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Purpose: Asthma causes a substantial morbidity and mortality burden in children and the
pathogenesis of childhood asthma is not completely understood. Macrophages are hetero-
geneous with divergent M1/M2 polarization phenotypes in response to various stimulations
during the inflammatory process. We aimed to investigate the pattern of macrophage
polarization and its association with severity and exacerbation in asthmatic children.
Patients and Methods: Normal and asthmatic children aged 4-18 years were enrolled for
12 months. Children with asthma were further subgrouped according to their severity and the
requirement for hospitalization during exacerbations. Clinical data were obtained from
medical records. Peripheral blood samples were collected to analyze macrophage polariza-
tion, including M1, M2, and subsets, by flow cytometry.

Results: Fifty-one asthmatic cases and 27 normal controls were included in this study. The
level of PM-2K'CD14" but not PM-2K'CD14" was decreased in asthmatic children. The
levels of M2a (CCR7 CXCRI1"), M2b (CCR7 CD86"), and M2c (CCR7 CCR2") subsets,
but not M1 (CCR7"'CD86"), were increased in asthmatic children. The levels of M1 were
decreased, but the levels of M2c¢ were increased, in children with moderate asthma compared
to those with mild asthma. The levels of PM-2K'CD14"
decreased, but the M2c subset cells were increased in asthmatic children requiring hospita-

cells and M1 subsets were

lization during exacerbations.

Conclusion: Macrophage polarization may be involved in the pathogenesis of childhood
asthma and is a potential biomarker of childhood asthma disease severity.

Keywords: M2 macrophage polarization, asthma severity, asthma exacerbation, childhood
asthma hospitalization

Introduction

Asthma and allergic diseases are the most common chronic inflammatory diseases
in children, causing a substantial morbidity and mortality burden. In severe cases,
the symptoms are frequently not controlled, even with intensive guideline-based
therapy.! There is still a lack of complete understanding of the pathogenesis of
asthma. Therefore, biomarkers for the evaluation and intervention of severe asthma
in children are needed.

CD 14 is a glycoprotein strongly expressed on the cell surface of monocytes and
macrophages and it plays a critical role in the activation of innate immune activity and
the Toll-like receptor (TLR) signaling pathway.” Previous research revealed that
human monocytes were identified as classical monocytes (high CD14 expression)
and nonclassical monocytes (low CD14 expression). Classical monocytes promote
innate immune responses such as phagocytosis, cell adhesion, and migration, whereas
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nonclassical monocytes mediate primarily complement and
with
Monocyte-derived macrophages are believed to be impor-

Fc gamma-mediated phagocytosis adhesion.?
tant in the asthmatic airway, although their mechanisms of
action remain to be defined.* Macrophages dynamically take
part in the initial stage of inflammation and the late stage of
resolution.”® To identify mature tissue macrophages and
distinguish macrophages from other monocyte-derived cell
populations, PM-2K was recently developed as a marker for
the culture of human macrophages.” The validity of PM-2K
as a marker of macrophages has been proven in alveolar
macrophages isolated from human lung biopsy samples.’
I In response to pathogen and allergen stimulation, alveolar
macrophages are polarized into classically activated macro-
phages (M1 cells) and alternatively activated macrophages
(M2 cells). M1 cells express proinflammatory cytokines
such as TNF-a and IL-1 to induce lung inflammation and
tissue damage. M2 cells can be further divided into M2a,
M2b, and M2c subsets in different microenvironments. M2a
cells produce the allergy-related cytokines IL-4 and IL-13,
whereas M2c cells produce the anti-inflammatory cytokine
IL-10.%° M2a and M2c cells are involved in the initiation,
inflammation resolution, and tissue remodeling in the var-
ious stages of asthma.'® Our previous study showed that the
patterns of circulating macrophage polarization in peripheral
blood are associated with the severity, lung function, and
control status of adult asthma patients."'

