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Abstract: The airways of COPD patients are often colonized with bacteria leading to increased 

airway inflammation. This study sought to determine whether systemic cytokine responses to 

microbial pathogen-associated molecular patterns (PAMPs) are increased among subjects with 

severe COPD. In an observational cross-sectional study of COPD subjects, PAMP-induced 

cytokine responses were measured in whole blood ex vivo. We used PAMPs derived from 

microbial products recognized by toll-like receptors 1, 2, 4, 5, 6, 7, and 8. Patterns of cytokine 

response to PAMPs were assessed using hierarchical clustering. One-sided Student’s t-tests 

were used to compare PAMP-induced cytokine levels in blood from patients with and without 

severe COPD, and for subjects with and without chronic bronchitis. Of 28 male patients, 12 had 

moderate COPD (FEV
1
 50%–80%) and 16 severe COPD (FEV

1
 ,50%); 27 participants 

provided data on self-reported chronic bronchitis, of which 15 endorsed chronic bronchitis 

symptoms and 12 did not. Cytokine responses to PAMPs in severe COPD were generally lower 

than in subjects with milder COPD. This finding was particularly strong for PAMP-induced 

interleukin (IL)-10, granulocyte colony stimulating factor, and IL-1β. Subjects with chronic 

bronchitis showed higher PAMP-induced IL-1RA responses to most of the PAMPs evaluated. 

COPD patients with more severe disease demonstrated a diminished cytokine response to 

PAMPs, suggesting that chronic colonization with bacteria may dampen the systemic innate 

immune response.

Keywords: chronic obstructive pulmonary disease, innate immunity, inflammation, chronic 

bronchitis, toll-like receptors

Introduction
Bacterial colonization of the lower airways is common in patients with stable COPD, 

but the role of the host immune response to infectious organisms in COPD is poorly 

understood. Toll-like receptors (TLRs) constitute a family of eleven transmembrane 

proteins that differentially recognize microbial products containing highly conserved 

motifs known as pathogen-associated molecular patterns (PAMPs).1 PAMP recognition 

through TLRs results in secretion of several cytokines including interleukin (IL)-8, 

MCP-1, MIP1α, tumor necrosis factor (TNF)α, and IL-1β.2,3 TLR-mediated 

responses are critical for innate immunity and modulation of the adaptive immune 

response.4

COPD patients have increased airway inflammation5–8 as well as increased systemic 

inflammation compared to those without COPD9 with elevation in levels of C-reactive 

protein, fibrinogen, circulating lymphocytes, and TNFα.10 There is evidence that 

the innate immune response in the airways and lung in COPD may be impaired;11,12 
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however, studies of innate immune responses in circulat-

ing peripheral leukocytes have shown mixed results. For 

example, peripheral blood monocytes from COPD patients 

secrete higher amounts of peptidoglycan-induced, but not 

lipopolysaccharide (LPS)-induced, TNFα and IL-6 ex vivo 

compared with controls.13 In addition, peripheral blood 

neutrophils from patients with COPD secrete slightly higher 

amounts of LPS-induced IL-8.14 There are no published stud-

ies linking innate immune responses mediated by TLRs in 

peripheral leukocytes and COPD severity.

We sought to better understand the relationship between 

COPD severity and innate immune responses to selected 

PAMPs likely to be present in airways of COPD patients. 

The primary aim of this pilot study was to determine whether 

PAMP-induced cytokine production in peripheral whole 

blood increases with disease severity.

Materials and methods
study subjects
Subjects with a clinical history of COPD were recruited 

from a pulmonary clinic at an academic medical cen-

ter in Seattle, WA, USA, between September 2006 and 

January 2008. Inclusion criteria were: 1) postbronchodila-

tor FEV
1
/FVC ,0.70; 2) FEV

1
 ,80% predicted; 3) age 50 

to 89 years; 4) .10 pack-years cigarette smoking; and 5) no 

respiratory illnesses and no treatment with prednisone or 

antibiotics in the past 4 weeks. Exclusion criteria were: 1) pri-

mary diagnosis of asthma; 2) .15% postbronchodilator 

change in FEV
1
; 3) chronic inflammatory or infectious 

disease; 4) cancer; 5) autoimmune disease; 6) chronic renal 

failure with a serum creatinine .1.5, 7) chronic liver disease; 

and 8) chronic antibiotic use.

