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COPD monocytes demonstrate impaired
migratory ability
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Abstract

Background: Increased lung macrophage numbers in COPD may arise from upregulation of blood monocyte
recruitment into the lungs. CCR5 is a monocyte chemokine receptor regulated by interleukin-6 (IL-6); the concentration
of CCR5 ligands are known to be elevated in COPD lungs. The objective of this study was to investigate mechanisms of
monocyte recruitment to the lung in COPD, including the role of CCR5 signalling.

Methods: Ninety one COPD patients, 29 smokers (S) and 37 non-smokers (NS) underwent sputum induction, plasma
sampling (to measure IL-6 and soluble IL-6 receptor [sIL-6R] by immunoassay), monocyte characterization (by flow
cytometry) and monocyte isolation for cell migration and quantitative polymerase chain reaction studies. Lung
tissue was used for immunohistochemistry.

Results: Plasma IL-6 and sIL-6R levels were increased in COPD. Greater proportions of COPD CD14++CD16+

monocytes expressed CCR5 compared to controls. Monocyte stimulation with IL-6 and sIL-6R increased CCR5
gene expression. COPD monocytes demonstrated impaired migration towards sputum supernatant compared
to NS (% migration, 4.4 vs 11.5, respectively; p < 0.05). Pulmonary microvessels showed reduced monocyte recruitment
(% marginated cells) in COPD compared to NS, (9.3% vs 83.1%, respectively). The proportion of replicating Ki67+ alveolar
macrophages was reduced in COPD compared to NS. All alveolar macrophages from COPD and S expressed the anti-
apoptosis marker BCL2; this protein was not present in non-smokers or COPD ex-smokers.

Conclusion: COPD monocytes show decreased migratory ability despite increased CCR5 expression. Increased COPD
lung macrophage numbers may be due to delayed apoptosis.
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Background
Monocytes can be recruited from the blood into the tis-
sues, whereupon differentiation into macrophages may
occur [1]. There are also tissue resident macrophages
that replenish cell numbers by replication [2]. A recent
study demonstrated the presence of phenotypically
different mononuclear phagocyte cell types in healthy
human lungs that either originate from the lungs (pul-
monary dendritic cells and alveolar macrophages) or

from blood monocytes (monocyte derived cells and tis-
sue monocyte/macrophages) [3].
There are increased numbers of macrophages in the

lungs of chronic obstructive pulmonary disease (COPD)
patients [4]; these cells are involved in host defence, air-
way remodelling and parenchymal destruction [5]. It has
been suggested that increased lung macrophage numbers
in COPD are due to increased recruitment of blood
monocytes [5, 6]. Alternatively, cigarette smoke exposure
induces the expression of anti-apoptotic genes in macro-
phages [7], and increased expression of anti-apoptotic
proteins has been observed in COPD macrophages [8],
suggesting that delayed apoptosis is a possible cause
of macrophage accumulation in COPD. Furthermore,
alveolar macrophages expressing the proliferation
marker Ki67 have been observed in patients with
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interstitial lung disease [9], but whether increased
macrophage accumulation in COPD occurs by self-
renewal is not understood.
Costa et al reported increased migration of COPD per-

ipheral blood mononuclear cells towards C-X-C motif
chemokine receptor 3 (CXCR3) and C-C motif chemokine
receptor 5 (CCR5) ligands using single chemokines for
migration experiments [6]. Such experiments, however do
not reflect the complex mixture of chemoattractants
present in the lungs [10–15]. Physiologically relevant com-
plex supernatants, such as those obtained from induced
sputum could be used to further investigate the migratory
ability of COPD monocytes.
CCR5 is the receptor for the monocyte chemoattract-

ant C-C motif chemokine ligand 3 (CCL3) [16]. Studies
using induced sputum and bronchoalveolar lavage have
shown that CCR5 ligand levels are increased in the lungs
of COPD patients, suggesting a role for CCR5 signalling
in the recruitment of monocytes into COPD lungs
[12, 13, 16, 17]. Peripheral blood monocytes can be
classified into 3 subtypes according to their expression of
CD14 (LPS receptor) and CD16 (FcγRIII receptor): CD14+
+CD16- (‘Classical’), CD14+CD16+ (‘Intermediate’) and
CD14-CD16++ (‘Non-Classical’) [1]. Increased numbers of
pro-inflammatory CD14+CD16+ monocytes are found in
chronic inflammatory disease states such as rheumatoid
arthritis [18]. Furthermore, CD14+CD16+ cells have the
greatest surface expression of CCR5 [1, 19]. Monocyte
subsets in COPD, and their expression of CCR5, have not
been previously reported.
CCR5 expression is upregulated by interleukin-6 (IL-6)

