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Background: Asthma often coexists with chronic rhinosinusitis (CRS). Recent studies revealed that sinus
inflammation in asthmatic patients was related to eosinophilic inflammation. However, the relationship
between the severity of CRS and four different sputum inflammatory phenotypes as defined by the
proportion of eosinophils and neutrophils is unknown. The aim of this study was to examine the impact
of the severity of CRS on lower airway and systemic inflammation in asthmatic patients.
Methods: We enrolled 57 adult asthmatic patients who underwent sinus computed tomography (CT).
The severity of CRS was evaluated by the Lund-Mackay score (LMS). The induced sputum inflammatory
phenotype was defined by eosinophils (�/<2%) and neutrophils (�/<60%). Peripheral blood mononuclear
cells (PBMC) were collected to examine cytokine productions.
Results: The median LMS of subjects was 6 (interquartile range, 0e11.5). The sputum inflammatory cell
phenotype was categorized as paucicellular (n ¼ 14), neutrophilic (n ¼ 11), eosinophilic (n ¼ 20), or
mixed (n ¼ 12). LMS was positively correlated with the percentage of blood eosinophils, sputum eo-
sinophils, and mean fluorescence intensity (MFI) of IL-5 on CD4þ T cells. In the severe CRS group (LMS, 12
e24), the number of mixed cellular phenotypes was higher than that in the group without CRS (LMS, 0
e4) and mild-to-moderate CRS group (LMS, 5e11).
Conclusions: In asthmatic patients with severe CRS, the proportion of the mixed cellular inflammatory
phenotype was increased as well as eosinophilic inflammation.
Copyright © 2019, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access
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Introduction

Asthma is a chronic and heterogeneous inflammatory disease.
Several disease phenotypes have been identified according to
clinical, physiological, inflammatory, and comorbidity factors.1 In
the biologics era, the inflammatory phenotype is attracting the
most attention. Eosinophilic inflammation, defined as more than
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2e3% eosinophils in sputum, is considered a hallmark of type 2
inflammation. A high number of sputum eosinophils as well as
blood eosinophils predict the efficacy of type 2 immune response-
targeted therapies for asthma.234 In contrast, neutrophilic asthma,
defined bymore than 40e71% sputum neutrophils, is considered to
be one of the refractory phenotypes of asthma.56 Neutrophilic
asthma may be involved in non-type 2 inflammatory processes,
such as type 1 and/or type 17 inflammations and is resistant to
corticosteroids. In addition, the mixed cellular phenotype
composed of increased sputum eosinophils and neutrophils is
recognized as the most severe phenotype. In the severe Asthma
Research Program (SARP) study, patients with a mixed cellular
phenotype had the lowest lung function and increased symptoms
and health care use.7

Co-existing chronic rhinosinusitis (CRS) and asthma have been
well documented for decades. The relationship between adult
onset eosinophilic asthma and CRS with nasal polyp is a typical
observation. More recently, the relationships between the severity
of CRS defined by sinus computed tomography (CT) scanning us-
ing the Lund-Mackay score (LMS) and eosinophilic inflammation
has been documented by several groups.89 On the other hand,
asthma is one of the major factors to predict the severity of
eosinophilic CRS, together with the number of peripheral eosin-
ophils and ethmoid dominant CT findings.10 These observations
demonstrate a mutual relationship between CRS and asthma
consistent with the united airway concept. However, CRS is known
as a heterogeneous disease1112 like asthma, and the heterogeneity
might affect the lower airway inflammation. This raises the
question of whether the CRS identified by CT scanning could be a
useful biomarker to evaluate the phenotype of lower airway
inflammation. Indeed, the relationship between CRS and four
types of airway inflammatory phenotypes (i.e. paucicellular,
eosinophilic, neutrophilic, and mixed cellular phenotypes) is not
fully understood.