Because of difficulty recruiting, after six subjects we 

modified the exclusion criteria to allow subjects with a bron-

chodilator response .15%, since bronchodilator response 

does not differentiate between COPD and asthma.15 In 

addition, we allowed those with chronic renal failure not 

requiring dialysis and nonmetastatic cancer (eg, prostate 

cancer) provided there was no history of lung cancer.

This study was approved by the VA Puget Sound Health Care 

System Human Studies Committee (ID: 01439) and has been 

registered with ClinicalTrials.gov. Identifier: NCT02637219. 

All subjects provided written informed consent.

Data collection
spirometry
If no results were available in the last 12 months, spirom-

etry was performed before and after administration of a 

short-acting bronchodilator.

Clinical factors
COPD disease severity was defined based on the Global 

Initiative for Chronic Obstructive Lung Disease (GOLD) 

categorization of lung function using spirometry, grouping 

participants into moderate (GOLD 2: 50%# FEV
1
 ,80% 

predicted) and severe (GOLD 3–4: FEV
1
 ,50% predicted).16 

Subjects completed a questionnaire regarding smoking 

history, exacerbations, and COPD-related symptoms includ-

ing chronic bronchitis (cough productive of sputum for at 

least 3 months for 2 consecutive years). COPD medications, 

COPD-related health care utilization, and comorbidities were 

abstracted from the medical record.

Whole blood stimulation assay
Subjects were asked to avoid vigorous exercise,17 alcohol,18,19 

and nonsteroidal anti-inflammatory medications20,21 in 

the 24 hours preceding phlebotomy, which was performed 

between 8 am and 10 am to minimize circadian variations in 

cytokine responses.17,22 Whole blood (30 mL) was drawn into 

sterile-buffered citrate (0.2 M, pH 7.3) for anticoagulation, 

and transported to the analysis laboratory within 3 hours.

The assay of PAMP-induced inflammatory responses 

simultaneously measured whole blood responses to various 

PAMPs in a 96-well format as previously described.23 Seven 

different TLR agonists were tested (Table S1): 1) pam
3
CSK

4
 

(N-palmitoyl-S-[2,3-bis(palmitoyl-oxy)-(2RS)-propyl]-[R]-

cysteinyl-[S]-seryl-[S]-lysyl-[S]-lysyl-[S]-lysyl-[S]-lysine), 

a TLR1/2 agonist; 2) zymosan derived from Saccharomyces 

cerevisiae, a TLR6/2 agonist; 3) FSL-1 derived from Myco-

plasma salivarium, a TLR6/2 agonist; 4) both smooth form LPS 

(O111:B4) from Escherichia coli and rough form LPS (Re595) 

from Salmonella Minnesota, TLR4 agonists; 5) flagellin from  

Salmonella typhimurium, a TLR5 agonist, and 6) R848, an imi-

dazoquinoline compound that is a TLR7/TLR8 agonist.24,25

Whole blood samples were mixed 1:1 with RPMI-1640 

medium (Thermo Fisher Scientific, Waltham, MA, USA), 

and applied to a 96-well plate containing PAMP dilutions 

within 60 minutes of phlebotomy. The plates were incubated 

at 37°C for 6 hours in a 5% CO
2
 incubator, supernatants col-

lected, and the concentrations of inflammatory (IL-1β, IL-6, 

IL-8, TNFα, MCP-1, granulocyte colony stimulating factor) 

and anti-inflammatory (IL-1RA, IL-10) cytokines and chemok-

ines were measured using a multiplex cytometric polystyrene 

bead-based immunoassay system as dictated by the manufac-

turer (R&D Luminex, Austin, TX, USA).26,27 For immunoassay 

values that fell below the limits of detection, we substituted the 

value of the lower limit of detection minus 10%. For values 

that were above the upper limit of detection, we substituted 

the value of the upper limit of detection plus 10%.
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analysis
Cytokine measurements were done in duplicate and average 

values were calculated. Unless otherwise specified, analy-

ses were performed using STATA (StataCorp LP, College 

Station, TX, USA). Cytokine levels were nonnormally 

distributed and therefore displayed as medians with 

inter-quartile range.

To identify patterns of cytokine response to PAMPs 

using a nonbiased approach, we used cluster analysis to 

map the cytokine level data for every cytokine–PAMP com-

bination by individual subject.28 Cytokine levels were first 

log
2
-transformed, and then data for each cytokine-PAMP 

combination were normalized and analyzed using 

two-dimensional hierarchical clustering using Euclidean 

distance metric.