Currently, it is known that the pathogenesis, pheno-
types, and factors associated with severity are quite differ-
ent between childhood and adult asthma.'> However, the
roles of circulating macrophages and their subsets, M1 and
M2 macrophages, in the pathogenesis of childhood asthma
remain unclear. In the present study, we revealed, for the
first time in the literature, that circulating macrophages
and their subsets M1, M2a, M2b, and M2c are associated
with severity as well as exacerbations that require hospi-
talization of children with asthma.

Materials and Methods
Study Population and Isolation of

Monocytes

The study population enrolled patients with childhood asthma
from the outpatient departments of 3 hospitals belonged to
Kaohsiung Medical University including one medical center
(Kaohsiung Medical University Hospital) and two community
hospitals (Kaohsiung Municipal Ta-Tung Hospital; Kaohsiung
Municipal Hsiao-Kung Hospital) in southern Taiwan. Patients

who met the following inclusion criteria were eligible for
enrollment: 1. under the age of 18 years of age, and 2.
physician-diagnosed asthma. Physicians’ diagnosis of asthma
and its severity were made according to an operational descrip-
tion suggested by the Global Initiative for Asthma (GINA)
guidelines. Patients with other serious systemic diseases, such
as congenital heart diseases, neuromuscular disorders, or auto-
immune diseases, were excluded. Normal subjects were
enrolled from among children who visited the outpatient
department for routine health examinations or vaccination.

The severity of asthma and asthma exacerbations were
defined according to step therapy in the Global Initiative
for Asthma (GINA) guidelines, as in our previous studies.
Patients receiving step 1 and 2 therapy were defined as
having mild asthma, whereas patients receiving step 3
therapy were defined as having moderate asthma. The
criteria for hospitalization for patients with asthma exacer-
bation at the emergency department (ED) or outpatient
department (OPD) were based on the suggestions from
the guidelines for inpatient treatment during asthma
exacerbations. The flowchart of the patient enrollment
criteria is summarized in Figure 1.

The protocol was approved by the Institutional Review
Board of Kaohsiung Medical University Hospital
(KMUHIRB 20130037). All participants provided their
written informed consent signed by their parents or legal
guardians. This study was conducted in accordance with the
Declaration of Helsinki. After informed consent was
obtained, peripheral blood samples were obtained from the
healthy individuals and asthmatic patients. Nested case-
control comparisons were implemented, depending on the
availability of the respective samples at the time of analysis.

Flow Cytometry

A multicolor flow cytometric method was established to
identify and distinguish circulating macrophages, which
were defined by the expression of PM-2K in the Ficoll-
isolated peripheral blood mononuclear cells (PBMCs) of
study patients; appropriate isotype controls were used.
PBMCs were sequentially stained with human Fc receptor
binding inhibitor (eBioscience), purified anti-macrophage
antibody (PM-2K, Serotec), and anti-mouse IgG-FITC.
After washing, the cells were stained with purified anti-
CXCRI1 antibody (eBioscience) followed by anti-mouse
IgG-Qdot 585 (Thermo Fisher Scientific, Waltham, USA).
After another wash, the cells were stained with CD3-Pacific
blue (UCHL1, BD Biosciences, San Jose, CA, USA), CD19-
Pacific blue (HIB19, eBioscience), CD14-PE/Cy7 (61D3,
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No hospitalization
during exacerbation

(N=16)

Figure | Flow chart of patient enrollment.

eBioscience), CCR7-APC (Miltenyi Biotec, Bergisch
Gladbach, Germany), CD86-PerCP (B7-2, BioLegend,
California USA), CCR2-PE (K036C2, BioLegend), and the
appropriate isotype controls in PBS containing 0.5% fetal
bovine serum. The samples were run on an LSRII flow
cytometer (BD Biosciences, San Jose, CA) and analyzed
using FlowJo software (Tree Star, Inc., Ashland, OR).
Representative flow cytometry plots are shown for several
groups, including healthy children, children with mild
asthma, and children with moderate asthma (Figure 2).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(Version 5, GraphPad Prism Software, Los Angeles, CA,
USA). The Mann—Whitney U-test was used to determine the
difference between normal subjects and patients. The Kruskal—
Wallis test with post hoc Dunn’s multiple comparison test was
used to determine the differences between subgroups of
patients.

