg • mL–1), HKLM (TRL2 agonist, 106–
108 cells • mL–1), LMW poly(I:C) (TLR3 agonist, 0.1–10 µg • mL–1), 
HMW poly(I:C) (TLR3 agonist, 0.1–10 µg • mL–1), LPS (TLR4 ago-
nist, 0.01–1 µg • mL–1), flagellin (TLR5 agonist, 0.01–0.5 µg • mL–1), 
FSL-1 (TLR6/2 agonist, 0.01–0.5 µg • mL–1), imiquimod (TLR7  
agonist, 0.01–1 µg • mL–1), ssRNA40 (TLR8 agonist, 0.01–1 µg •  
mL–1), and ODN2006 (TLR9 agonist, 0.2–2 µM). The values cor-
respond to the mean ± SEM of 3 or 4 experiments.
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which was very weakly expressed at the mRNA level) in-
duced the intense production of TNF-α but did not in-
duce production of the other cytokines tested. The release 
of cytokines considered to be specific for the M2 macro-

phage polarization state (e.g., CCL18 and CCL26) was not 
stimulated by the TLR agonists, whereas the release of 
other cytokines (e.g., CCL13 and 22) increased moder-
ately (3- to 8-fold). Levels of CCL17 (also considered to 
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Fig. 4. Time-response curves for the chemokine production induced 
by subtype-selective TLR agonists. Human LMs were incubated for 
4–48 h with vehicle or the TLR agonists Pam3CSK4 (TLR1/2 ago-
nist, 1 µg • mL–1), HKLM (TRL2 agonist, 108 cells • mL–1), LMW 
poly(I:C) (TLR3 agonist, 10 µg • mL–1), HMW poly(I:C) (TLR3 ago-

nist, 10 µg • mL–1), LPS (TLR4 agonist, 1 µg • mL–1), flagellin (TLR5 
agonist, 1 µg • mL–1), FSL-1 (TLR6/2 agonist, 1 µg • mL–1), imiqui-
mod (TLR7 agonist, 1 µg • mL–1), ssRNA40 (TLR8 agonist, 1 µg •  
mL–1), and ODN2006 (TLR9 agonist, 4 µM). The values correspond 
to the mean ± SEM of 3 experiments.
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be an M2 cytokine) increased 10- and 21-fold after LM 
stimulation with LPS and flagellin, respectively.

Some of the chemokines that were not stimulated at 
the mRNA level (e.g., CCL18) were also not stimulated at 
the protein level in our study of the concentration-re-
sponse relationship. This is probably due to the effect of 
time. In fact, CCL18 is often described as an M2-type cy-
tokine that is released in the late phase of the inflamma-
tory response (i.e., to end inflammation and induce im-
munoregulation). Hence, the increase in the CCL18 pro-
tein level was observed at later time points (from 24 h 
onwards), and so one would expect transcript levels to 
increase too during this period. Similar conclusions can 
be drawn for CCL22, for exactly the same reasons. In con-
trast, the M1-type chemokines assessed in this study had 
an early time course of expression at both the transcript 
and protein levels, as is typically observed. This finding is 
in agreement with the commonly described switch in 
macrophage polarization, where M1 macrophages active-
ly participate in the onset of the inflammatory reaction 
and then switch to the M2 phenotype involved in the 
healing and repair processes [42].

When analyzing the pattern of cytokines and chemo-
kines produced here in response to the TLR agonists, we 
noted that very similar transcript and protein profiles 
were produced in response to all the agonists. Even 
though various agonists from different microbial sources 
stimulated different TLRs, the subsequent innate im-
mune responses were similar in terms of the nature of the 
chemokines produced, although the relative intensity of 
expression could differ. Most of the chemokines pro-
duced in response to TLR stimulation are involved in the 
onset and then maintenance of the inflammatory re-
sponse via the recruitment of several cell types. In the this 
study, the target cell types are relevant to lung diseases. 
For example, we observed changes in the production of 
the chemokines involved in the recruitment of T-lym-
phocytes (CCL3, CCL4, CXCL9, and CXCL10), mono-
cytes (CCL2), and neutrophils (CXCL1, CXCL5, and 
CXCL8); infiltration of the lungs by these inflammatory 
cell types is a hallmark of COPD [36–40].

The strengths of our study include a comparison of the 
effects of TLR activation on a broad spectrum of cyto-
kines, in a series of experiments on paired preparations. 
The potential limitations relate to the use of LMs harvest-
ed from resected lung tissues and from a mixture of cur-
rent smokers and ex-smokers. The cell isolation proce-
dure using minced lung tissues had the enormous advan-
tage of providing the large number of cells required for 
the paired series of experiments that we conducted; this 

would hardly be possible with macrophages obtained 
from bronchoalveolar lavage. However, our preparations 
might have contained a small proportion of interstitial/
tissue resident macrophages, along with the great major-
ity of AMs. A recent study with a pig model demonstrat-
ed that AMs and dendritic cells are similar to their inter-
stitial counterparts [43]. Hoppstädter et al. [5] did not 
find any differences between interstitial and alveolar pop-
ulations with respect to TLR expression levels or phago-
cytotic function but did suggest that the LPS-induced re-
lease of IL-6, IL-1β, or IL-12 differed between the 2 mac-
rophage subtypes when stimulated after several days in 
culture. Once extracted from their native microenviron-
ment and cultured ex vivo, macrophages undergo rapid 
morphological and phenotypical changes; the results of 
studies of ex vivo-cultured interstitial macrophages must 
therefore be interpreted with caution [44]. In the lung, 
exposure to TLR agonists is not restricted to the alveolar 
compartment; hence, the use of freshly isolated human 
LMs mainly from the alveolar spaces, but perhaps also 
from the lung tissue, might usefully reflect the clinical re-
sponse more closely.

Most of the lung tissue used in this study came from 
current smokers and ex-smokers because surgical lung 
resection was performed for cancer. The impact of smok-
ing status and COPD on TLR4-induced (but also TLR2-
induced) cytokine release by LMs varies markedly from 
one study to another, and as a function of the cytokines 
measured and the TLR-agonists used. Some researchers 
have reported that LPS-stimulated cytokine production 
from AMs is higher in COPD patients and smokers than 
in healthy nonsmokers [45]. However, there were no sig-
nificant differences in cytokine secretion between the 
current smokers with COPD and nonsmokers with 
COPD. In contrast, other studies have shown that (i) 
smoking reduces cytokine production by AMs upon 
stimulation with TLR2 and TLR4 agonists but not with a 
TLR3 agonist [46] or (ii) current smoking status had no 
effect, since the dose-response curves for the LPS-stimu-
lated cytokines were similar in current smokers and ex-
smokers [47–49].

We studied all the TLR agonists in the same series of 
paired experiments, and so differences in cytokine pro-
duction are therefore related to the TLR agonists’ effects 
and not to differences in the characteristics of the patients 
from which the LMs were derived.

In conclusion, we described the spectrum and time 
course of chemokine and cytokine production by human 
LMs in response to stimulation by subtype-selective TLR 
agonists. Although LPS is considered the archetypal li-
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gand for the induction of M1 macrophage polarization, 
our results suggest that almost all of the other TLR subtype 
agonists can induce M1 polarization in human LMs. Our 
results further characterized the M1 phenotype in human 
LMs and validated the experimental use of TLR agonists 
in general (rather than just LPS) as M1-polarizing agents.
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