To examine whether cytokine responses to each PAMP 

differed based on clinical characteristics (eg, disease sever-

ity or history of chronic bronchitis), we used Student’s 

t-tests to compare each cytokine–PAMP response after 

log-transformation of cytokine levels. To test our hypoth-

esis that the leukocytes of patients with more severe disease 

would in general produce more PAMP-induced cytokines, we 

used one-sided statistical tests to determine the significance 

of our results.

To visualize patterns in associations between PAMP- 

induced cytokine responses and COPD patient character-

istics, we used the P-values generated by the one-sided 

Student’s t-tests to produce heatmaps in which the strength 

of the association is represented by a different color. We 

created a heatmap for the hypothesis that patients with 

severe COPD would have higher PAMP-induced cytokine 

levels, and another complementary heatmap for the alternate 

hypothesis that severe COPD would be associated with lower 

cytokine levels. Given the small sample size, no adjusted 

analyses were performed. To explore whether the associa-

tion between disease severity and cytokine response differed 

by inhaled steroid use, we performed stratified analyses by 

inhaled steroid use.

Because of the large number of hypothesis testing for 

cytokine–PAMP combinations, we applied false discovery 

rate analysis using the Q-value,29 which is preferred over 

Bonferroni-type adjustments for controlling false positives in 

experimental designs including multiple partially correlated 

measures.30 We used a bootstrapping approach to calculate 

Q-values based on P-values from the 256 comparisons in 

both upper and lower one-sided Student’s t-tests for FEV
1
 and 

chronic bronchitis models. We selected a false discovery rate 

(Q-value) cut-off value of ,10% to designate significance.

Results
subject characteristics
The mean age of participants was 69.3 years, and 57% had 

severe disease (FEV
1
 ,50% predicted) (Table 1). In all, 75% 

were using a corticosteroid inhaler, with no difference in 

Table 1 subject characteristics

Variable N=28 (%) Variable N=28 (%)

Mean age, years (sD) 69.3 (±9.8) Medication use
race/ethnicity short-acting B-agonist 28 100

White 26 92.9 short-acting anticholinergic 22 78.6
african american 2 7.1 long-acting B-agonist 19 67.9

Current smoker 5 17.9 long-acting anticholinergic 5 17.9
Chronic bronchitisa 15 53.6 Inhaled steroidd 22 78.6
Chronic respiratory symptoms Theophylline 2 7.1

Dyspnea 26 92.9 Medications used to treat in last 12 months
Cough 13 46.4
Wheeze 17 69.7 $1 Prednisone course 8 28.6
sputum production 9 32.1 $1 antibiotic course 8 28.6

Mean pack-years (sD) 52.0 (±30.9) $1 Prednisone or antibiotic 13 46.4
Mean FeV1 in liters (sD)b 1.6 (±0.5) COPD health care utilization in
Mean FeV1 % predictedb 45.6 (±13.3) last 12 months
gOlD stage eD visits 6 21.4

II – Moderate 12 42.9 hospitalizations 1 3.6
III – severe 12 42.9 hospitalization or eD visit 6 21.4
IV – Very severe 4 14.3

home oxygen usec 7 25

Notes: an=1 missing. bPostbronchodilator except for one patient with missing value for which the prebronchodilator value was used. cas reported by the patient. dFlunisolide, 
triamcinolone, and mometasone.
Abbreviations: sD, standard deviation; gOlD, global Initiative for Chronic Obstructive lung Disease; eD, emergency Department.
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inhaled steroid use between those with moderate and severe 

COPD (75% vs 81%, P=0.69).

Disease severity and cytokine response 
of whole blood to stimulation by PaMPs
In an unbiased analysis using two-way hierarchical clus-

tering of all cytokine–PAMP pairs across subjects, many 

patients with severe COPD (ten out of 12 subjects to the left 

of Figure 1) had decreased cytokine production in response 

to PAMPs. The exception was production of the anti-

inflammatory cytokine IL-1RA, in which the response was 

more heterogeneous in severe COPD. We did not observe 

segregation of subjects based on their PAMP–cytokine 

response when they were classified according to their chronic 

bronchitis status, with the exception of IL-1RA levels which 

were generally increased in patients with chronic bronchitis. 

Of note, the clustering algorithm tended to group responses 

by cytokine responses rather than by the stimulating PAMP, 

suggesting that agonists for different TLRs induced similar 

patterns of cytokine production in whole blood from COPD 

subjects.

