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Abstract

Background: It is known that tissue macrophages derive not only from blood monocytes but also from yolk sac or
fetal liver, and the tissue of residence guides their function. When isolated, they lose tissue specific signatures,
hence studies of human macrophages should be ideally done directly in the tissue. The aim of this study was to
investigate directly in human lung tissue the polarization of alveolar macrophage (AM), classic (M1) or alternative
(M2), in health and disease, using COPD as a model.

Methods: Surgical lungs from 53 subjects were studied: 36 smokers whose FEV1 varied from normal to severe
COPD, 11 non-smokers and 6 normal donors. iNOS and CD206 immunohistochemistry was used to quantify the
percentage of AM polarized as M1 or M2 in lung sections.

Results and Discussion: The percentage of M1 and M2 increased progressively with smoking and COPD severity,
from 26% to 84% for M1 and from 7% to 78% for M2. In donors 74% of AM were negative for M1 and 93% for M2.
Confocal microscopy showed co-localization of M1 and M2 in the same AM in severe COPD.

Conclusion: In normal lungs alveolar macrophages were mostly non-polarized. With smoking and COPD severity, M1
and M2 polarization increased significantly and so did the co-expression of M1 and M2 in the same alveolar macrophage.
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Background
The concept of macrophages (big eaters) as professional
phagocytes playing a critical role in the degradation of
endogenous and foreign materials has evolved greatly. It
is now evident that macrophages, which are present in
almost all tissues, coordinate immunological, metabolic
and developmental functions contributing to the main-
tenance of homeostasis. Furthermore, when the host is
challenged by infection or injury, macrophages play a

critical role in the coordination of host defense and
eventually tissue repair [1, 2].
Upon encountering pathogens or danger signals, macro-

phages express a strong pro-inflammatory profile includ-
ing cytokines and reactive oxygen and nitrogen species.
This pro-inflammatory phenotype is recognized as the
“classically activated” or M1 phenotype and can be
produced in vitro in response to inflammatory stimuli like
Lipopolysaccharides (LPS) or Interferon (IFN)-γ [3–5]. By
contrast, homeostatic signals, as well as Th-2 cytokines in
vitro, induce macrophages to adopt phenotypes linked
with tissue remodeling and repair; this phenotype is gener-
ally recognized as “alternatively activated” or M2 pheno-
type [3–5]. Although it is clear that the M1/M2
classification might be simplistic [6, 7] since a spectrum of
macrophage phenotypes has been observed in in vitro
experiments [5], the M1/M2 nomenclature [8] is still
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widely used and is still the basis for the description of
macrophage behavior in human diseases as evidenced in
recent publications [9–14].
It is now well established that tissue macrophages derive

not only from circulating bone marrow-originated mono-
cytes [15] but also from either the yolk sac (brain, liver,
heart) or fetal liver (lung, gut) [16], and that these macro-
phages are maintained in adult organs independently of
circulating monocytes [16]. In the steady state, monocytes
do not contribute substantially to tissue macrophages with
the exception of the gut, the dermis and the heart. It has
now become evident that the unique genomic signatures
of tissue macrophages are strongly related to the tissue
environmental signals and maintained by local cues [17]
and that, when isolated and cultured, tissue macrophages
rapidly lose their tissue specific signatures [18, 19]. This
new knowledge ought to influence the way macrophages
are studied, since tissue environment and specific tissue
stimuli would dictate macrophage endotype, phenotype
and behavior [2, 17]. Based on the new knowledge about
macrophage dependence on the tissue of residence, we
thought that ideally the investigation of the macrophage
polarization during a human disease ought to be done dir-
ectly in the tissue, the lung in our case, a methodology
that does not require cell isolation thus avoiding the possi-
bility of inducing in vitro artefacts.
We thought that lung response to cigarette smoke

exposure and the consequent development of COPD, a
chronic and progressive inflammatory disease, could be a
model that fulfills these characteristics. For these reasons,
we decided to study directly in human lung tissue the pat-
tern of alveolar macrophage (AM) polarization, classic
(M1) or alternative (M2), and examine how this pattern
changes from the normal lung to a progressive inflamma-
tory disease, COPD, in which the trigger is known
(cigarette smoking) and the evolution of the disease can
be studied functionally and pathologically.

