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Abstract 
Macrophages play an important role in the pathogenesis of smoking-related lung disorders 
like chronic obstructive pulmonary disease (COPD) and can develop from monocytes entering 
the lungs. Human monocytes comprise CD14+ classical and CD16+ intermediate and non-
classical subsets and have different capacities to replenish tissue macrophages. It is currently 
unknown if circulating monocyte subsets are altered by smoking and/or having COPD and 
we therefore compared percentages of monocytes of the different subsets and expression 
of oxidant-sensing TLR2/4 receptors in current and ex-smoking COPD patients (n=20) and 
healthy controls (n=19).

The presence of total, classical, nonclassical and intermediate monocytes and their TLR2/4 
expression was assessed by flow cytometry in blood of 20 male smoking and ex-smoking 
COPD patients (age range 58-80) and 29 healthy male smoking, never and ex-smoking indi-
viduals (age range 46-84).

We found higher percentages of inflammation-associated classical and intermediate mono-
cytes in COPD patients than in healthy individuals, but this was not seen anymore after 
correcting for age. Higher age was associated with more classical and intermediate mono-
cytes. Current smoking resulted in lower percentages of CD16+ intermediate and nonclassical 
monocytes with more TLR2/4 expression compared to ex-smoking. CD16+ intermediate and 
nonclassical monocytes had higher expression of TLR2/4 as compared to CD14+ classical 
monocytes.

The disease COPD was not associated with changes in monocyte subsets or their expression 
of oxidant sensors TLR2/4, whereas current smoking was. The lower percentages of CD16+ 
monocytes with higher TLR2/4 expression in peripheral blood of current smokers as compared 
to ex-smoking individuals may suggest migration of this subset, with heightened sensitivity to 
cigarette smoke components, into lung tissue.
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Introduction

COPD is a chronic lung disease characterized by infiltration of inflammatory cells into the 
lungs and is mainly caused by long-term smoking. Accumulation of macrophages is par-
ticularly found in lungs of smokers and COPD patients and their numbers are proportional 
to disease severity in COPD patients 1-7. This increase in macrophages can be the result of 
infiltrating monocytes and/or local proliferation of tissue-resident macrophages, but the 
exact contributions have not been determined yet. There is some evidence that suggests that 
at least part of the increase may be explained by infiltrating monocytes differentiating into 
macrophages 8. 

Human monocytes consist of three subsets according to the Nomenclature Committee of 
the International Union of Immunological Societies and appear to have different functions 
9,10. These monocytes are classified by expression of CD14 (lipopolysaccharide receptor) and 
CD16 (Fcγ receptor III) 10. CD14hiCD16-negative monocytes are commonly referred to as clas-
sical monocytes, CD14hiCD16-positive monocytes as intermediate monocytes, and CD14-pos-
itiveCD16hi monocytes as nonclassical monocytes. Classical monocytes can migrate to sites 
of injury and contribute to inflammation by producing cytokines like IL-6, IL-8 and reactive 
oxygen species (ROS) 11. Intermediate monocytes are also associated with inflammation and 
are the main producers of TNFα and IL-1β 11,12. Nonclassical monocytes patrol resting vascu-
lature and remove debris and may have a more anti-inflammatory profile 13. They have also 
been thought to replenish some tissue resident macrophages and dendritic cells 11,14.

Both smoking and COPD are associated with an increase in total monocytes in the circu-
lation, but it is unclear if this is associated with a specific increase in any of the predefined 
monocyte subsets 15-19. Since pro-inflammatory cytokines and ROS, produced by classical and 
intermediate monocytes, are known to contribute to the pathogenesis of smoke-induced lung 
damage and COPD, we postulated that these subsets would be increased in COPD and/or by 
current smoking 20. In addition, these subsets may be characterized by changed expressions 
of receptors responsible for inflammatory responses by monocytes, such as certain types 
of Toll-like Receptors (TLR). Especially TLR2 and TLR4 were found to be important for the 
responses of monocytes and macrophages to cigarette smoke 21-23. Data by Paul-Clark et al. 
showed that TLR2 is essential for initial sensing of oxidants in smoke-induced inflammation 
and that TLR4 is critically involved in a later phase of this type of inflammation 24. 