We then examined the strength of the statistical asso-

ciation between COPD severity and each cytokine–PAMP 

combination. Heatmaps were generated showing the pattern 

of associations for two alternative hypotheses: 1) severe dis-

ease is associated with increased cytokine production; and 2) 

severe COPD is associated with reduced cytokine production 

(Figure 2A). The one-sided Student’s t-test results showed that 

the majority of PAMP–cytokine combinations in severe COPD 

had decreased cytokine production in response to stimulation 

with most PAMPs when compared to patients with less severe 

COPD. Severe COPD was associated with decreased IL-10 

levels in response to zymosan, FSL-1, 0111:B4, and Re595UP, 

and decreased granulocyte colony stimulating factor and IL-1β 

production in response to all PAMPs except flagellin and R848. 

There was no difference in PAMP-induced IL-1RA production 

by disease severity. Unstimulated whole blood levels of TNFα 

and IL-6 (labeled as media only) were reduced in patients with 

more severe COPD, whereas unstimulated IL-6 was increased 

in those with severe COPD. Tables 2–4 show the magnitude 

of the nontransformed differences observed between severe 

and moderate COPD.

Self-reported symptoms of chronic bronchitis were 

associated with increased cytokine production in whole 

blood for several PAMP–cytokine combinations compared 

to those without chronic bronchitis (Figure 2B). IL-1RA 

levels were increased in both unstimulated (media only) and 

PAMP-stimulated conditions in those with chronic bronchitis 

relative to those without bronchitis (Table 5 for nontrans-

formed differences). Levels of TNFα were also elevated in 

response to flagellin, Re595UP, zymosan, and R848.

To address multiple comparisons we calculated Q-values 

for each Student’s t-test comparing cytokine levels between 

subjects with and without severe COPD and chronic bron-

chitis. We identified 26 tests with results meeting a thresh-

old false discovery rate (Q-value) #10% when testing the 

hypothesis that increased COPD severity is associated with 

decreased inflammation, and 19 tests for the hypothesis that 

chronic bronchitis is associated with increased inflamma-

tion. Therefore, most of the heatmap patterns observed using 

one-sided P-values in Figure 2 remained unaltered even after 

adjustment for multiple testing (Figure S1).

Because inhaled steroids may reduce systemic inflamma-

tion in COPD, we performed exploratory stratified analyses to 

see if the relationship between disease severity and cytokine 

levels differed between users and nonusers of inhaled ste-

roids. Most patients, regardless of disease severity, were 

using inhaled steroids, which were associated with reduced 

PAMP-induced cytokine production (Figure S2).

However, when stratifying the analysis by inhaled steroid 

user, there was a similar pattern of reduction in PAMP-

induced cytokine production among the 22 inhaled steroid 

users (Figure S3A). Among the six patients not using inhaled 

steroids (Figure S3B), more cytokines levels were reduced in 

the three subjects with severe COPD than in the three with 

less severe COPD; however, results should be interpreted 

with caution due to the small sample size.

Discussion
In a small sample of well-characterized COPD subjects, 

we found that those with severe COPD have decreased 

whole blood leukocyte responsiveness to PAMPs ex vivo 

as compared to subjects with less severe COPD. This sug-

gests that the receptor and/or signaling mechanisms that 

mediate PAMP-induced responses are downregulated or 

suppressed in severe COPD. A potential cause of this down-

ward modulation could be chronic stimulation by bacteria 

colonizing the airways of patients with COPD. In contrast to 

higher COPD severity, we found that subjects with chronic 

bronchitis have a tendency toward higher PAMP-induced 

cytokine responses, with significant elevations seen in 

PAMP-stimulated IL-1RA.

Chronic bacterial colonization of the airways is common 

in COPD with increasing prevalence as disease severity 

worsens: 25% with moderate COPD and more than 40% 

with severe disease have airways colonized with bacteria.31 
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Figure 1 hierarchical clustering of cytokine-PaMP combinations by subject.
Notes: In the heatmap, each column corresponds to an individual patient. The presence or absence (Y/n) of chronic bronchitis or severe COPD (FeV1,50%) is indicated 
at the top for each patient. Each row corresponds to cytokine production in response to a specific PAMP. Several cytokines formed distinct clusters in response to 
multiple PaMPs (Il-1ra, g-CsF, MCP-1, Il-10, Il-8) and have been highlighted. note the aggregation of multiple subjects with severe COPD in the “low responder” 
group.
Abbreviations: PaMP, pathogen-associated molecular pattern; Il, interleukin; g-CsF, granulocyte-colony stimulating factor.
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Table 2 Differences in Il-10 levels by COPD disease severity after stimulation of whole blood by PaMPs