Results
In the case-control study population, 51 asthmatic children
and 27 normal controls were enrolled. There was no

significant difference in age or sex distribution between

the cases and controls (Table 1).

Phenotypic Characterization of
Circulating PM-2K" Subsets in Peripheral
Blood Mononuclear Cells (PBMCs)

To examine the heterogeneity of the circulating PM-2K "
macrophages, we chose markers including CD14 (mono-
cyte/macrophage axis), CD86 (maturation marker), and
CCR7 (homing receptor). In the staining pattern, 10° live
macrophage cells were acquired first, and then these cells
were gated by forward and side scatter properties as Gate
1. We observed that PM-2K " cells could be divided into
two subsets based on their CDI14 expression (PM-
2K'CDI14" and PM-2K'CD14  subsets); therefore, we
separated the above cells into three groups: nonT and
nonB (CD3 CD19") cells (Gate 2), PM-2K"'CD14" macro-
phages (Gate 3), and PM-2K'CDI14  macrophages
(Gate 4). We further divided these macrophages into four
groups against the fluorescence minus one (FMO) control
as follows: M1 cells (CCR7'CD86"), M2a cells
(CCR7 CXCRI1"), M2b cells (CCR7 CD86"), and M2c
cells (CCR7 CCR2").
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Figure 2 Identification of circulating PM-2K+ cells in peripheral blood and the subsets using a multi-color flow cytometric method by different gating strategies and
a combination of fluorochrome-conjugated antibodies. Representative flow cytometry plots were shown from a healthy group, mild asthma group, and moderate asthma
group respectively.

The Levels of PM-2K™ Cells in Peripheral The Levels of the M| Macrophage Subset
Blood Were Decreased in Asthmatic Were Similar in the Peripheral Blood of

Children Asthmatic and Normal Healthy Children

As shown in Figure 3, the levels of PM-2K'CD14" macro- ~ We next investigated whether the pattern of macrophage
phages (Figure 3A), but not PM-2K'CD14™ macrophages  polarization was different in asthmatic and normal healthy
(Figure 3B), were significantly decreased in asthmatic chil-  children. Macrophages expressing CCR7+CD86+ cells
dren in comparison to those in normal healthy children. were defined as the M1 subset according to our previously
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Table | Baseline Characteristics of Control and Asthmatic Children
Control (N= 27) Asthma Case (N=51) P value
Gender 0.070
Boy 9 (33.3%) 28 (51.0%)
Girl 18 (66.7%) 23 (48.9%)
Age 0.086
Mean, yr (xSD) 893 (£2.63) 7.65 (+3.80)
Asthma Severity Mild Moderate *0.011
Boy 12 (23.5%) 16 (31.4%)
Girl 18 (35.3%) 5 (9.8%)
Asthma mean age 0.208
Mean, yr (xSD) 8.17 (x4.43) 6.90 (x2.61)
IgE level 0.0797
KU/L 383.2 1043
Hospitalization No Yes 0.051
Boy 16 (31.4%) 12 (23.5%)
Girl 19 (37.3%) 4 (7.8%)
Age 0.076
Mean, yr (xSD) 829 (4.11) 6.25 (£2.62)
Asthma Treatment Mild Moderate
Montelukast Il (21.6%)
Low dose ICS 4 (7.8%)
Montelukast + ICS 16 (31.4%)
LABA+ICS 5 (9.8%)

Notes: *Represent p < 0.05. Data were expressed as mean + standard deviation (SD).

Abbreviations: ICS, inhaled corticosteroids; LABA, long-acting beta-agonist.

published study.® As shown in Figure 3, we found that
there was no difference in the levels of the M1 subset in
both PM-2K"'CD14" cells (Figure 3C) and PM-2K'CD14~
cells (Figure 3D) between asthmatic and normal healthy
children.