[20], a cytokine which trans-signals through a soluble re-
ceptor sIL-6R [21]. Plasma IL-6 levels are increased in a
subset of stable COPD patients [22] and during COPD
exacerbations [23]. The systemic levels of sIL-6R have
not been investigated in COPD; increased systemic IL-6/
sIL-6R signalling in COPD could upregulate blood
monocyte CCR5 expression, thereby promoting mono-
cyte recruitment into the lungs.
We have investigated COPD blood monocyte recruit-

ment with two major objectives in mind. Firstly, to char-
acterise changes in the CCL3-CCR5 axis that could
facilitate monocyte recruitment in COPD; we studied
CCR5 expression on peripheral blood monocytes and
plasma sIL-6R levels in COPD patients compared to
controls. Secondly, to further investigate the hypothesis
that monocyte recruitment from the blood is increased
in COPD; we studied COPD monocyte migration
towards sputum supernatants and performed lung im-
munohistochemistry studies to evaluate monocyte mi-
gration from the pulmonary blood vessels of COPD
patients compared to controls. We also performed im-
munohistochemistry studies to investigate an alternative
mechanisms of pulmonary macrophage accumulation

in COPD; namely increased replication and supressed
apoptosis.

Methods
Subjects
COPD patients (n = 91), smokers (S; n = 29) and healthy
non-smokers (HNS; n = 37) were recruited for blood and
sputum sampling; S (with >10 pack-year smoking history)
and HNS had normal lung function. COPD patients had
been diagnosed according to current guidelines [24] and
were also seen during acute exacerbation (diagnosed
according to an increase in symptoms as described in
Additional file 1). COPD (n = 12), S (n = 9) and NS (non-
smokers; n = 6) undergoing surgical resection of suspected
lung carcinoma were recruited. The research was ap-
proved by a local ethics committee; all participants pro-
vided written informed consent.

Clinical assessment
Pre- and post- bronchodilator spirometry was performed
as described in Additional file 1 [25]. COPD patients com-
pleted the St George’s respiratory questionnaire (SGRQ)
and COPD Assessment Test (CAT).

Sputum sampling
Sputum was induced and processed by the ‘two-step’
method [16]; PBS processed samples were used in the ex-
periments reported here.

Plasma cytokine measurement
Levels of plasma IL-6 and sIL-6R were measured using a
Meso Scale Discovery immunoassay (Gaithersburg (MD–
USA) (details Additional file 1).

Monocyte chemokine receptor expression
Peripheral blood monocyte subtypes were identified by
flow cytometry [1]. Proportional expression of CCR5 on
CD14++CD16-, CD14+CD16+ and CD14-CD16++ mono-
cytes was determined (details Additional file 1).

CCL3 and Sputum supernatant induced monocyte
chemotaxis
CD14+ monocyte isolation and chemotaxis experiments
were performed as previously described (details Additional
file 1) [16]. CD14+ monocytes did not undergo any form
of cytokine stimulation prior to the chemotaxis assay.

CD14+ monocyte cell culture
CD14+ monocytes from 6 HNS were isolated and cul-
tured in the presence of recombinant human (rh) IL-6
(20 ng/mL, R&D Systems, Abingdon UK), rh IL-6
(20 ng/mL) + rh sIL-6R (40 ng/mL, R&D Systems) or
media alone (unstimulated control). Cell lysates were
harvested for gene expression analysis.
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CD14+ monocyte CCR5 gene expression
Quantitative polymerase chain reaction (QPCR) for de-
termination of CCR5 gene expression was performed as
previously described (details Additional file 1) [26].

Immunohistochemistry and Immunofluorescence (IF)
See Additional file 1 for details of tissue preparation, im-
aging and image analysis. The immunohistochemical tech-
nique employed for detection of CD34 (endothelial cell
surface glycoprotein [27]), neutrophil elastase (NE), Ki67
(cell-cycle maintaining protein) [28] and BCL-2 (B-cell
CLL/lymphoma 2) (anti-apoptotic protein) (ADD REF) is
detailed in Additional file 1.
Dual label immunofluorescence was performed to

identify marginated ‘monocytic’ (cells apposed to the lu-
minal endothelial surface) (CX3CR1

+CD14+ and CX3CR1
+CD16+) cells in the pulmonary microvasculature as de-
scribed in Additional file 1.