In order to investigate whether current smoking and/or having COPD are associated with 
changes in types of monocytes and their expression of oxidant-sensing receptors TLR2/4, we 
quantified the percentages of total monocytes and the three subsets in current smoking and 
ex-smoking male individuals with COPD and compared these numbers with never-smok-
ing, ex-smoking and current smoking healthy control individuals. We also investigated the 
expression of TLR2/4 on the three monocyte subsets in relation to smoking cigarettes and/
or having COPD.
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Materials and methods

Patient population
COPD patients and healthy individuals participated in this study that was also used to study 
peripheral B lymphocytes 25. Inclusion criteria for COPD patients were; clinical diagnosis of 
COPD, post bronchodilator FEV1 < 80% predicted, post bronchodilator FEV1/FVC < 70%, and 
no exacerbation in the six weeks preceding the study. Inclusion criteria for healthy individ-
uals were; no symptoms of pulmonary disease, FEV1 > 90% predicted, and FEV1/FVC > 70%. 
All participants met the following criteria: age > 40 years, negative skin prick tests for the most 
common aeroallergens, no use of (inhaled or systemic) corticosteroids in the 6 weeks preced-
ing the study and no major comorbidities. To avoid the known effects of sex on monocytes, 
only males were included in the study 26-28. Smokers and ex-smokers had a smoking history 
of at least 10 packyears and ex-smokers had quit smoking for a least one year. The Medical 
Ethics Committee of the University Medical Center Groningen approved the study and all 
participants gave their written informed consent. 

Cell isolation 
All participants donated 20 ml of peripheral blood and peripheral blood mononuclear cells 
(PBMC) were isolated using ficoll-paque plus (GE Healthcare, UK) density gradient centrif-
ugation. Total isolated cells were counted using a Sysmex pocH-100i cell counter (Sysmex, 
Roche, Germany) and were used for flow cytometry as described below. 

Flow cytometric analysis
Percentages of total classical, nonclassical and intermediate monocytes were assessed in 
PBMC using flow cytometry by staining with pacific blue-labeled anti-human-CD14 (1:12, 
Biolegend, San Diego, USA) and PerCP/Cy5.5-labeled anti-human-CD16 (1:4, BD Biosciences, 
NL). Expressions of TLR2 and TLR 4 were assessed using antibodies x (1:4, eBioscience, San 
Diego, CA) and y (1:4, eBioscience) in the same cocktail. Briefly, PBMC were transferred to 
a 96-well plate at a density of 1x106 cells. Samples were incubated protected from light for 
30min at 4°C with the antibody cocktail for the identification of CD14, CD16, TLR2, and TLR4. 
Following washing with 2% bovine serum albumin (Serva, Heidelberg, Germany) in phos-
phate-buffered saline, cells were resuspended in FACS lysing solution (BD Biosciences) and 
kept in the dark on ice until flow cytometric analysis. Fluorescent cell staining was measured 
on an LSR-II flow cytometer (BD) and data were analyzed using FlowJo software (Treestar, 
Ashland, USA). Our gating strategy is depicted in figure 1. Counts of monocytes and the sub-
sets were expressed as percentage PBMC.

Statistical analysis
The normal distribution of the residuals of the other data was analyzed with a D’Agostino & 
Pearson normality test and when needed data were log-transformed to normalize distribu-
tions. When this did not normalize the distribution a nonparametric test was chosen instead. 
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Clinical characteristics of COPD patients versus controls (never, current and ex-smoking) and 
of current versus ex-smoking individuals (both COPD and control) were compared using a 
Mann-Whitney U test. A value of p<0.05 was considered significant. 