Inflammatory mechanisms underlying both diseases are
similar and often connected. Surgical or pharmacological treat-
ment of CRS improves asthma symptoms and pulmonary func-
tion.1314 In addition, the targeting of type 2 inflammation that is
used for severe asthma treatment is being evaluated in clinical
trials for CRS.15,16 IL-5 producing T helper 2 (Th2) cells, are a
subpopulation of Th2 cells and considered to be pathogenic cells
in eosinophilic inflammations. Endo et al. identified this popula-
tion as a “memory-type pathogenic Th2 (Tpath2) cells” and
demonstrated high expression of ST2 (a component of the IL-33
receptor) on their cell surfaces.1718 Mitson-Salazer et al. suc-
ceeded in selecting “IL-5þ pathogenic effector Th2 (peTh2) cells”
as CRTH2þ hematopoietic prostaglandin D synthase (hPGDS)þ

cells or CRTH2þ CD161hi cells in humans.19 Interestingly, Tpath2
cells were increased in nasal polyps of eosinophilic CRS, and
peTh2 cells were increased in the peripheral blood in patients
with eosinophilic gastrointestinal disease and atopic dermatitis.
These observations strongly suggest that the common systemic
inflammatory mechanism regulated by memory CD4þ T cells is
involved in several chronic eosinophilic inflammations. However,
the role of IL-5- producing pathogenic Th2 cells in asthmatic pa-
tients with CRS remains to be documented.

The aim of this study was to investigate the impact of the
severity of CRS on lower airway and systemic inflammation in
asthmatic patients. To address this question, we analyzed induced
sputum in the four subtypes of lower airway inflammation. Sys-
temic inflammation was evaluated by determining the proportion
of cytokine-producing CD4þ T cells among peripheral blood
mononuclear cells (PBMC). The LMS was obtained by sinus CT
findings and related to the inflammatory cells in sputum and blood
together with clinical information.
Methods

Subjects

Fifty-seven adult asthmatic patients were recruited at Nagoya
University Hospital from April 2014 to June 2017. All patients had
been treated with inhaled corticosteroids (ICS) after being diag-
nosed with asthma by pulmonologists and underwent sinus CT.
Sinus CT was recommended to all patients who were needed to be
treated regularly in our hospital. The patients were evaluated by
induced sputum analysis, spirometry, asthma control test (ACT)
score, exhaled nitric oxide fraction (FeNO) (NiOX MINO or NiOX
VERO; Aerocrine, Solna, Sweden), and blood tests. Exclusion criteria
were current smoking, COPD, autoimmune diseases, apparent
bacterial infection, and use of systemic corticosteroids and/or im-
munosuppressants in the preceding four weeks. Part of the data
was analyzed and reported previously.20 All subjects signed
informed consent forms approved by the Ethics Committee of our
institution (number: 2012-0078).
Sputum samples and inflammatory phenotypes

Sputum samples were obtained using an established protocol as
previous reported.20 The percentages of eosinophils and neutro-
phils were evaluated by Diff Quick staining (Sysmex, Kobe, Japan).
Sputum inflammatory phenotypes were defined as: paucicellular
inflammatory phenotype, eosinophils <2% and neutrophils <60%;
neutrophilic inflammatory phenotype, eosinophils <2% and neu-
trophils �60%; eosinophilic inflammatory phenotype, eosinophils
�2% and neutrophils <60%; or mixed cellular inflammatory
phenotype, eosinophils �2% and neutrophils �60%.
Blood samples

PBMC were obtained by using BD Vacutainer CPT tubes (Becton
Dickinson and Co, Franklin Lakes, NJ, USA) according to the man-
ufacturer's protocol. PBMC samples were stained with antibodies to
analyze conventional Th2 cells and the IL-5-producing pathogenic
effector Th2 cells. To examine cytokine production, the cells were
stimulated with 5 ng/mL phorbol 12-mystate 3-acetate (PMA) and
0.5 mg/mL ionomycin overnight and incubated with 1 ng/mL
Brefeldin-A for at least 3 h. The levels of IL-5, IL-6, IL-8, IL-13, IL-17
and IFN-g in plasma samples were evaluated by MILLIPLEX MAP
(EMD Millipore Corporation, Billerica, MA, USA) according to the
manufacturer's protocol.
Flow cytometry analysis