The Levels of M2 Subsets of PM-2K

+CD |4+ Macrophages, Including M2a,
M2b, and M2c Macrophages, Were
Increased in Asthmatic Children

In contrast to the results of the M1 subset, the levels of
M2a (CCR7 CXCRI17; Figure 4A), M2b (CCR7 CD86";
Figure 4B), and M2c (CCR7 CCR2"; Figure 4C) subsets
of PM-2K'CD14" macrophages were significantly higher
in asthmatic children. However, the levels of M2a, M2b,

and M2c subsets of PM-2K"CD14~ macrophages were not
significantly different between asthmatic and normal
healthy children (Figure 4D-F).

Macrophage Subsets Discriminated the
Severity of Asthmatic Children

Next, we investigated whether the levels of macrophage
subsets are different in asthmatic children with varying
severity. The levels of PM-2K'CD14" (Figure 5A) and
PM-2K'CDI14" (Figure 5B) macrophages were not sig-
nificantly different between mild and moderate asthmatic
children. Interestingly, the levels of the M1 subsets of
both PM-2K'CDI14" (Figure 5C) and PM-2K'CDI14"
(Figure 5D) macrophages were significantly decreased
in children with moderate asthma in comparison to
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Figure 3 PM-2K*CD14"/PM-2K*CD 14~ macrophage and their M| subset in asthmatic and healthy children. (A) The levels of PM-2K*CD 14" macrophage were decreased in
asthmatic children. (B) The levels of PM-2K*CD 14~ macrophage were not different between asthmatic and healthy children. (C) The levels of PM-2K*CD 14" M| subset
were not different between asthmatic and healthy children. (D) The levels of PM-2K*CD14~ M| subset were not different between asthmatic and healthy children.

**Represent p < 0.01. Data were expressed as mean * standard deviation (SD).

those in children with mild asthma. Regarding the M2
subsets, the levels of M2c (Figure 5G) but not M2a
(Figure 5E) or M2b (Figure 5F) in PM-2K'CD14"
macrophages were significantly increased in children
with moderate asthma in comparison to those in children
with mild asthma. Similarly, regarding M2 subsets in
PM-2K'CD14~ macrophages, only the levels of M2c
(Figure 5J) were significantly increased in children with
moderate asthma in comparison to those in children with
mild asthma. In contrast, the levels of M2a (Figure 5H)
were borderline decreased in children with moderate
asthma in comparison to those in children with mild

asthma.

Macrophage Subsets Discriminated
Against Asthmatic Children Requiring

Hospitalization During Exacerbation

Based on the findings that the levels of macrophage sub-
sets were associated with severity in asthmatic children,
we investigated whether the levels of macrophage subsets
in asthmatic children were associated with the requirement
for hospitalization during asthma exacerbations.
Interestingly, we found that the level of PM-2K'CD14"
(Figure 6A) was decreased in asthmatic children requiring
hospitalization during exacerbations. Moreover, the levels
of the M1 subsets of both PM-2K'CD14" (Figure 6C) and
PM-2K'CD14~ 6D) were

(Figure macrophages
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Figure 4 PM-2K*CD14"/PM-2K*CD 14~ macrophages M2 subsets in asthmatic and healthy children. The levels of PM-2K*CD 14" macrophage subsets M2a (A), M2b (B),
and M2c (C) were increased in asthmatic children. The levels of PM-2K*CD 14~ macrophage subsets M2a (D), M2b (E), and M2c (F) were not significantly different between
asthmatic and healthy children. *Represent p < 0.05, **Represent p < 0.01, and **Represent p < 0.001. Data were expressed as mean * standard deviation (SD).

significantly decreased in asthmatic children requiring hos-
pitalization. Regarding M2 subsets, the levels of M2c
(Figure 6G), but not M2a (Figure 6E) or M2b
(Figure 6F), of PM-2K"CD14" macrophages were signifi-
cantly increased in asthmatic children requiring hospitali-
zation during exacerbations. Similarly, only the levels of
M2c (Figure 6J) but not M2a (Figure 6H) or M2b
(Figure 6I) in PM-2K'CD14~ macrophages were signifi-
cantly increased in asthmatic children requiring hospitali-
zation during exacerbations.