PAMP COPD severity P-value*

FEV1 ,50
(N=16)

FEV1 50–80
(N=12)

Median IQR Median IQR

Media 0.24 (0.2–0.5) 0.2 (0.2–0.2) 0.6
Pam3Cys (10 ng/ml) 31.3 (7.8–108.7) 52.6 (20.9–100.3) 0.6
Pam3Cys (100 ng/ml) 57.8 (13.7–160.0) 84.1 (54.5–145.0) 0.5
Zymosan (10 μg/ml) 5.2 (2.2–9.2) 7.4 (5.8–20.9) 0.05

Zymosan (100 μg/ml) 34.9 (22.6–55.2) 67.3 (39.6–104.2) 0.007
Fsl-1 (10 ng/ml) 9.9 (1.5–33.3) 35.1 (12.4–45.3) 0.06
Fsl-1 (100 ng/ml) 40.5 (18.1–98.5) 80.2 (46.6–119.1) 0.08
O111:B4 (0.1 ng/ml) 1.4 (0.7–3.0) 2.1 (0.8–5.1) 0.4
O111:B4 (1 ng/ml) 10.6 (3.2–21.1) 16.6 (12.5–24.0) 0.2
O111:B4 (10 ng/ml) 18.2 (7.0–31.8) 29.1 (24.3–45.8) 0.05
re595UP (0.01 ng/ml) 2.7 (0.2–9.6) 9.1 (6.8–12.1) 0.009
re595UP (0.1 ng/ml) 29.0 (15.2–52.6) 49.9 (34.6–74.6) 0.05
re595UP (1 ng/ml) 58.7 (32.5–83.9) 79.5 (57.5–108.0) 0.2
Flagellin (100 ng/ml) 0.9 (0.9–1.3) 0.9 (0.9–0.9) 0.4
r848 (0.1 μM) 0.6 (0.2–1.6) 0.2 (0.2–0.3) 0.1

r848 (1 μM) 347.2 (168.2–574.3) 440.1 (329.3–673.0) 0.3

Note: *Wilcoxon rank sum test (Mann–Whitney).
Abbreviations: Il, interleukin; PaMP, pathogen-associated molecular pattern; IQr, inter-quartile range.

Table 3 Differences in g-CsF levels by COPD disease severity after stimulation of whole blood by PaMPs

PAMP COPD severity P-value*

FEV1 ,50
(N=16)

FEV1 50–80
(N=12)

Median IQR Median IQR

Media 1.5 (0.5–4.7) 1.5 (0.5–3.5) 0.7
Pam3Cys (10 ng/ml) 9.0 (4.6–18.5) 16.9 (5.4–37.7) 0.2
Pam3Cys (100 ng/ml) 16.4 (5.4–25.6) 28.1 (11.8–49.0) 0.08
Zymosan (10 μg/ml) 6.5 (1.1–10.6) 8.3 (5.5–16.1) 0.1

Zymosan (100 μg/ml) 68.0 (38.2–93.5) 134.8 (67.0–174.7) 0.02
Fsl-1 (10 ng/ml) 1.4 (0.5–4.8) 4.6 (1.9–5.7) 0.1
Fsl-1 (100 ng/ml) 3.3 (0.5–6.2) 8.1 (4.3–12.9) 0.005
O111:B4 (0.1 ng/ml) 2.7 (0.5–4.6) 2.5 (0.8–10.3) 0.7
O111:B4 (1 ng/ml) 13.1 (6.4–71.8) 34.7 (24.1–54.0) 0.1
O111:B4 (10 ng/ml) 22.2 (17.6–101.4) 74.1 (60.7–149.7) 0.04
re595UP (0.01 ng/ml) 6.7 (1.1–12.4) 14.3 (5.8–18.8) 0.09
re595UP (0.1 ng/ml) 77.1 (48.9–107.3) 130.3 (86.9–198.4) 0.04
re595UP (1 ng/ml) 216.9 (176.9–411.4) 332.0 (227.3–492.5) 0.1
Flagellin (100 ng/ml) 1.6 (0.5–3.4) 1.7 (0.5–3.0) 0.9
r848 (0.1 μM) 1.2 (0.5–3.9) 1.5 (0.5–2.7) 0.96

r848 (1 μM) 20.8 (13.0–35.3) 33.2 (16.5–54.1) 0.3

Note: *Wilcoxon rank sum test (Mann–Whitney).
Abbreviations: PaMP, pathogen-associated molecular pattern; IQr, inter-quartile range.