After blocking with Human TruStain FcX™ (BioLegend, San
Diego, CA, USA), cells were stained with anti-CD2-FITC, anti-CD3-
Alexa Fluor, anti-CD4-PE/Cy7, anti-CD14-Brilliant Violet510, anti-
CD161-Brilliant Violet421, and anti-CD294 (CRTH2)-Per/CP5.5
(BioLegend) and fixed. To determine cytokine production, fixed
cells were permeabilized and stained with anti-IL-5-PE, anti-IL-13-
PE (BioLegend) and anti-IL-17-APC (R&D Systems, Minneapolis,
MN, USA). Cells were analyzed using an FACS Canto II (Becton,
Dickinson and Co.), and data were analyzed using FlowJo software
(FlowJo LLC, Ashland, OR, USA). Conventional Th2 cells were
defined as CD3þ CD4þ CD14- CD294 (CRTh2)þ cells and IL-5 pro-
ducing pathogenic Th2 cells were defined as CD3þ CD4þ CD14-

CD294 (CRTh2)þ CD161high cells (Supplementary Fig. 1). Normal-
ized expression of mean fluorescent intensity (MFI) on CD4þ T cells
was calculated as “positive MFIenegative MFI/2 � negative SD”.



Table 1
Study population.

n 57

Study population
Age (y) 60.6 ± 14.7
Femaley 37 (64.9%)
Adult onsety 49 (86.0%)
BMI 25.2 ± 5.1
Ex-smokersy 17 (29.8%)
Atopy (positive IgE RAST) (n ¼ 54)y 35 (61.4%)
FeNO (ppb) (n ¼ 56) 44.0 ± 31.1
ACT (n ¼ 53) 23.1 ± 2.6

Treatment characteristics
ICSy 57 (100%)
LABAy 49 (86.0%)
LTRAy 21 (36.8%)
NCSy 7 (12.3%)

GINA step
step1y 0 (0%)
step2y 6 (10.5%)
step3y 16 (28.1%)
step4y 35 (61.4%)
step5y 0 (0%)
FEV1 (%) 71.5 ± 12.5
FEV1 (% predicted) 89.3 ± 18.4

Sinus CT
Lund-Mackay score (LMS)z 6.0 (0e11.5)

CRS severity
no CRS (LMS:0e4)y 24 (42.1%)
mild-moderate CRS (LMS:5e11)y 19 (33.3%)
severe CRS (LMS:12e24)y 14 (24.6%)

Blood samples
neutrophils (%)z 56.1 (51.4e61.7)
neutrophils (/mm3)z 3542.0 (2651.0e4238.5)
eosinophils (%)z 4.8 (2.9e7.8)
eosinophils (/mm3)z 280.6 (172.0e460.9)
IgEz 289.0 (107.0e767.0)

Sputum samples
neutrophils (%)z 54.0 (31.2e66.3)
eosinophils (%)z 2.5 (1.0e13.5)

Sputum inflammatory phenotype
paucicellular phenotypey 14 (25.9%)
neutrophilic phenotypey 11 (22.2%)
eosinophilic phenotypey 20 (35.2%)
mixed cellular phenotypey 12 (16.7%)

Data presented as mean ± standard deviation (SD).
BMI, body mass index; FeNO, fractional exhaled nitric oxide; ACT, asthma control
test; ICS, inhaled corticosteroid; LABA, long acting b2-agonist; LTRA, leukotriene
receptor antagonist; NCS, nasal corticosteroid; GINA, global initiative for asth-
ma.Atopy definition has at least one of the IgE RAST. (cat, dog, Candida, Aspergillus,
Alternaria, moth, mite, house dust).

y n (%).
z median (interquartile range:IQR).
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Sinus CT

CT images were obtained using an Aquilion 64 scanner (Toshiba,
Tokyo, Japan). Sinus CT was evaluated according to the LMS by
otolaryngologists (N.N. and M.T.). We defined the severity of CRS as
follows: LMS score 0e4, no CRS; LMS score 5e11, mild-moderate
CRS; LMS score 12e24, severe CRS.