The Levels of M2c Subsets in Both PM-
2K*CD14" and PM-2K'CD 14"
Macrophages Were Increased in Patients
with Higher IgE Levels

IgE is critically involved in allergic asthma in children. We
next investigated the association between IgE and macro-
phage subsets in children with asthma. As shown in

Figure 7, we found that the levels of M2c in PM-
2K'CD14" (Figure 7G) and PM-2K'CD14~ macrophages
(Figure 7J) but not other subsets were increased in patients
with higher IgE levels.

Discussion

Childhood asthma is considered to be a specific phenotype
with a predominant T-helper (Th) type 2 immune reaction
and inflammation.'? In the present study for the first time
in the literature, we found that the pattern of macrophage
polarization was altered in children with asthma, and the
polarization subsets M1/M2 distinguished the severity of
asthma. Furthermore, the specific subsets of macrophage
polarization were associated with the requirement for hos-
pitalization during asthma exacerbations. These findings
suggest the key role of macrophage polarization in the
pathogenesis of childhood asthma and the possible clinical
applications of these findings as useful biomarkers in the
management of childhood asthma.
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Figure 6 PM-2K*CD14"/PM-2K*CD14~ macrophages and their subsets in asthmatic children requiring hospitalization during exacerbation. The levels of PM-2K*CD 14"
macrophages (A) were decreased while PM-2K*CDI14  macrophages were increased in asthmatic exacerbation children requiring hospitalization. The levels of PM-
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Lung macrophages link both innate and adaptive

immune responses in allergic airway inflammatory
responses and have been suggested to play critical roles
in the pathogenesis of asthma. Immunohistochemically,
PM-2K recognizes most tissue macrophages in lymphor-
eticular organs such as the thymus, spleen, lymph node,
and tonsil."* Since macrophages are involved in the patho-
genesis of asthma, our study provided a rational approach
to investigate the pathogenesis of asthma by studying PM-
2K-positive circulating macrophages in children with
asthma. In the present study, we found that the percentage
of PM-2K'CD14" cells but not PM-2K'CD14 " cells was
decreased in children with asthma. In addition, M2 subsets
of PM-2K'CD14" cells were increased in children with
asthma. Moreover, the levels of M1 and M2c distinguished
the severity of asthma and predicted the need for hospita-
lization during an asthma exacerbation. These findings
suggested dynamic changes between circulating and tissue
macrophages in contributing to and regulating local
inflammation in the airways of children with asthma.

In previous animal asthma models, lipoprotein-
associated phospholipase A2 (Lp-PLA2) gene knockout
mice revealed that inflammatory responses induced by
airway allergen sensitization were significantly decreased,
which may contribute to increased IL-10 production and
M2c¢ macrophage polarization.'*'* In contrast, in surfac-
tant protein A (SP-A) gene knockout mice, the inflamma-
tory response after exposure to allergens was significantly
increased due to high IL-13 expression with M2a macro-
phage polarization.'® Hence, the level of M2c macro-
phages could be utilized as a marker in chronic
inflammatory lung disorders such as asthma, both for dis-
ease severity and in guiding the treatment strategy.'” In
contrast to M2a cells, M2c cells have an anti-inflammatory
ability due to greater IL-10 expression involved in the
resolution of lung inflammation and initiating tissue repair
by releasing IL-10. Therefore, M2c cells can be considered
a significant macrophage subset to participate in initiating
inflammation resolution, and these processes may occur by
upregulating CD163 and CD206."”