Statistical analysis
Normally distributed data were analysed using one way
ANOVA with application of Tukey’s post-test; unpaired
t-tests were used where appropriate. Non-normally dis-
tributed data were analysed using the Kruskal-Wallis test
with application of Dunn’s post-test. Mann-Whitney U
tests were used as appropriate. Univariate correlation
analysis was performed using the Spearman Rank test.
QPCR data was normally distributed and analysed using
one-way ANOVA with application of Dunnett’s multiple
comparisons test; details of a within subject analysis are
described in Additional file 2.

Statistical analysis was performed using GraphPad
Prism version 6 and IBM SPSS Statistics for Windows,
Version 23.0 (released 2015). Armonk, NY.

Results
The clinical characteristics of all study participants are
stated in Table 1 (details of participants in individual
experiments are described in Additional file 3: Table S1).

Plasma IL-6 and sIL-6R levels
Plasma IL-6 levels were significantly higher in COPD pa-
tients, (n = 70; median 4.5 pg/mL) compared to HNS
(n = 15; median 0 pg/mL, p < 0.0001), with no other
significant differences between groups (Fig. 1). Plasma
sIL-6R levels were significantly higher in COPD patients
compared to S (n = 15, medians; 5,338 pg/mL versus
4,453 pg/mL respectively, p < 0.001), while the comparison
of COPD vs. HNS (median 4,853 pg/mL) was not signifi-
cant (p = 0.3).

Peripheral blood monocyte CCR5 expression
The proportions of CD14++CD16-, CD14+CD16+ and
CD14-CD16++ monocytes were similar in COPD patients
(n = 15), S (n = 8) and HNS (n = 8) (Additional file 3:
Figure S1). A significantly greater proportion of CD14+
+CD16- monocytes from COPD patients expressed CCR5
compared to S or HNS; medians 5.2%, 0.9% and 0.8%, re-
spectively (p < 0.05 for both comparisons; see Fig. 2). The
proportion of CD14+CD16+ monocytes from COPD pa-
tients expressing CCR5 was significantly greater than S
(medians 14.3% versus 4.9%; p < 0.05) but did not reach
statistical significance compared to HNS (median 2.7%,
p = 0.09). There were no significant differences in the

Table 1 Demographic details of study participants

COPD (n = 93) S (n = 29) HNS (n = 39) COPD (n = 12) IHC/IF S (n = 9) IHC/IF NS (n = 6) IHC/IF

Age 66 (7) 54.4 (7) 41.6 (15.8) 66.3 (4.6) 66.3 (6.6) 70 (5.7)

Gender (F:M) 37:58 14:15 14:25 4:8 4:5 4:2

Current smoker (n) 35 26 0 9 9 0

FEV1% predicted 60.2 (18.9) 98.1 (14.1) 109.6 (14.4) 67.3 (25.6) 91 (11.9) 108 (7.2)

FEV1/FVC (%) 52 (12.5) 75.5 (2.9) 82.5 (6.9) 67.3 (25.6) 91 (11.9) 108 (7.2)

GOLD I (%) 18.3 - - 33.3 - -

GOLD II (%) 50.5 - - 25 - -

GOLD III (%) 26.9 - - 41.7 - -

GOLD IV (%) 4.3 - - 0 - -

CAT 17.1 (7.8)

SGRQ 39.4 (20.3)

Smoking history (Pack Years)a 37 (13-122) 30.5 (12-67) 0 42 (13-126) 50 (21-66)

ICS (%) 65 - -

This table shows the grouped demographic details of subjects who participated MSD plasma cytokine analysis, flow cytometric (FACS) & qPCR, chemotaxis
(displayed on the left); lung immunohistochemistry/immunofluorescence (displayed on the right). Data is described by mean (SD). aData shown as median (range)
Abbreviations: FEV1 forced expiratory volume in 1 s, FVC forced vital capacity, CAT COPD Assessment Test and SGRQ St George’s Respiratory Questionnaire, ICS
inhaled corticosteroid, IHC Immunohistochemistry, IF Immunofluorescence, NS non smoker
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proportion of CD14-CD16++ CCR5+ expressing cells be-
tween COPD, S and HNS; medians 1%, 1.2% & 0.4%
respectively.
There was no change in the proportion of monocyte

subsets or CCR5 expression at exacerbations compared
to stable state (n = 8 COPD patients; Additional file 3:
Figure S2 and Table S2).