Chronic colonization is associated with worse airway inflam-

mation and more frequent exacerbations,3 with more neu-

trophils and higher levels of IL-8 and MMP-9.32,33 Another 

potential consequence of bacterial colonization of the airways 

in COPD is impairment of the host innate immune system 

resulting from repeated exposure to bacterial PAMPs.3 Our 

findings demonstrating reduced PAMP-induced responses 

in patients with more severe COPD are consistent with this 

possibility. Further support for PAMP-induced downregu-

lation of innate immune responses was shown in a recent 

study comparing responses of alveolar macrophages (AM) 

obtained from bronchoalveolar lavage from COPD patients 

with frequent or infrequent exacerbations,34 in terms of 

LPS and pam3CSK4-induced IL-8 and TNFα production. 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of COPD 2016:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

474

Fan et al

Table 4 Differences in Il-1β levels by COPD disease severity after stimulation of whole blood by PaMPs

PAMP COPD severity P-value*

FEV1 ,50
(N=16)

FEV1 50–80
(N=12)

Median IQR Median IQR

Media 1.4 (1.1–2.1) 1.1 (0.9–3.6) 0.5
Pam3Cys (10 ng/ml) 56.7 (32.9–85.4) 99.4 (68.4–171.0) 0.02
Pam3Cys (100 ng/ml) 68.9 (35.1–150.5) 157.6 (90.8–331.8) 0.02
Zymosan (10 μg/ml) 54.4 (20.6–122.0) 145.0 (70.7–178.9) 0.005

Zymosan (100 μg/ml) 1,048.3 (593.9–2,114.1) 1,717.0 (1,516.2–2,261.6) 0.1
Fsl-1 (10 ng/ml) 8.4 (3.0–20.8) 15.3 (4.2–39.3) 0.3
Fsl-1 (100 ng/ml) 15.1 (6.8–27.5) 23.4 (10.5–59.4) 0.1
O111:B4 (0.1 ng/ml) 39.4 (9.9–97.66) 41.6 (18.5–204.1) 0.2
O111:B4 (1 ng/ml) 644.2 (187.3–2,218.1) 1,112.9 (983.8–2,335.1) 0.2
O111:B4 (10 ng/ml) 1,899.4 (1,214.7–6,574.6) 3,989.2 (2,526.2–6,145.9) 0.2
re595UP (0.01 ng/ml) 126.4 (39.6–202.4) 252.2 (106.7–499.1) 0.02
re595UP (0.1 ng/ml) 1,630.2 (596.1–2,555.2) 2,375.7 (2,171.4–4,362.5) 0.06
re595UP (1 ng/ml) 5,139.8 (3,230.8–10,174.4) 8,745.4 (5,673.4–10,901.3) 0.2
Flagellin (100 ng/ml) 3.0 (1.1–17.8) 2.1 (1.5–19.4) 0.8
r848 (0.1 μM) 18.0 (8.5–33.8) 31.9 (11.8–59.9) 0.3

r848 (1 μM) 5,685.6 (3,641.2–7,468.2) 5,204.5 (4,169.0–8,544.3) 0.9

Note: *Wilcoxon rank sum test (Mann–Whitney).
Abbreviations: Il, interleukin; PaMP, pathogen-associated molecular pattern; IQr, inter-quartile range; g-CsF, granulocyte-colony stimulating factor.

Table 5 Differences in Il-1ra levels by history of chronic bronchitis after stimulation of whole blood by PaMPs

PAMP Chronic bronchitis P-value*

Absent Present

Median IQR Median IQR

Media 499.7 (362.3–850.2) 989.6 (724.19–1,867.8) 0.02
Pam3Cys (10 ng/ml) 9,932.6 (5,429.4–14,082.6) 14,498.2 (7,963.9–21,908.3) 0.1
Pam3Cys (100 ng/ml) 11,471.6 (7,097.9–14,264.4) 12,716.7 (10,558.9–24,427.1) 0.09
Zymosan (10 μg/ml) 3,537.4 (2,926.0–4,300.9) 5,600.1 (3,550.4–9,032.1) 0.07