In the present study, we revealed that increased circu-
lating M2c subsets were closely associated with not only
the severity but also the requirement for hospitalization
during asthma exacerbations. For the first time in the
literature, this study proved the role of M2c subsets in
human subjects. Exposure to pathogens or allergens alters
the microenvironment in the tissue and leads to the polar-

ization of macrophages, depending on a variety of

cytokines produced by lung epithelial cells and innate
immune cells.'® After polarization, these macrophage sub-
sets express various cell surface markers and cytokines/
chemokines. For example, under LPS, IFN-r, and GM-
CSF stimulation, macrophages are polarized to the Ml
subset, producing proinflammatory Th1 cytokines and che-
mokines with a predominant role in pathogen clearance
and tissue damage.” With the stimulation of IL-4/IL-13,
macrophages are polarized to the M2a subset, activating
Th2 cells and recruiting eosinophils into the lungs and
they are involved in allergic inflammation.'"® The M2b
subset can be elicited upon the stimulation of IL-1R
ligands, immune complexes, and LPS, while M2c can be
induced upon the stimulation of IL-10, TGF-B1, and glu-
cocorticoids. M2c exerts an anti-inflammatory function
during recovery, and both M2b and M2c predominantly
participate in tissue remodeling and fibrosis.*°

In our present study, we found that all M2 subsets
including M2a, M2b, and M2c subsets were increased in
asthmatic children in comparison to those in normal chil-
dren. Moreover, the levels of increased M2a and M2c
subsets were positively related to the severity, and the
level of increased M2c subsets predicted the need for
hospitalization during asthma exacerbations. While the
M1 subset was not changed in asthmatic children, the
M1 subset was significantly decreased in asthmatic chil-
dren with moderate severity compared to asthmatic chil-
dren with mild severity, and the degree of decrease of the
M1 subset also predicted the need for hospitalization.
These data suggested that the allergic immune response
plays a critical role in the pathogenesis of childhood
asthma, and impaired balance and regulation between not
only local but also circulating M1 and M2 subsets may
exist in asthmatic children.

It is known that asthma is a heterogeneous disease that
varies considerably across the life course and shows dif-
childhood-onset
courses.'” For example, childhood asthma is known for

ferences between and adult-onset
its male predominance before puberty, high remission rate,
and rare mortality. Adult asthma is known for its female
predominance, low remission rate, and relatively higher
mortality. Childhood asthma and adult asthma share dif-
ferent factors associated with severity. Interestingly, in
comparison to our previous work exploring circulating
macrophages in asthmatic adults,'' PM-2K'CD14 and
PM-2K'CD14" cells were predominantly decreased in
asthmatic adults, while only PM-2K'CD14" cells were

decreased in asthmatic children, as also shown in the
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present study. The imbalance between M1 and M2 subsets
is also quite different. In the present study, an increased
M2 subset was found in asthmatic children, and the levels
of increased M2/decreased M1 subset were related to the
severity and the need for hospitalization. Very interest-
ingly, these findings were in contrast to our previous
work in asthmatic adults, where the M1 subset was
increased and the M2 subset was decreased, and the levels
of increased M1/decreased M2 subsets were positively
correlated with severity.

In addition, previous research has revealed that ele-
vated IgE levels were found in patients with atopic status,
as it provides a linkage between antigen recognition and
the effector function of acute-phase inflammatory cells
such as mast cells and basophils. IgE plays an important
role in the allergic inflammatory pathogenesis of bronchial
asthma; therefore, it can be considered a cause of allergic
asthma.?""** In the present study, elevated IgE levels were
positively associated with the M2c¢ subset. Currently, little
evidence suggests that IgE antibodies may activate and
recruit macrophages toward tumors, but little is known
about the effects of IgE IgE-Fce-receptor interactions on
the downstream effects of macrophage polarization.”® The
observation of elevated M2c levels in patients with ele-
vated IgE indicates a need for further studies of the inter-
action between IgE and macrophage polarization.

Conclusion

The findings of the present study suggest that the use of
multicolor flow cytometry with a small amount of periph-
eral blood to obtain the levels of circulating macrophages
and their subsets can discriminate the severity of asthma
and the requirement for hospitalization during exacerba-
tions in children with asthma. These findings offer a new
approach for further understanding the pathogenic
mechanisms of childhood asthma and may be useful to
study other childhood immune diseases associated with
macrophages. M2c subsets, as a potential biomarker for
clinical applications, requires further investigation in an
expanded study population to test the clinical utility of

these findings.
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