Regulation of monocyte CCR5 gene expression
CCR5 expression was significantly upregulated in CD14+

monocytes cultured for four hours in the presence of
both IL-6 and sIL-6R; the mean fold change in CCR5
gene expression was 1.6 (p < 0.05). IL-6 stimulation
alone did not upregulate CCR5 gene expression. CD14+

monocytes stimulated with IL-6 (solely or in conjunction
with sIL-6R) for 19 h did not show alteration in CCR5
gene expression (Fig. 3 and within-subject analysis
shown in Additional file 2).

COPD CD14+ monocyte migration towards rhCCL3
COPD and HNS CD14+ monocytes showed similar migra-
tion towards rhCCL3 with a bell shaped dose-response

curve observed; maximal chemotaxis levels were in the
concentration range 15.6 ng/ml to 62.5 ng/ml (Fig. 4).

CD14+ monocyte migration towards sputum supernatant
The migration of HNS CD14+ monocytes towards sputum
supernatant from COPD patients and HNS was studied. A
greater proportion of CD14+ monocytes migrated towards
COPD sputum compared to HNS sputum; mean chemo-
taxis 14.3% versus 5.8%, respectively (p = 0.03) (Fig. 5).
Subsequent experiments used COPD sputum supernatant
as the chemoattractant. HNS CD14+ monocytes (n = 8)
demonstrated significantly greater chemotaxis compared
to COPD monocytes (n = 6); means 11.5% versus 4.4%
(p < 0.05). There was a trend to significance when
comparing HNS to S, (n = 6; mean 5.6%, p = 0.07).
We performed subgroup analysis based on age; mono-

cytes of HNS >50 years of age (n = 3, mean age 57.7 years)
with mean chemotaxis 16% demonstrated significantly
greater migratory ability compared to younger HNS
<50 years of age (n = 5, mean age 31.8 years) with mean
chemotaxis 8.8 (p < 0.01) (Additional file 3: Figure S3).

Fig. 1 Plasma IL-6 and sIL-6R levels in COPD, S & HNS. The figure shows a plasma IL-6 and b plasma sIL-6R levels in COPD, S & HNS determined
by MSD analysis. Each dot represents the value for an individual patient. The bar represents the median value. The statistical significance of differences
observed was assessed by a The Kruskal-Wallis test with application of Dunn’s post-test and b ANOVA with application of Tukey’s post-test. The dashed
line represents the lower limit of quantification (LLOQ)

a b c

Fig. 2 Proportions of monocyte subtypes expressing CCR5 in COPD, S & HNS. The figure shows proportions a CR14++CD16-, b CD14+CD16+ and
c CD14-CD16++ monocytes from COPD, S and HNS expressing CCR5 determined by FACS. Each dot represents data from an individual patient;
the bar represents the median value. The statistical significance of differences observed was determined by Kruskal-Wallis test with application of
Dunn’s multiple comparisons test
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Marginated CX3CR1
+ cells in the pulmonary

microvasculature
Microvessels were identified by CD34 staining (Additional
file 3: Figure S4). There were no significant differences in
the size of vessels or the absolute number of marginated
cells/ μm circumference observed between COPD patients
(n = 9), S (n = 9) and NS (n = 6) (Table 2). Intravascular
monocytic cells were identified by their expression of the
monocyte/macrophage surface marker CX3CR1. The me-
dian number of marginated CX3CR1

+ cells per μm vessel
circumference were significantly greater in NS (83.9
x10-4/μm) and S (31.5 x10-4/μm) compared to COPD
(1.5 × 10-4/μm;p < 0.01 and p < 0.05 respectively). The
median percentage of marginated cells that expressed
CX3CR1

+ was significantly greater in HNS (83.1%)
and S (46%) compared to COPD (9.3%; p < 0.001 and
p < 0.05 respectively) (Table 2 & Fig. 5). A large num-
ber of the CX3CR1

- marginated cells in COPD pa-
tients were neutrophils based on their appearance and
nuclear morphology, which was confirmed by NE
staining (Additional file 3: Figure S5).

The CX3CR1
+ marginated cell population was com-

posed of CX3CR1
+CD14+ and CX3CR1

+CD16+ cells. The
absolute number and percentage of marginated CX3CR1
+CD14+ cells per μm vessel circumference was signifi-
cantly reduced in COPD patients compared to both S and
NS (Table 2, Figs. 6 and 7). Similar results were obtained
for marginated CX3CR1

+CD16+ cells in COPD patients
compared to S and NS (Table 2, Figs. 6 and 8). Negative
control immunofluorescence images are displayed in
Additional file 3: Figure S6.