Linear regression analysis was used to determine whether percentages of total monocytes 
and the three subsets were different by disease and smoking status and packyears level. Since 
COPD patients were slightly older than healthy individuals and age has been shown to affect 
monocyte subsets, we also added age as an independent factor to our regression model and 
evaluated relationships between monocyte subsets and age with Pearson correlation. P<0.05 
was considered significant. Posthoc testing between ex- and current smokers was done using 
a Student’s t test and in the case of the TLR4 expression using a Mann-Whitney U test.

TLR2/4 expression between the different monocyte subsets was compared using a nonpara-
metric Kruskal Wallis test. A post-hoc Dunn’s test was used to compare expression levels on 
the three subsets. P<0.05 was considered significant.

Data was analyzed using GraphPad Prism (Graphpad Software, La Jolla, CA).

Figure 1 Gating strategy for monocyte subsets based on their expression pattern of CD14 and 
CD16.
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Results

Patient characteristics 
The characteristics of the twenty COPD patients (current and ex-smokers) and twenty-nine 
healthy volunteers (never, current and ex-smokers) that were included in the study are shown 
in table 1. Healthy individuals were significantly younger than the COPD patients which was 
mainly caused by the young age of the healthy smokers. Additionally, COPD patients had 
more packyears of smoking when compared to healthy current and ex-smokers. One healthy 
person was included as “never smoker” who had a smoking history of 2.5 packyears and had 
stopped smoking for 40 years, the other never smokers had no smoking history at all. When 
comparing current and ex-/never smoking individuals (COPD and control combined) no 
significant differences in age, FEV1 % predicted after bronchodilator, FEV1/FVC % predicted 
after bronchodilator, and packyears of smoking were found.

Table 1: Characteristics of COPD patients and healthy individuals. COPD patients did not 
receive corticosteroid treatment six weeks before and during the study.

Healthy individuals COPD patients

Never smokers Ex-smokers Current 
smokers

Ex-smokers Current 
smokers

Subjects (n) 10 10 9 10 10

Age (years) 58 (7) 61 (9) 53 (4)* 67 (7)† 66 (4)†

Packyears 0 (1) 21 (6) 25 (11) 37 (18)† 34 (14)†

FEV1 post BD 
(%pred)

111 (12) 116 (16) 106 (9) 61 (15)† 45 (15)†‡

FEV1/FVC post 
BD (%)

79 (4) 78 (6) 76 (4) 44 (11)† 38 (10)†

Mean (standard deviation) is depicted. Mann Whitney U tests were used to test differences 
between the groups. FEV1 = Forced expiratory volume in 1 second. FVC = Forced vital capac-
ity. BD = Bronchodilator.* Healthy current smokers versus healthy ex-smokers p = 0.01 and 
versus healthy never smokers p = 0.045
† COPD patients versus healthy individuals; packyears p = 0.006, age p = 0.000
‡ COPD smokers versus COPD ex-smokers p = 0.03
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Figure 2 COPD patients (n=20, closed symbols) had significantly higher percentages of total 
monocytes (p=0.02) (A), classical monocytes (p=0.03) (B) and intermediate monocytes 
(p=0.008) (C) than healthy controls (n=29, open symbols). * p<0.05 as tested with a Students’ 
t test. No differences between COPD patients and healthy controls were seen for nonclassical 
monocytes (D).