Methods
Subject characteristics
Fifty-three lungs from subjects undergoing lung surgery
were studied. Eleven were smokers with severe COPD
who had lung volume reduction surgery and no lung
tumour; 25 were smokers who had surgery for peripheral
malignant nodules of which 12 had moderate COPD and
13 normal lung function; 17 were non-smokers of which
11 had surgery for lung tumour (5 malignant and 6
benign) and 6 died of accidental death (donors). Except
for donors, pulmonary function tests were performed
shortly before surgery, and to define COPD the post-
bronchodilator ratio of forced expiratory volume in one
second over forced vital capacity (FEV1/FVC) <70% was
used. None of the patients had a history of exacerbations

or pulmonary infections in the month prior to surgery or
history of atopy or asthma.

Immunohistochemical and confocal analysis
Lungs were fixed in 4% formaldehyde and tissue blocks
were taken from the subpleural areas of the lung as far
as possible from the tumour, and embedded in paraffin
[20]. Sections 5 μm thick were cut and processed for
immunohistochemical analysis. For the identification of
the AM M1 phenotype we used anti-iNOS (inducible
isoform nitric oxide synthases) [10, 11, 21–25] and
confirmed the results by using anti-HLA-DR (Human
Leukocyte Antigen - antigen D Related) [23–27].
CD206 expression was used for the identification of
the AM M2 phenotype [10, 12–14, 28–30]. Addition-
ally, in a subgroup of patients, the expression of
Tumour Necrosis Factor (TNF)-α, Interleukin (IL)-4
and IL-13 in AM was investigated by immunohisto-
chemical analysis as indexes of M1 (TNF-α) and M2
(IL-4 and IL-13) polarization [5, 10, 31, 32] (Add-
itional file 1).
Positive alveolar macrophages, defined as mononuclear

cells with a well-represented cytoplasm, present in the
alveolar spaces, were quantified in at least 20 non-
consecutive high-power fields inside the alveolar spaces in
each subject. Results were expressed as percentage of
positive macrophages over the total number of macro-
phages visualized. The quantification of iNOS+ (M1) and
CD206+ (M2) AM was performed on two consecutive sec-
tions. In two cases from each group, confocal microscopy
was also performed to study the possible co-expression of
iNOS and CD206. Sections were coded and the measure-
ments made without knowledge of clinical and functional
data. Details are reported in the Additional file 1.

Statistical analysis
Group differences were evaluated by analysis of variance
(ANOVA) and unpaired Student t test for clinical data,
and by Kruskal–Wallis test and Mann–Whitney U test
for morphological data. Correlation coefficients were
calculated by the Spearman rank method. Details are re-
ported in the Additional file 1.

Results
Table 1 shows the clinical characteristics in the 5 groups
of subjects examined. No demographic differences were
observed among the five groups of subjects. The smok-
ing history was similar in the groups of severe COPD,
moderate COPD and smokers without COPD. As
expected from the selection criteria, subjects with severe
and moderate COPD had lower values of FEV1 and
FEV1/FVC as compared to smokers without COPD and
non-smokers.
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The percentage of iNOS+ AM (M1 polarization)
increased progressively with smoking and disease severity,
from 26% in donors to 84% in severe COPD (Fig. 1). Two
of the donors who were ventilated for more than 24 hours,
a procedure known to induce lung inflammation [33],
showed a twofold increase in the percentage of M1 AM
(identified as outliers in the figure) compared with the
non-ventilated donors (Fig. 1). The percentage of AM
expressing CD206 (M2) also increased with smoking
and disease severity, from 7% in donors to 78% in se-
vere COPD (Fig. 2). Interestingly, the percentage of
M2 AM was higher in non-smokers compared to do-
nors, possibly because of the presence of lung tu-
mours in non-smokers surgical lungs. Indeed, when
non-smokers were divided according to the type of
tumour (Additional file 1: Figure S1), CD206 expres-
sion was only increased in subjects with malignant

tumour but not in those with benign tumour, suggest-
ing that malignancy could influence the expression of
M2 in the lung parenchyma. However, it should be
noted that patients with severe COPD (Fig. 2), whose
lungs were obtained by lung volume reduction sur-
gery and had no lung cancer, had the highest percent-
age of M2, indicating that most of the increase of M2
is secondary to smoking and COPD severity rather
than to the presence of tumour itself.
In healthy lungs of donors, more than 80% of AM did

not express any polarization marker and this percentage
decreased progressively with smoking and disease sever-
ity to 20% non polarized AM in severe COPD (Fig. 3).
Of interest, observing the values of both iNOS+ (84%)

and CD206+ (78%) AM in severe COPD (Figs. 1 and 2),
the combined value added to more than 100%, indicating
that some macrophages were expressing both markers.
The staining of serial sections confirmed that, in severe
COPD, iNOS and CD206 immunoreactivity could be