Alveolar macrophage Ki67 and BCL2 expression
COPD patients (n = 9) and S (n = 9) had significantly
greater mean numbers of alveolar macrophages (59.2/
mm2 and 64.7/mm2 respectively) compared to NS (n = 6;
20.5/mm2, p < 0.05 and p < 0.01 respectively). The per-
centage of Ki67+ alveolar macrophages was low, and
greater in NS (mean 2%) compared to COPD patients
(mean 0.9%, p < 0.05 vs NS) (Fig. 9).
BCL2 was expressed by all COPD current smokers

(n = 9) and S (n = 9) alveolar macrophages, however BCL2
was absent in the alveolar macrophages of NS (n = 6) and
COPD former smokers (n = 3) (Fig. 10).

Discussion
We observed increased CCR5 expression on COPD
blood monocytes. Increased plasma levels of sIL-6R may
play a role in this observation, as IL-6 with sIL-6R up-
regulated CCR5 gene expression in monocytes. However,
this increase in COPD monocyte CCR5 expression did
not confer a greater migratory ability; chemotaxis exper-
iments showed impairment of the migratory ability of
COPD peripheral blood monocytes. This impaired mi-
gration was confirmed by examining monocyte margin-
ation from blood vessels in the lungs. We have therefore
found no evidence to support the theory that increased
monocyte recruitment is responsible for increased lung
macrophage accumulation in COPD.

Fig. 4 Migration of COPD CD14+ monocytes towards rhCCL3. This figure shows the migration of CD14+ monocytes from a COPD (n = 3) and b
HNS (n = 3) towards a range of concentrations of rhCCL3 (250 – 2 ng/mL). Data is displayed as mean (SD)

Fig. 3 CCR5 gene expression by CD14+ monocytes. The figure
shows changes in gene expression by CD14+ monocytes stimulated
with IL-6 or IL-6 with sIL-6R compared with unstimulated CD14+

monocytes; cells were stimulated for either 4 or 19 h. The data is
shown as mean (SD). The statistical significance of differences ob-
served was determined using ANOVA with application of Dunnett’s
post-test (with basal gene expression being assigned as the ‘control’)
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We investigated alternative mechanisms that could
contribute to lung macrophage accumulation in COPD.
There were low levels of alveolar macrophage self-
renewal in COPD, suggesting that this mechanism does
not contribute to the macrophage accumulation in
COPD. Current smokers, with and without COPD, had
increased expression of the anti-apoptotic marker BCL-2
in alveolar macrophages. These findings suggest a mech-
anism by which macrophage accumulation can occur in
smokers and COPD patients.
The mechanisms for impaired COPD monocyte migra-

tion may be related to systemic oxidative stress, which is
increased in S [29] and COPD [29, 30]. It is known that
monocytes from S display migratory impairment [31]; this
phenomenon can be induced in HNS monocytes after ex-
posure to radical and non-radical oxidants [31]. We

observed a trend toward significant reduction in monocyte
migration when comparing S and HNS. Inflammatory cell
chemotaxis may diminish with increasing age [32], how-
ever a subgroup analysis of our data in HNS monocytes
failed to show such an association.
A recent study showed that lymphocytes and monocytes

interact to facilitate peripheral blood mononuclear cell
(PBMC) chemotaxis towards CXCR3 and CCR5 ligands,
but that isolated COPD monocytes had similar chemo-
taxis ability to controls [6]. We used a more complex
chemotactic system with induced sputum supernatant and
isolated monocytes. We have previously shown that CCL3
(a ligand for CCR5) levels are increased in COPD sputum,
and that CCL3 and CCR5 blockade reduces monocyte
chemotaxis to COPD sputum supernatant [16]; we now
demonstrate that exposure to rhCCL3, induces migration

Table 2 Marginated CX3CR1
+ cells per unit vessel circumference

COPD (n = 9) S (n = 9) NS (n = 6) p value

Vessel circumference (μm) 722 (206.9) 902 (275.2) 766 (227.2) ns

Marginated cells/vessel circumference (10-4/μm) 10 (8) 9 (9) 20 (20) ns

Marginated CX3CR1
+ (%) 3.1 (0-35.8) 48.3 (10-73.7) 85.8 (50-100) 0.0002

CX3CR1
+/vessel circumference (10-4/μm) 1 (0-80) 30 (5-200) 100 (20-1000) 0.005

CX3CR1
+CD14+(Marginated CX3CR1

+ cells %) 0 (0-3.6) 26.7 (0-49.2) 73.4 (6.7-93.8) 0.0008

CX3CR1
+CD14+/vessel circumference (10-4/μm) 0 (0-3) 20 (0-100) 50 (2-400) 0.002

CX3CR1
+CD16+(Marginated CX3CR1

+ cells %) 0 (0-29.3) 17.3 (0-60.4) 43 (20-69.9) 0.001

CX3CR1
+CD16+/vessel circumference (10-4/μm) 0 (0-100) 10 (0-100) 100 (10-400) 0.02