Statistical analysis

Data were analyzed by SPSS for MS Windows, version 18.0
(SPSS, Inc, Chicago, IL, USA). Results are given as mean or median
values ± standard deviation (SD) or interquartile range (IQR). CRS
severity and sputum inflammatory phenotypes were compared by
Kruskal-Wallis test, Steel-Dwass test, or Fisher's exact test. Corre-
lation was evaluated by the Spearman rank test. Differences were
considered significant if P values were less than 0.05.

Results

Patient characteristics

Table 1 shows the characteristics of all subjects (n ¼ 57). All
participants were treated with ICS, and seven (12.3%) were treated
with nasal corticosteroids (NCS). The median LMS of all subjects
was six (IQR, 0e11.5). CRS severity was divided into three groups:
24 subjects (42.1%) had no CRS, 19 subjects (33.3%) had
mildemoderate CRS, and 14 subjects (24.6%) had severe CRS. LMS
was composed of six separate sinus scores, i.e. anterior/posterior
ethmoid score, maxillary score, sphenoid score, frontal score, and
osteomeatal complex (OMC) score.11 As depicted in Table 2, each
sinus inflammatory score was graded according to CRS severity.
Note that the sphenoid, frontal, and OMC scores were higher in the
severe CRS group compared to those in the mild�moderate CRS
group.

LMS was related to sputum/blood eosinophils and IL-5 MFI on CD4þ

T cells

To evaluate the impact of CRS on the inflammation of asthma,
we collected induced sputum and blood samples. As previous re-
ports suggest, LMS was positively correlated with the percentage of
sputum eosinophils and the number of blood eosinophils (r ¼ 0.37,
P ¼ 0.01 and r ¼ 0.31, P ¼ 0.02, respectively). We next examined a
possible relationship between LMS and cytokine-producing T cells
in the peripheral blood (Table 3,4). There was no significant cor-
relation between LMS and the number of either pathogenic Th2
cells or IL-5þ CD4þ T cells. However, IL-5 MFI on CD4þ T cells was
positively correlated with LMS (Table 4, Supplementary Fig. 2).
These results suggest that the number of IL-5 producing cells was
not increased but that the potential of IL-5 production by Tcells was
higher in patients with severe CRS and asthma. There was no sig-
nificant correlation between LMS and either IL-13 or IL-17 pro-
duction of CD4þ T cells. In addition, there was no significant
correlation between LMS and the level of IL-5, IL-6, IL-8, IL-13, IL-17
or IFN-g in plasma samples (Supplementary Table 1).

LMS was increased in mixed cellular phenotype

Asthma is known as a heterogeneous disease and was divided in
four inflammatory phenotypes: paucicellular, neutrophilic, eosin-
ophilic, and mixed cellular phenotypes. Thus, we next examined
the relationship between sputum inflammatory phenotype and
LMS (Supplementary Fig. 3, Table 5). Not only the total LMS but also
the ethmoid, maxillary, sphenoid, and frontal scores were higher in
mixed cellular phenotypes compared with those in the paucicel-
lular phenotype.

Mixed cellular phenotype was increased in severe CRS

To explore the applicability of sinus CT scanning in the clinic, we
examined the relationship between the CRS score and sputum in-
flammatory phenotype. As shown in Figure 1, the percentage of
mixed cellular phenotypes was increased in severe CRS compared
with that with no CRS andmild�moderate CRS. These data indicate
that high LMS is involved with not only eosinophilic inflammation
but also mixed type inflammation.