Table 1 Clinical Characteristics of the subjects in the study cohort

Severe COPD Moderate COPD Smokers w/o COPD Non Smokers Donors

Subjects examined (nM/nF) 9 M/2 F 11 M/1 F 13 M 6 M/5 F 4 M/2 F

Age, yrs 62 ± 9 66 ± 8 63 ± 8 62 ± 14 56 ± 6

Smoking history, pk-yrs 46 ± 28 50 ± 19 44 ± 23 - -

FEV1, % pred 33 ± 9 †‡ 68 ± 9‡ 100 ± 10 106 ± 17 -

FEV1/FVC (%) 36 ± 11 †‡ 64 ± 5‡ 77 ± 7 79 ± 4 -

PaO2, mmHg 65 ± 14 †‡ 81 ± 6 87 ± 8 82 ± 4 -

PaCO2, mmHg 40 ± 6 41 ± 4 40 ± 11 38 ± 3 -

Values are expressed as mean ± SD
†Significantly different from patients with moderate COPD (p < 0.005)
‡Significantly different from smokers without (w/o) COPD and non-smokers (p < 0.0001)

Fig. 1 Analyses of M1 polarized alveolar macrophages (iNOS+) in the
study cohort. The percentage of M1 (iNOS+) alveolar macrophages
was low in donors and non-smokers, and increased progressively
with smoking and COPD severity. Two ventilated subjects in the
donors group are identified as outliers (circles). Bottom and top of
each box plot, 25th and 75th percentiles; solid line, median; brackets,
10th and 90th percentiles

Fig. 2 Analyses of M2 polarized alveolar macrophages (CD206+) in
the study cohort. The percentage of M2 (CD206+) alveolar
macrophages was low in donors, and increased with smoking and
COPD severity. Two ventilated subjects in the donors group are
identified (circles). Bottom and top of each box plot, 25th and 75th

percentiles; solid line, median; brackets, 10th and 90th percentiles
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present simultaneously in the same alveolar macrophage
(Fig. 4a and c). This finding was further confirmed by
confocal microscopy (Fig. 5) where it could be clearly
observed the co-expression of the two markers in severe
COPD.
In two cases per group, we quantified the percentage

of AM co-expressing both M1 and M2 markers using

confocal microscopic images. We found that the per-
centage of AM expressing both M1 and M2 markers
was 95% (range 89–100) in severe COPD, 63% (range
50–76) in moderate COPD, 35% (range 20–50) in
smokers without COPD and 0 (range 0–0) in donors.
Confocal analysis shows that there are also macro-
phages showing only M1 polarization or only M2
polarization.
Of interest, cessation of smoking significantly decreased

the expression of iNOS but not of CD206 (Additional file
1: Figure S2). Indeed, when all smokers (with and without
COPD) were considered together, ex-smokers had a lower
percentage of iNOS+ AM compared to current smokers
(p = 0.028). However, when analysed separately in the dif-
ferent subject groups, this difference remained statistically
significant only in moderate COPD (p < 0.05) and in
smokers without COPD (p < 0.01), but not in severe
COPD, where the disease is fully established.
The expression of iNOS with smoking exposure and

disease progression increased in parallel with the expres-
sion of TNF-α (r = 0.52; p = 0.002) (Additional file 1: Fig-
ure S3). Similarly, the percentage of CD206+ AM was
paralleled by increased percentage of AM expressing IL-
4 (r = 0.64; p = 0.004) and IL-13 (r = 0.55; p = 0.012)
(Additional file 1: Figure S4 A and B), indicating that
both M1 and M2 AM were likely active in their
functions.
When we examined the relationship between AM

polarization and lung function, we found that the

Fig. 3 Analyses of non-polarized alveolar macrophages (iNOS− and
CD206−) in the study cohort. The percentage of non-polarized alveolar
macrophages (iNOS−CD206−) was high in donors and non-smokers
and decreased progressively with smoking and COPD severity. Bottom
and top of each box plot, 25th and 75th percentiles; solid line, median;
brackets, 10th and 90th percentiles