This table shows CX3CR1
+ cells as a percentage of all marginated cells as well the absolute number of CX3CR1

+ cells per μm of vessel circumference (*10-4/μm).
Data is displayed as median (range). The statistical significance of differences observed was obtained using Kruskal-Wallis test with application of Dunn’s multiple
comparisons test. Vessel circumference and marginated cells/μm vessel circumference are displayed as mean (SD); the statistical significance of differences observed
was assessed using ANOVA with application of Tukey’s post-test
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p = 0.03
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20 p<0.05

a b

Fig. 5 Migration of CD14+ monocytes towards sputum supernatant. The figure shows a the migration of CD14+ monocytes towards COPD and
HNS sputum supernatant and b the migration of CD14+ monocytes isolated from COPD, S and HNS towards COPD sputum supernatant. The data is
displayed as mean (SD). The statistical significance of differences observed were determined by a Unpaired t test and b ANOVA with application of
Tukey’s multiple comparisons test. Sputum supernatant used in chemotaxis experiments was pooled from n = 3 donors
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of COPD CD14+ monocytes. We also observed increased
CCR5 expression on CD14++CD16- and CD14+CD16+

COPD blood monocytes, so it was perhaps surprising that
COPD monocytes displayed impaired chemotaxis. It was
therefore important that we evaluated monocyte migra-
tion into the lungs by a different method to further inves-
tigate this observation.
C-X3-C motif chemokine receptor 1 (CX3CR1) is a

widely used monocyte/macrophage marker [1, 33]. We
found reduced margination of CX3CR1

+ cells in COPD

compared to NS. The vascular endothelium of pulmonary
vessels in S and COPD expresses increased levels of adhe-
sion molecules such as E-selectin, P selectin, ICAM-1,
ICAM-2 and VCAM-1 [34]. It is therefore unlikely that
the reduced margination observed in COPD resulted from
attenuated endothelial adhesion molecule expression. The
reduced margination was observed for both CX3CR1
+CD14+ and CX3CR1

+CD16+ cells in COPD patients.
Attenuated monocyte migration ability in COPD raises

questions regarding the mechanisms of increased lung

a b

c d

e f

Fig. 6 Marginated intravascular CX3CR1
+, CX3CR1

+CD14+ and CX3CR1
+CD16+ cells. This figure shows the proportions of marginated CX3CR1

+

(5a & 5b), CX3CR1
+CD14+ (5c and 5d) and CX3CR1

+CD16+ (5e & 5f) cells. The bar represents the median; each data point represents the
value for an individual patient. The statistical significance of differences observed was determined using Kruskal-Wallis test with application
of Dunn’s multiple comparisons test
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macrophage numbers in COPD patients. Desch et al. re-
cently described a “tissue monocyte” population in healthy
human lungs that resembles monocytes, but expresses cell
surface markers found in alveolar macrophages [3]. Popu-
lations described as “monocyte derived cells” were also
identified, which are thought to be monocytes that change
phenotype and acquire new cell surface markers including
CD206 when recruited from the blood into the lungs, as
previously reported in mice [35]. Our results support the
concept that monocytes can be recruited into the lungs, as
we observed marginated monocytes in control lung sam-
ples. However, monocyte margination was reduced in
COPD patients, indicating that increased lung macro-
phage numbers in COPD are not simply due to excessive
blood monocyte recruitment.
Murine studies have shown that lung macrophages can

be replenished by self-renewing, locally-derived progenitor
cells [2, 36]. Human studies have also shown that resident
lung mononuclear phagocyte populations can express the
cell-cycle maintaining protein Ki67, suggesting that these
cells are engaged in self-renewal [37, 38]. We observed
low levels of Ki67 expression amongst alveolar macro-
phages, suggesting that a very limited proportion of these
cells were actively undergoing self-renewal. Simian studies

have suggested that the turnover of these cells is indeed
very low whereas the turnover of interstitial lung macro-
phages is high [39].
It has been reported that COPD lung macrophages ex-