Discussion

In this study, we showed a relationship between LMS and
sputum inflammatory phenotypes in asthma patients. The per-
centage of paucicellular phenotype patients was increased in the



Table 3
Conventional Th2 cells, IL-5þ producing pathogenic Th2 cells and cytokine pro-
duction on CD4þ T cells in 30 asthmatic subjects.

n 30

Blood samples
conventional Th2 cells/PBMC (%) 0.47 (0.21e0.94)
IL-5 producing pathogenic Th2 cells/PBMC (%) 0.07 (0.28e0.15)
IL-5þ CD4þ T cells/CD4þ T cells (%) 0.99 (0.50e2.28)
IL-13þ CD4þ T cells/CD4þ T cells (%) 4.15 (2.22e6.32)
IL-17þ CD4þ T cells/CD4þ T cells (%) 15.88 (1.19e37.54)
IL-5 MFI on CD4þ T cells 15.52 (9.98e17.26)
IL-13 MFI on CD4þ T cells 3.90 (2.58e4.93)
IL-17 MFI on CD4þ T cells 3.41 (2.67e4.94)

Date presented as median (IQR).PBMC, peripheral blood mononuclear cells; Th2, T
helper 2; MFI, positive mean fluorescent intensity (MFI)-negative MFI/2 � negative
SD.

Table 4
Relationship between Lund-Mackay score and inflammatory cells.

r P n

Blood samples
neutrophils (%) 0.07 0.96 57
neutrophils (/mm3) 0.03 0.83 57
eosinophils (%) 0.32 0.02 57
eosinophils (/mm3) 0.31 0.02 57
conventional Th2 cells/PBMC (%) �0.05 0.80 30
IL-5 producing pathogenic Th2 cells/PBMC �0.01 0.96 30
IL-5þ CD4þ T cells/CD4þ T cells (%) �0.19 0.30 30
IL-13þ CD4þ T cells/CD4þ T cells (%) �0.15 0.44 30
IL-17þ CD4þ T cells/CD4þ T cells (%) �0.17 0.36 30
IL-5 MFI on CD4þT cells 0.40 0.03 30
IL-13 MFI on CD4þ T cells 0.01 0.98 30
IL-17 MFI on CD4þ T cells �0.05 0.80 30

Sputum samples
neutrophils (%) 0.03 0.81 57
eosinophils (%) 0.37 0.01 57

Spearman rank correlation coefficient for each datum compared to Lund-Mackay
score. Bold values indicate statistically significant correlations with P < 0.05.
PBMC, peripheral blood mononuclear cells; Th2, T helper 2; MFI, positive mean
fluorescent intensity (MFI)-negative MFI/2 � negative SD.

Table 5
Sputum inflammatory phenotype and Lund-Mackay score.

paucicellular neutrophilic

phenotype phenotype

n ¼ 14 n ¼ 11

LMS total score 0 (0e4.3) 6.0 (0e9.0)
ethmoid score 0 (0e1.8) 2.0 (0e4.0)
maxillary score 0 (0e2.0) 2.0 (0e2.0)
sphenoid score 0 (0e0.3) 0 (0e0)
frontal score 0 (0e0) 0 (0e2.0)
osteomeatal complex score 0 (0e1.0) 0 (0e0)

Date presented as median (IQR). *P < 0.05 as determined by Kruskal-Wallis test. **P < 0

Table 2
Lund-Mackay score and severity of chronic rhinosinusitis.

no CRS mild-moderate CRS severe CRS P

n ¼ 24 n ¼ 19 n ¼ 14

LMS total score 0 (0e0) 8.0 (6.0e11.0)** 13.5 (13.0e14.5)**,*** <0.001*

ethmoid score 0 (0e0) 4.0 (4.0e4.0)** 4.0 (4.0e6.0)** <0.001*

maxillary score 0 (0e0) 2.0 (2.0e2.0)** 2.0 (2.0e2.0)** <0.001*

sphenoid score 0 (0e0) 0 (0e2.0)** 2.0 (1.0e2.25)**,*** <0.001*

frontal score 0 (0e0) 1.0 (0e2.0)** 2.0 (2.0e2.0)**,*** <0.001*

osteomeatal complex score 0 (0e0) 0 (0e2.0)** 4.0 (4.0e4.0)**,*** <0.001*

Date presented as median (IQR). *P < 0.001 as determined by Kruskal-Wallis test. **P < 0.05 as determined by Steel-Dwass test (vs no CRS). ***P < 0.05 as determined by Steel-
Dwass test (vs mild-moderate CRS).
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group without CRS and that of the mixed cellular phenotype was
increased in the severe CRS group. As shown in previous reports,8