Fig. 4 Immunohistochemistry of M1 and M2 alveolar macrophages in lung tissue. M1 (iNOS+) and M2 (CD206+) expression in clusters of alveolar
macrophages in consecutive lung sections from a patient with severe COPD (panels a and c) and from a non-smoker (panels b and d). iNOS
immunoreactivity appears as a brown diffuse cytoplasmic granular pattern (panel a), while CD206 immunoreactivity appears as a red linear pat-
tern around the cellular membrane (panel c). In the smoker with severe COPD both M1 (iNOS+) (panel a) and M2 (CD206+) (panel c) immunoreac-
tivity was present in the same cluster of alveolar macrophages. The alveolar macrophages in the non-smoking subject (panels B and D) were
mostly negative for either stains. Immunostaining with anti-iNOS (in brown) and anti-CD206 (in red). Original magnification: X 400
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percentage of AM expressing iNOS was correlated with
the severity of airflow obstruction measured by the FEV1/
FVC% (r = −0.67, p < 0.0001) (Fig. 6). A similar correlation
was observed for CD206+ AM (r = −0.44, p = 0.003).

Discussion
In this study we examined directly in human lung tissue
the pattern of alveolar macrophage (AM) polarization,

classic or alternative, and investigated how this pattern
changes from the normal lung to a progressive inflam-
matory disease, COPD, in which the trigger is known
(cigarette smoking) and the evolution of the disease can
be studied functionally and pathologically. Our results
showed that in healthy lungs most alveolar macrophages
are neither M1 nor M2 and that, as the disease
progresses, AM showed both M1 and M2 polarization
that could be expressed simultaneously in the same
macrophage.
We used the traditional M1 M2 classification (still

widely used in the description of human macrophage
polarization in the lung and other human tissues [9–14,
34–36]) in order to define, in broad terms, the response
of alveolar macrophages in lung tissue to the effects of
smoking and development of COPD. Studies using mice
macrophages and monocyte-derived macrophages have
shown that stimulation in vitro with panels of possible
inflammatory and anti-inflammatory stimuli can trigger
a spectrum of macrophage activation extending the M1
versus M2 polarization model [5]. The application of this
knowledge to humans likely needs a disease model, per-
haps like the one we are describing, in which the actual
AM stimuli at the different stages of the disease can be
explored.
We used iNOS, confirmed by HLADR, to define the

proinflammatory M1 alveolar macrophages as suggested

Fig. 5 Confocal microscopy of M1 and M2 alveolar macrophages in lung tissue. iNOS (M1) and CD206 (M2) expression in clusters of alveolar
macrophages in lung sections from a patient with severe COPD (panel a), a smoker without COPD (panel b) and a non-smoking subject (panel c). iNOS
immunoreactivity appears as a red diffuse cytoplasmic granular pattern (panel a), while CD206 immunoreactivity appears as a green linear pattern
around the cellular membrane. In the smoker with severe COPD, M1 and M2 markers were co-expressed in the same cluster of alveolar macrophages,
while in the smoker without COPD only a reduced co-expression can be observed (panel b). The alveolar macrophages in the non-smoking subject
were mostly negative for both M1 and M2 markers (panel c). Alveolar macrophages were stained with anti-iNOS (red) and anti-CD206 (green). Nuclei
were stained with DRAQ5 (blue). Bars: 10 μm

Fig. 6 Relationship between M1 alveolar macrophages and lung
function. Correlation between percentage of M1 (iNOS+) alveolar
macrophages and FEV1/FVC (%) in all the subjects of the study,
excluding donors who did not have lung function. Spearman rank
correlation r = −0.67 and p < 0.0001

Bazzan et al. Respiratory Research  (2017) 18:40 Page 5 of 8



in the literature [10, 11, 23–27]. Both the macrophage
mannose receptor, CD206, and CD163 are accepted as
M2 markers in humans and have been shown, when used
simultaneously in human dermis, to react similarly in the
recognition of the M2 phenotype [14]. The CD206 was
used for the identification of M2 in our study.
The analysis of our data allowed the direct quantifica-

tion in human lung tissue of alveolar macrophages ex-
pressing either M1 or M2 or no markers of polarization,
and showed how this expression changed with disease
progression. In healthy lungs a high proportion of alveolar
macrophages expressed no markers of either M1 or M2
activation, a finding that might have been expected in view
of the tight control of the state of AM activation exerted
by the alveolar epithelium, which limits unwanted inflam-
matory responses [34]. There has been no consensus
about the state of AM polarization in health, with some
reports describing alveolar macrophages as M1 while
others as M2 [12, 26, 35, 36]. Recently, Desch and co-
workers [37] described, in enzymatic digested lung tissue,
that alveolar macrophages in healthy humans express
CD206. The discrepancy with our findings might be due
to the different techniques used in the two studies, and
mainly to the fact that half of the subjects in Desch study
were smokers or ex-smokers, and we know from the
present study that smoking itself can trigger CD206
expression in alveolar macrophages.
It is believed that loss of ligands for the control of