Monocyte subsets: COPD versus control
COPD patients had significantly higher percentages of total monocytes as compared to con-
trols (figure 2A), most likely caused by the higher percentages of classical and intermediate 
monocytes in COPD patients than controls (figures 2B and C). Percentages of nonclassical 
monocytes were similar between the two groups (figure 2D). Our control subjects were sig-
nificantly younger than the COPD patients and we therefore added age to our regression 
model. We found that percentages of total, classical and intermediate monocytes were influ-
enced by age. In fact, the effect of age was larger than the effect of COPD. Age was significantly 
associated with total (p=0.02) and classical (p=0.01) monocytes in controls and associations 
with COPD for these populations were no longer significant when correcting for age. To 
untangle the effects of COPD and age, we assessed correlations between age and monocyte 
subsets separately for COPD patients and healthy individuals. Although power was relatively 
low for these analyses, we found that total, classical and intermediate monocytes correlated 
positively with age in healthy individuals, even within the narrow age range of 46-84 years 
(figures 3A-C), but they did not correlate with age in the group of COPD patients (age range: 
58-80). Percentages of nonclassical monocytes did not correlate with age in both healthy 
controls as well as in COPD patients (figure 3D). When we subsequently excluded all young 
control individuals (age younger than 55) to match the ages of control individuals and COPD 
patients the correlation between age and monocyte subsets disappeared in the controls (data 
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not shown). Importantly, no significant differences for the monocyte subsets were found 
anymore between COPD patients and controls when we corrected for age (data not shown).

Figure 3 In healthy controls, percentages of total monocytes (A), classical monocytes (B), and 
intermediate monocytes (C) correlated significantly with age (open symbols with the dotted 
line), while such correlation was not found in COPD patients (closed symbols with the solid 
line). Tested with Pearson, p<0.05. No significant correlations were found for age and nonclas-
sical monocytes (D) in healthy controls and COPD patients.

Monocyte subsets: current smoking versus never/ex-smoking
We also assessed whether current or never/ex-smoking influenced monocyte subsets. As 
current and never/ex-smoking individuals had a similar distribution with regard to age, dif-
ferences between these individuals for the monocyte subsets were not influenced by age like 
they were for the COPD-control comparison. Our regression model, which included never, 
ex- and current smoking individuals, showed that only intermediate monocytes were lower 
in current smoking individuals as compared to never/ex-smoking (p=0.073). This comparison 
could have been influenced by a difference in FEV1 as current smokers had a significantly 
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lower FEV1 % predicted than the never/ex-smokers. We therefore also compared ex-smokers 
with the current smokers, as these were completely similar with respect to age, lung function 
parameters and packyears. We found trends for lower percentages of total and intermediate 
monocytes (p=0.088 and p=0.075 respectively) and significantly lower percentages of non-
classical monocytes (p=0.028) in current smokers as compared to ex-smoking individuals 
(figures 4A-D). Percentages of classical monocytes were similar between current smoking 
and ex-smoking individuals. 

Figure 4 Current smoking resulted in trends towards lower percentages of total monocytes 
(A) and intermediate monocytes (C) when compared with ex-smoking individuals. A signif-
icant lower percentage of nonclassical monocytes was found in current smokers compared 
with ex-smokers (D). Current smoking had no effect on the percentages of classical monocytes 
(A). Significance was tested with a two-way ANOVA on the ex- and current smokers with a 
Holm-Skidak’s post test, P <0.05 (*) was considered significant.

Expression of TLR2 and TLR4 on monocyte subsets: COPD versus control
We further investigated what the expression levels of TLR2 and TLR4 were on the different 
monocyte subsets, irrespective of COPD or smoking status. We found that the CD16+ subsets, 
intermediate and nonclassical monocytes, had significantly higher expression of TLR2 and 
TLR4 than classical monocytes (figure 5A and B). When assessing all controls and COPD 
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patients, nonclassical monocytes had higher expression of TLR2 than intermediate mono-
cytes (figure 5C). No differences in expression levels of TLR4 were found between interme-
diate and nonclassical monocytes (figure 5D). We then continued to examine the effects of 
COPD and smoking status and their interaction using our linear regression model. No effects 
of having COPD and no interaction between COPD and smoking status were found with 
respect to TLR2/4 expression. We also did not find an effect of age on the expression of these 
two receptors either. 

Figure 5 TLR 2 and 4 expressions were higher on CD16+ monocytes than on classical CD16-neg-
ative monocytes (A-B). Nonclassical monocytes had significantly more TLR2 expression as 
compared with intermediate monocytes (C) but not TLR4 (D). Significance was tested with 
a nonparametric Kruskal Wallis test. A post-hoc Dunn’s test was used to compare expression 
levels on the three subsets. P<0.05 was considered significant.