press increased levels of a protein known as ‘Apoptosis in-
hibitor of macrophage (AIM)’ which is associated with
delayed apoptosis [8]. A different study reported that alveo-
lar macrophages from smokers displayed higher levels of
anti-apoptotic proteins including Bcl-xL [7]. These previous
studies support the hypothesis that delayed apoptosis,
caused by cigarette smoking, contributes to macrophage
accumulation in COPD. We observed that the anti-
apoptotic protein BCL-2 was only present in current
smokers, with and without COPD. Our findings support a
role for current smoking in prolonging alveolar macro-
phage lifespan. We speculate that the increased alveolar
macrophage numbers due to active smoking does not re-
turn to normal after smoking cessation, as the years of
chronic cigarette smoking causing delayed apoptosis have
permanently altered the homeostasis of lung macrophage
numbers. We also note that Kojima et al found increased
AIM expression in COPD alveolar macrophages compared
to both smoking and non-smoking controls, implicating
this particular anti-apoptotic protein in COPD specific

COPD

S

NS

ba c

ed f

hg i

Fig. 7 CX3CR1 CD14 immunofluorescent staining of the pulmonary microvasculature of COPD, S and NS. These figures are representative images
for dual label immunofluorescent detection of CD14 by CX3CR1

+ monocytes marginated within pulmonary microvessels in human lung tissue.
Representative images 6a-c) n = 9 COPD, 6d-f) n = 9 S and 6 g-i) n = 6 NS. Cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole (blue).
CX3CR1

+ cells were identified using an Alexa-568 conjugated donkey anti-rabbit secondary antibody (red 6a, 6d, 6 g). CD14+ cells were labelled with a
biotinylated rabbit anti-goat secondary antibody and detected using Streptavidin Dylight 488 (green 6b, 6e, 6 h). Composite images are shown (6c, 6f,
6i). Green/yellow autofluorescence is caused by intrinsically fluorescent tissue components such as elastic fibres and erythrocytes. Autofluorescence can
be distinguished from positive fluorescence by forming a composite image of the red, green and blue channels. Autofluorescence is visible in all three
channels and so appears as an amalgamation of the three colours. Positive fluorescence is visible in one channel only and thus appears as the pure
colour. Singly labelled cells appear in the composite image as either being red or green, dual labelled cells appear yellow. Examples of
immunoreactive cells are indicated by arrows (images taken using X20 objective lens). The white scale bar represents a length of 75 μm

Ravi et al. Respiratory Research  (2017) 18:90 Page 8 of 12



mechanisms [8]. Overall, these previous findings and our
current observations indicate mechanisms of delayed apop-
tosis that can occur in macrophages from current smokers
or COPD patients.
In keeping with previously published studies, we ob-

served increased plasma IL-6 levels in stable COPD pa-
tients [22]. We also observed significantly increased
plasma sIL-6R levels in COPD patients compared to S. IL-

6 signals through either membrane-bound IL-6R or sIL-6R
[21]. Increased sIL-6R levels may amplify the effects of IL-
6 [40]. CCR5 gene expression in microglial cells is upregu-
lated following culture with IL-6 [20]; in the same study
IL-6 stimulation caused a numerical, but not statistically
significant, increase in CCR5 gene expression in healthy
blood monocytes [20]. We also observed a small increase
in CCR5 expression with IL-6 alone, but significant

COPD

S

NS

ba c

ed f

hg i

Fig. 8 CX3CR1 CD16 Immunofluorescent staining of the pulmonary microvasculature of COPD, S and NS These figures are representative images
for dual label immunofluorescent detection of CD16 by CX3CR1

+ monocytes marginated within pulmonary microvessels in human lung tissue.
Representative images 7a-c) 9 COPD, 7d-f) 9 S and 7 g-i) 6 NS. Cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole (blue). CX3CR1

+

cells were identified using an Alexa-568 conjugated donkey anti-rabbit secondary antibody red 7a, 7d, 7 g). CD16+ cells were labelled with a
biotinylated horse anti-mouse secondary antibody and detected using Streptavidin Dylight 488 (green 7b, 7e, 7 h). Composite images are shown
(7c, 7f, 7i). Autofluorescence is visible in all three channels and so appears as an amalgamation of the three colours. Positive fluorescence
is visible in one channel only and thus appears as the pure colour. Singly labelled cells appear in the composite image as either being
red or green, dual labelled cells appear yellow. Examples of immunoreactive cells are indicated by arrows (images taken using X20 objective lens). The
white scale bar represents a length of 75 μm