Zymosan (100 μg/ml) 5,346.6 (4,220.5–7,067.5) 5,837.3 (4,883.5–9,432.4) 0.4
Fsl-1 (10 ng/ml) 5,574.8 (3,624.7–8,590.2) 7,482.2 (5,495.5–10,352.0) 0.1
Fsl-1 (100 ng/ml) 5,976.2 (4,260.6–8,199.0) 7,842.0 (6,015.5–10,928.5) 0.04
O111:B4 (0.1 ng/ml) 7,598.2 (6,415.30–10,359.6) 11,435.0 (8,248.4–17,339.9) 0.09
O111:B4 (1 ng/ml) 11,101.8 (9,875.0–22,459.4) 16,835.1 (12,185.0–61,835.1) 0.2
O111:B4 (10 ng/ml) 12,512.4 (10,372.8–18,585.8) 16,466.1 (12,491.4–68,162.9) 0.06
re595UP (0.01 ng/ml) 7,274.5 (5,542.0–12,339.5) 11,127.0 (9,240.7–16,173.4) 0.06
re595UP (0.1 ng/ml) 12,818.7 (9,913.3–19,854.3) 21,332.8 (15,122.4–70,865.1) 0.05
re595UP (1 ng/ml) 17,055.9 (11,721.6–22,342.9) 22,217.7 (15,477.0–28,963.2) 0.09
Flagellin (100 ng/ml) 659.2 (453.7–2,331.7) 2,002.5 (832.4–6,063.6) 0.02
r848 (0.1 μM) 8,881.5 (5,901.2–12,211.4) 13,410.1 (10,165.5–18,372.0) 0.02

r848 (1 μM) 27,460.5 (13,651.8–176,870.7) 223,855.1 (20,682.0–223,855.1) 0.11

Note: *Wilcoxon rank sum test (Mann–Whitney).
Abbreviations: Il, interleukin; PaMP, pathogen-associated molecular pattern; IQr, inter-quartile range.

This study showed reduced AM responses among frequent 

exacerbators who also had significantly reduced FEV
1
 com-

pared with infrequent exacerbators. Also, AM isolated from 

COPD patients showed reduced LPS-induced expression of 

the TLR2 gene that was similar to smokers without COPD 

when compared with AM from nonsmokers.35 Thus, our find-

ings in whole blood are consistent with an increasing body 

of literature demonstrating reduced innate immune responses 

in COPD patients with more severe lung disease.

How do our findings fit in the context of prior studies 

demonstrating increased levels of circulating inflammatory 

biomarkers in COPD? It is postulated that airway inflamma-

tion in COPD may lead to systemic inflammation. One theory 

suggests that airway inflammation “spills over” from the lung 
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to the systemic circulation in COPD.9 In addition, bacterial 

products could also get access to blood in pulmonary micro-

circulation, affecting the systemic immune response. Notably, 

most prior studies of systemic inflammation in COPD have 

compared subjects with lung disease to control subjects with-

out lung disease and have not looked at differences in inflam-

mation across COPD subtypes.10 More recently, researchers 

using data from the ECLIPSE study found that increasing 

disease severity is associated with a small but significantly 

increased risk of persistent systemic inflammation.36

In contrast, during admission for community acquired 

pneumonia, patients with COPD demonstrate lower sys-

temic inflammation than non-COPD community acquired 

pneumonia controls.37 This suggests that even during com-

munity acquired pneumonia when the patient is exposed to 

PAMPs released by the infecting pathogens, patients with 

COPD demonstrate a blunted innate immune response. Our 

results are more in line with this model in which leukocytes 

in patients with more severe COPD have an attenuated innate 

immune response.

We found decreased cytokine production with more severe 

COPD in response to bacterial PAMPs that bind to TLR-1/2, 

TLR-2/6, and TLR-4, but not those binding TLR5 or TLR7/8. 

Bacteria identified from COPD patients via bronchoalveolar 

lavage include Haemophilus influenza, Streptococcus pneu-

moniae, Moraxella catarrhalis, Enterobacteriaceae, and less 

commonly Pseudomonas aeruginosa, or Staphylococcus 

aureus.33 Most of these pathogenic bacteria produce PAMPs 

that would bind TLR-1/2 or TLR-2/6 and all gram-negative 

species have LPS that would bind TLR4.38 Although P. 

aeruginosa is flagellated, it is a fairly uncommon bacterial 

species to colonize the airways of COPD patients, and in our 

study the cytokine response to flagellin did not appear related 

to disease severity. Similarly, viral colonization is less likely 

in stable COPD, which may explain why responsiveness to 

TLR-7/8 did not differ by COPD severity.