Expression of TLR2 and TLR4 on monocyte subsets: current smoking versus never/ex-smoking
We then solely compared expression levels of TLR2 and TLR4 between current and never/
ex-smokers. We found that TLR2 expression on nonclassical monocytes was significantly 
higher for current smokers as compared to never/ex-smokers (figure 6C, p=0.038). Further-
more, a trend for higher TLR4 expression on intermediate monocytes of current smokers 
as compared to never/ex-smoking individuals (figure 6E, p=0.087). When taking the never 
smokers out of the equation by comparing ex- and current smoking individuals directly we 
found that current smoking was associated with significantly higher expression levels of TLR4 
on intermediate and nonclassical monocytes and a trend for higher expression of TLR2 on 
nonclassical monocytes.
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Figure 6 No differences in TLR2 expression were found on any of the other subsets (A and 
B). TLR2 expression on nonclassical monocytes was higher in current smoking individuals as 
compared with never/ex-smoking individuals (C). TLR4 expression showed a trend towards 
a higher expression on intermediate monocytes (E), but no changes were found on any of the 
other subsets (D and F). TLR2/4 expression between groups was compared using a nonpara-
metric Kruskal Wallis test. Posthoc testing between ex- and current smokers was done using a 
Student’s t test and in the case of the TLR4 expression using a Mann-Whitney U test. P<0.05 
was considered significant.
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Discussion

Our study is, as far as we know, the first to investigate the effects of COPD and smoking on 
the different monocyte subsets in peripheral blood. Our data have shown that percentages 
of classical and intermediate monocytes were higher in our COPD patients as compared to 
the healthy individuals but our data also showed that this difference was completely deter-
mined by a difference in age between the two groups. Our COPD patients were older than the 
control individuals and we found that the older the individual is, the higher the percentages 
of classical and intermediate monocytes are (and therefore also total monocytes). Therefore, 
having COPD does not appear to affect the percentages of the different monocyte subsets. 
However, we did find that current smoking has an effect: both types of CD16+ monocytes were 
lower in current smokers than in ex-smokers and had higher expression of TLR2 (nonclassical 
monocytes) and TLR4 (intermediate and nonclassical monocytes).

COPD is characterized by lung inflammation with higher levels of pro-inflammatory cyto-
kines and higher production of ROS, we therefore hypothesized that the subsets of monocytes 
being able to produce these mediators, i.e. classical and intermediate monocytes, would be 
higher in COPD. When correcting for age this is not what we found. It may be possible that 
the contribution of monocytes to these phenomena in COPD is minor and that tissue resident 
cells, like macrophages, are producing most of these pro-inflammatory mediators. 

The strong effect of age we found on the percentages of monocytes in all individuals (healthy 
and COPD combined) and in all healthy individuals separately is in line with recent stud-
ies showing associations of innate immune activation and shifts in monocyte subsets with 
aging in healthy individuals 28,29. The lack of this relationship in only COPD patients may be 
the result of the relatively small age range available for these COPD patients or may indicate 
these patients have already reached a plateau of innate immune activation. Younger COPD 
patients are not available to us in our institute, therefore, inclusion of more COPD patients 
could increase power and may help us to untangle the effects of age and COPD.