the severity of CRS was positively correlated with the number of
blood and sputum eosinophils. In addition, the analysis of four
sputum inflammatory phenotypes revealed a relationship between
high LMS and mixed eosinophilic-neutrophilic inflammation. The
paucicellular phenotype is known as a “benign” asthma phenotype
with better lung function and less frequency of severe refractory
asthma,21 whereas the mixed cellular phenotype was reported to
be the most severe phenotype among the four groups.7 These ob-
servations support the strong involvement of severe CRS in re-
fractory asthma. Indeed, LMS was negatively correlated to FEV1/
FVC (r ¼ �0.371, P ¼ 0.004) in our study population, even though
we analyzed the LMS and induced sputum of stable asthma
patients.

LMS is a widely used CT scoring system to quantify the mucosal
thickening and fluid levels of CRS. LMS is correlated with endos-
copy score, increasing grade of polyposis, and peripheral eosinophil
numbers in CRS patients.2223 In particular, an ethmoid-dominant
shadow is considered to be a marker for eosinophilic CRS. Toku-
naga et al. proposed an ethmoid � maxillary score by LMS as a
factor for the diagnosis of eosinophilic CRS (ECRS) in the Japanese
Epidemiological Survey of Refractory Eosinophilic Chronic Rhino-
sinusitis (JESREC) study.10 Kim et al. clarified that an ethmoid/
maxillary score ratio was higher in the ECRS group and positively
correlated with IL-4, IL-5, and periostin mRNA expression in nasal
polyp.24 As shown in Table 2, the ethmoid score was higher in CRS
(mild-moderate CRS and severe CRS) groups compared with the
group without CRS, though there were no differences in these
scores between mildemoderate CRS and severe CRS groups.
Indeed, 32 out of 33 CRS subjects belonged to the
ethmoid � maxillary group (data not shown). These observations
support a strong relationship between CRS and eosinophilic
inflammation in asthma patients.

Pathogenic CD4þ T cells are being focused on as well as asthma
phenotypes. In previous reports, pathogenic IL-5- producing Th2
cells were increased in nasal polyp tissues of CRS patients17 and
eosinophilic mixed cellular P

phenotype phentype

n ¼ 20 n ¼ 12

8.0 (0.5e12.5) 13.0 (6.5e13.8)** 0.006*

4.0 (0.3e4.0)** 4.0 (2.3e5.0)** 0.007*

2.0 (0e2.0) 2.0 (2.0e2.0)** 0.011*

0.5 (0e2.0) 1.5 (0e2.0)** 0.008*

0.5 (0e2.0) 1.5 (0.3e2.0)** 0.022*

0 (0e3.5) 4.0 (0e4.0) 0.131

.05 as determined by Steel-Dwass test (vs paucicellular phenotype).



Fig. 1. Severity of chronic rhinosinusitis and sputum inflammatory phenotype. Severity of chronic rhinosinusitis (CRS) is determined by Lund-Mackay score (LMS) as follows: LMS
score 0e4, no CRS; LMS score 5e11, mild-moderate CRS; LMS score 12e24, severe CRS. Paucicellular, sputum eosinophils <2% and neutrophils <60%; neutrophilic, sputum eo-
sinophils <2% and neutrophils �60%; eosinophilic, sputum eosinophils �2% and neutrophils <60%; mixed, sputum eosinophils �2% and neutrophils �60%. *P < 0.05 as determined
by Fisher's exact test (no CRS vs. CRS). **P < 0.05 as determined by Fishers exacted test (no CRS þ mild-moderate CRS vs. severe CRS).
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peripheral blood of eosinophilic gastrointestinal disease and of
atopic dermatitis patients.19 This CD4þ T cell subpopulation was
detected in the peripheral blood of our study (Supplementary
Fig. 1), whereas there was no significant correlation between LMS
and the proportion of either IL-5 producing pathogenic Th2 cells or
IL-5þCD4þ T cells in blood. However, the MFI of IL-5 on CD4þ T cells
was positively correlated to LMS. Considered together with
increased blood eosinophils, the IL-5 pathway of type 2 inflam-
mation may play a pivotal role in asthma with high LMS. In this
regard, biologics targeting IL-5 are a promising therapy for asthma
with severe CRS.