We also found that the presence of chronic bronchitis is 

associated with increased PAMP-induced responses for some 

cytokines. COPD patients who produce sputum are more 

likely to have bacterial colonization (60%), with increased 

inflammation and significantly more neutrophils and higher 

levels of cytokines in the airways (eg, MCP-1, IL-6, TNFα) 

than nonsputum producers.39 Our results suggest that patients 

with chronic bronchitis represent a subset of patients with 

COPD with a distinct immune phenotype. This is consistent 

with the findings that distinct phenotypic groups character-

ized by airway inflammation or airflow obstruction can be 

identified among COPD patients.40

Our results show that patients with severe COPD exhibit 

a broad downregulation of the innate immune response 

to bacterial PAMPs. This phenomenon has been referred 

to as “microbial tolerance”, which may have the adverse 

consequence of limiting the inflammatory response during 

an actual infection.41 A similar immune tolerance has been 

observed in patients with cystic fibrosis whose peripheral 

blood monocytes had decreased inflammatory responses 

to LPS compared to health volunteers.42 The mechanisms 

underlying this downregulation or tolerance are not known 

but could involve the modulation of intracellular signaling 

molecules and/or negative feedback through autocrine effects 

of type 1 interferons.43,44

Our study has several limitations. The sample size was 

modest, and to ensure adequate recruitment in a sick older 

population with many comorbidities, we included patients 

with medical conditions that may be associated with systemic 

inflammation such as renal failure or nonmetastatic cancer. 

In addition, the majority of subjects (∼80%) were using 

inhaled steroids which may have impacted the systemic 

innate immune response. Inhaled steroid use was similar 

between subjects with moderate and severe COPD, reducing 

the likelihood that it confounded our disease severity results. 

When restricting the analysis to inhaled steroid users, we 

saw a very similar pattern of reduced cytokine response to 

PAMP stimulation, suggesting that this diminished cytokine 

response occurs above and beyond the anti-inflammatory 

effects of inhaled steroids. Also, among the six patients not 

using inhaled steroids, cytokine responses to PAMPs still 

tended to be reduced among those with severe COPD com-

pared to less severe COPD. A small proportion of the subjects 

(N=5) were active smokers, which may also have affected 

the results. We excluded other conditions that were likely to 

confound a relationship with severity including any exacerba-

tion or worsening respiratory symptoms in the 4-week period 

prior to the study visit. Although no participant had a clinical 

diagnosis of asthma, we did include three patients with a 

bronchodilator response .15% and .400 cc improvement in 

FEV
1
 who may have had asthma–COPD overlap syndrome, 

which may have affected our results. It is important to note 

that this study may not be generalizable to women. Due to the 

small sample size, we could not perform adjusted analyses. 

Finally, the PAMP-induced response assays were performed 

with whole blood, not purified cell lines (ie, monocytes, 

neutrophils, lymphocytes, etc), so we cannot identify the 

cells responsible for cytokine production measured or the 

extent to which these responses are reflective of the alveolar 

and airway responses. However, there may be advantages 
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to use whole-blood stimulation assays since they may more 

accurately reflect the innate immune inflammatory response 

to PAMP stimuli.45

Our study has several strengths. We used a well-characterized 

sample of patients with COPD. The blood samples were 

obtained and the stimulation assays performed under highly 

controlled conditions. Finally, the simultaneous measurement 

of the production of nine cytokines/chemokines in response 

to 15 different PAMP preparations allowed for a comprehensive 

assessment of peripheral blood innate immune responses.

Conclusion
We found that patients with more severe COPD had 

decreased innate immune response to bacterial PAMPs and 

that chronic sputum producers had elevated levels of the 

anti-inflammatory cytokine IL-1RA in response to bacterial 

PAMP stimulation. Overall, our findings raise the intriguing 

possibility that although COPD pathogenesis may be due 

to chronic innate immune activation, a paradoxical impair-

ment of innate immunity characterizes those with more 

severe disease. Deficient immune response may then lead 

to increased susceptibility to airway infections and repeated 

exacerbations in severe COPD. Future studies with a larger 

sample size are needed to confirm these results and delineate 

mechanistic details and evaluate the clinical consequences 

of these observations.
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