macrophages activation, like following epithelial damage
during inflammation, will tip the balance towards alveolar
macrophage activation into a proinflammatory M1 pheno-
type. Accordingly, our data show that an acute inflamma-
tory trigger, like mechanical ventilation [33], was able to
promote M1, but not M2 polarization, suggesting that
acute tissue injury induces a prompt proinflammatory M1
phenotype response. With the introduction of a persistent
inflammatory stimulus, cigarette smoking in our case, and
the development of COPD, the proportion of proinflam-
matory M1 AM increases with the severity of the disease.
In favour of the importance of smoking as the trigger for
the proinflammatory M1 polarization is the finding that,
upon smoking cessation, the percentage of AM expressing
M1 decreased significantly. However, this decrease in M1
polarization is only found in smokers without COPD and
smokers with mild COPD but not in smokers with severe
COPD. This might suggest that the increased M1 expres-
sion in severe COPD might be due not only to cigarette
smoking but also to the chronic inflammatory response
characteristic of the disease.
While pathogens or tissue injury will induce the M1

phenotype, homeostatic signals from the local envir-
onment will induce macrophages to adopt phenotypes
linked with tissue remodelling and repair [18], the
complex M2 phenotype [38]. Whichever the signals

are, AM senses tissue damage and develops a M2
phenotype to orchestrate anti-inflammatory and
tissue-repair responses. In donors normal lungs, M2
polarized AM were minimally present but increased
with exposure to cigarette smoking and disease sever-
ity. Of interest, the group of non-smokers who had
surgery for lung tumours, showed an increase in the
percentage of M2 polarization, but only if the tumour
was malignant, suggesting that malignancy might in-
fluence M2 polarization [9, 39]. However, the fact
that the group of smokers with severe COPD (who
did not have lung cancer) had the highest percentage
of M2 AM, suggests that most of the increase of M2
is secondary to smoking and COPD severity. A simi-
lar increase in M2 polarization and up-regulation of
M2 related genes with worsening COPD and no lung
tumour has been previously reported in bronchoalve-
olar lavage [35, 36], indicating that smoking and
COPD severity might be the main triggers to M2
polarization, likely in response to the inflammatory
reaction triggered by the M1.
Our data showed that, in smokers with COPD, the

combined percentage of M1 and M2 AM added to more
than 100%, indicating that some macrophages were ex-
pressing both markers. This possibility was confirmed by
staining of serial sections with M1 and M2 markers and
also by confocal microscopy, suggesting that not only
AM might switch polarization but they could be dually
polarized, expressing simultaneously both M1 and M2
markers. The expression of TNF-α or IL-4 and IL-13 as
indexes of M1 and M2 activity increased along with the
percentage of M1 and M2 AM respectively, indicating
that both phenotypes were likely active in their func-
tions. These data confirm in humans the fact that rather
than distinct, macrophage populations with M1 and M2
signatures do not necessarily exclude each other, but
often coexist as it has been shown in animal models [40]
and in vitro studies [10].
This study examines for the first time the M1 and M2

AM polarization in human lung tissue. We are aware
that the use of M1 and M2 as markers of polarization
is only a broad approach to a much more complicated
macrophage response to stimuli, as seen in animal or in
vitro studies, studies that should be replicated in
humans. For example, due to their location and size,
human AM could be easily collected (or harvested)
from human lung sections in order to study the
polarization response to disease stimuli, using the
newly developed single cell technologies and RNA se-
quencing [16, 41].

Conclusion
In conclusion, resident alveolar macrophages in normal
lungs mostly do not show either M1 or M2 polarization,
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however both M1 and M2 expressions increase with ex-
posure to cigarette smoking and disease severity. The fact
that alveolar macrophages can express simultaneously
both markers of polarization confirms that in humans
macrophage populations with M1 and M2 signatures do
not necessarily exclude each other, but often coexist.

Additional files

Additional file 1: Immunohistochemical and confocal analysis of
alveolar macrophage polarization: Methods and Results. (DOCX 93 kb)
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