The mechanism underlying the mixed cellular inflammation of
asthma is obscure. Several observational studies suggest that
corticosteroid therapies induce eosinophil apoptosis and may
enhance neutrophilic inflammation.25,26 However, in our study
population, all patients were treated with ICS but not systemic
corticosteroid for more than two months, therefore mixed cellular
inflammation did not appear as a consequence of therapy. In high
LMS patients, sphenoid, frontal, and OMC scores were significantly
higher as well as ethmoid and maxillary scores (Table 2). Although
the involvement of each cavity in either CRS phenotype or asthma
phenotype is not well described, the complexity of upper airway
inflammations may account for the difference in sputum inflam-
matory phenotypes. Neutrophilic inflammation is induced by
environmental factors such as air pollution, cigarette smoke, or
infectious agents.2728 For example, colonization by pathogenic
airway bacteria is related to the number of neutrophils in induced
sputum of severe asthma.29 Furthermore, the lower airway
microbiota composition is different according to the inflammatory
phenotype. Taylor et al. observed a high abundance of Haemophilus
andMoraxella taxa in severe neutrophilic asthma and Streptococcus,
Gemella, and Porphyromonas taxa in severe eosinophilic asthma.30

In addition, a diversity of microbiota in the sinus may be involved
in the CRS phenotype and surgical outcome.31,32 Taken together,
severe CRS patients may have more complex microbiota associated
with inflammatory conditions in upper and lower airways.

Three limitations of this study should be addressed. First, sinus
CT scans were not performed in all asthmatic patients in our
outpatient clinic. We cannot deny the possibility of having analyzed
selected patients who had some nasal symptoms. However, LMS
was reported to not be related with “subjective” symptoms.23

Indeed, there was no significant correlation between the score of
Sino-Nasal Outcome test (SNOT-22) and LMS in our study popula-
tion (r ¼ �0.12, p ¼ 0.51). Secondly, we did not examine CRS
phenotypes from the viewpoint of either inflammatory cells or
microbes. As shown in Supplementary Table 1, there was no sig-
nificant correlation between LMS and any cytokine levels in plasma.
It suggests the importance to evaluate local inflammation for
classifying phenotypes as previous reported.33 Since JESREC score
was established to predict ECRS without pathological samples in
Japanese population, we tried to assess CRS phenotypes using this
system. However, JESREC score was well correlated with LMS in our
study and mixed cellular phenotype tended to increase in high
JESREC score group (Supplementary Fig. 4, Supplementary Fig. 5).
In addition, the number of neutrophils in tissues were not evalu-
ated in JESREC study, whereas neutrophils were infiltrated into the
eosinophilic nasal polyps in previous report.34 Thus, further studies
are needed to be elucidate the biological relationship between
upper and lower airway diseases. Thirdly, this study was performed
at a single institute in Japan. It is well known that the phenotype of
CRS is different according to the demographic area of the
world.35,36 Type 2 inflammation is predominant in CRS with nasal
polyp in European patients but not in Chinese patients. Several
studies indicate that inflammatory phenotype of CRS of Japanese
patients is similar with that of European patients.3637 Thus, the bias
of demographic area should be considered in the interpretation of
our data.

In summary, we demonstrated a relationship between the
severity of CRS and asthma inflammatory phenotypes. The per-
centage of the mixed inflammatory phenotype was increased as
well as systemic eosinophilic inflammation in asthma with severe
CRS. The evaluation of sinus cavities using CT scoring system could
be one of the useful clinical assessments for management of severe
asthma.
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