a b c

Fig. 9 Alveolar macrophage Ki67 expression. This figure shows immunohistochemical detection of Ki67 in lung resection specimens of COPD, S
and NS. Representative images of n = 9 COPD, n = 9 S and n = 6 NS. Positively labelling cells were visualised using DAB. Immunoreactive cells
(brown nuclei) are indicated with an arrow. 8a) Ki67 labelled lung resection specimen 8b) negative control 8c) tonsilar tissue (positive control).
Images taken using an X40 objective lens
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induction was achieved when sIL-6R was also present, sug-
gesting an important role for IL-6 trans-signalling in the
regulation of CCR5 expression. An alternative mechanism
for CCR5 upregulation in monocytes is the effects of react-
ive oxygen species exposure, which can upregulate CCR5
expression [41, 42].
Increased sIL-6R levels may promote inflammatory ac-

tivity in COPD by enhancing the effects of IL-6 through
trans-signalling. IL-6 is involved in the polarization of
naïve CD4+ T lymphocytes towards the pro-inflammatory
Th17 effector phenotype [43]; furthermore, IL-6 sup-
presses apoptosis of both innate and adaptive immune
cells resulting in their persistence at foci of inflammation
[44, 45].
CD14+CD16+ monocytes are potent secretors of IL-1,

IL-6 and TNF-α [1], and expanded CD14+CD16+ mono-
cyte populations are found in inflammatory disease states
including atherosclerosis [46], obesity [47] and rheumatoid
arthritis [48]. We did not observe any change in monocyte
subsets in COPD patients compared to controls. Further-
more, there was no change in cellular subpopulations dur-
ing exacerbations, indicating no dysregulation of CD14
+CD16+ cells in COPD.
We elected to use sputum for chemotaxis experiments

as there are increased levels of monocyte chemoattrac-
tants in the sputum supernatants of COPD patients com-
pared to controls [14, 16]. Furthermore, the total number

of macrophages in sputum is increased in COPD patients
[14, 16]. Bronchoalveolar lavage supernatants are an alter-
native for chemotaxis experiments, representing a differ-
ent lung compartment where macrophages numbers are
increased. However, this is more invasive and the installa-
tion of saline may cause excessive dilution.

Conclusion
In conclusion, we have demonstrated that COPD mono-
cytes show decreased migratory ability despite augmented
expression of CCR5. These findings indicate that in-
creased lung macrophage numbers in COPD lungs are
not be due to excessive blood monocyte recruitment or al-
veolar macrophage self-renewal; suppressed apoptosis
may be a factor leading to macrophage accumulation in
the lungs of COPD patients.

Additional files

Additional file 1: Details of methodology (pulmonary function, plasma
separation & cytokine measurement, flow cytometric monocyte
characterisation, CD14+ monocyte isolation, sputum supernatant induced
monocyte chemotaxis, CD14+ monocyte chemokine receptor gene
expression, Quantitative polymerase chain reaction, Immunohistochemistry
and Immunofluorescence. (DOCX 34 kb)

Additional file 2: Details of ‘Within-subject analysis’ (Generalised
Estimation Equation analysis) from CCR5 gene expression study (DOCX 15 kb)

a b c

d e

Fig. 10 BCL2 expression of alveolar macrophages. This figure shows immunohistochemical detection of BCL-2 in lung resection specimens of
COPD, S and NS. Representative images of n = 9 COPD, n = 3 COPD former smoker, n = 9 S and n = 6 NS. Positively labelling cells were visualised
using DAB (immunoreactive cells have brown cytoplasm and are indicated with an arrow). 9a) negative control, 9b) NS, 9c) S, 9d) COPD former
smoker and 9e) COPD current smoker. Images taken using an X 40 objective lens
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Additional file 3: Details of legends for additional Figures S1-S6. Table S1.
demographic details of patients from cytokine analysis, flow cytometry,
chemotaxis and gene expression studies. Table S2. proportions of peripheral
blood monocyte subtypes (CD14++CD16-, CD14+CD16+ & CD14-CD16++) in
stable and exacerbating COPD patients. Figure S1. proportions of monocyte
sub-populations in the blood of COPD, S & HNS displayed as a graph. Figure
S2. changes in the CCR5 expression by monocyte sub populations during
COPD exacerbations displayed as a graph. Figure S3. Eeffect of age on
CD14+ monocyte migration displayed as a graph. Figure S4. CD34 expres-
sion of pulmonary endothelial cells displayed as an immunohistochemistry
image. Figure S5. neutrophils in the pulmonary microvasculature of COPD
patients displayed as an immunohistochemistry image. Figure S6. Double
negative immunofluorescent image of tonsilar tissue stained using
an immunofluorescence protocol with omission of CX3CR1 and
CD14 primary antibodies. (ZIP 2021 kb)
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