Interestingly, we did find an effect of current smoking on the presence of the different mono-
cyte subsets. Lower percentages of the CD16+ subsets intermediate and nonclassical mono-
cytes were associated with current smoking. Of the studies investigating the effects of smok-
ing on monocytes, most, but not all, showed that more total monocytes were associated with 
current smoking 15-19,30,31. As intermediate and nonclassical monocytes only make a minor 
contribution to the total population, we found a trend towards lower percentages of total 
monocytes as well, which is opposite of most previous findings. We have no clear explanation 
for this difference other than the fact that in most of these studies monocytes were deter-
mined using a hematology analyzer or differential staining and not flow cytometry, which 
may explain some of the difference. In addition, most of these studies report significantly 
higher absolute counts but no differences in monocytes when expressed as percentage of 
white blood cells. Our data are expressed as percentage PBMC, but when we calculate abso-
lute numbers we still do not find a significant higher number of total monocytes in smokers 
as compared to never smokers. 
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What could be the functional consequence of having less CD16+ monocytes in the circula-
tion when smoking? It is conceivable that these subsets are specifically recruited from the 
circulation to lung tissue for specific tasks to deal with the stress of cigarette smoke exposure. 
CD16+ intermediate and nonclassical monocytes express high levels of the chemokine recep-
tor CX3CR1 (fractalkine receptor) and this receptor has been shown to play a critical role in 
attracting mononuclear cells like monocytes to the lung when exposed to cigarette smoke 
32,33. In addition, expression of the ligand for this receptor, CX3CL1, was shown to be higher in 
lung tissue of smoking humans and mice explaining why CX3CR1+CD16+ monocytes can be 
specifically recruited to lung tissue 34.

Current smoking also had an effect on the expression of TLR receptor 2 and 4 and interest-
ingly specifically on the subsets of monocytes of which percentages were affected by smok-
ing. CD16+ intermediate and nonclassical monocytes had higher expression of TLR2 and 4 
than classical monocytes and we found even higher expression of these in current smokers 
as compared to ex-smokers. The differential expression of TLR2 and 4 between the different 
monocyte subsets has been shown before for the combined CD16+ monocytes versus clas-
sical monocytes. Iwahashi et al. showed higher expression of TLR2 on CD16+ monocytes 
and Skinner et al. showed higher expression of TLR4, but not TLR2, on CD16+ monocytes 
compared to classical monocytes 35,36. We now show that CD16+ nonclassical monocytes have 
the highest expression of TLR2 of the three subsets and that both CD16+ subsets have higher 
expression of TLR2 and 4 than classical monocytes. Why TLR4 expression on intermediate 
monocytes and TLR2/4 expression on nonclassical monocytes are even higher in smokers 
compared to ex-smokers is an open question. Iwahashi et al. showed that TLR2 expression 
on CD16+ monocytes was induced by IL-10 and M-CSF and reduced by TGFβ. Smoking was 
found associated with higher levels of M-CSF in bronchoalveolar lavage and serum and this 
could potentially also have systemic effects, possibly explaning the higher expression of TLR2 
on CD16+ monocytes 37,38. We could not find any studies investigating regulation of TLR4 
expression in CD16+ monocytes specifically, but TLR4 expression on monocytes was found 
inducible by IFNγ 39. Smoking was found associated with higher levels of IFNγ and could 
potentially have increased TLR4 expression on CD16+ monocytes 40.

The fact that TLR2 and 4 expressions increase on CD16+ monocytes may have some interest-
ing functional consequences. TLR2 was shown to be essential for sensing oxidants (like found 
during smoking) and TLR4 played a critical role in the inflammation induced by oxidants 23. 
Having monocytes with increased expression of these TLRs may make them more sensitive to 
the effects of smoking. Combining this with the possibly increased migration of these CD16+ 
monocytes into lung tissue, may suggest the lung is trying to respond to the stress of cigarette 
smoking.

In conclusion, the disease COPD was not associated with changes in monocyte subsets or 
their expression of oxidant sensors TLR2/4. Instead we found a very strong effect of age on the 
presence of classical and intermediate monocytes, with higher percentages of these mono-
cytes being present in older subjects. Current smoking did affect the percentages of the dif-
ferent monocyte subsets. The lower percentages of CD16+ monocytes with higher TLR2/4 
expression in peripheral blood of current smokers as compared to ex-smoking individuals 
may suggest migration of this subset, with heightened sensitivity to cigarette smoke compo-
nents, into lung tissue.
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