
Mast cell subtypes in induced sputum relate to inflammatory 

phenotypes and steroid response of asthma 

 

Gang Wang 
1, 2

, MD, PhD, Katherine J. Baines 
1*

, PhD, BBiomedSci (Hons), Juan 

Juan Fu 
2
, MD, Lisa G Wood 

1
, PhD, Jodie L Simpson 

1
, PhD, Vanessa M McDonald 

1
, PhD, Douglas C. Cowan 

3
, PhD, D. Robin Taylor 

3
, DSc, Jan O. Cowan 

3
, Peter G. 

Gibson
1, 2

, MBBS, FRACP. 

 

Supporting Information 

METHODS 

Hypertonic saline challenge test and bronchial sensitivity and reactivity indices 

Hypertonic saline (4.5%) was delivered by ultrasonic nebulizer (ULTRA-

NEB
TM

, DeVibiss, Model 2000, USA) according to standard protocols [E1, E2]. 

During the challenge test, the nebulizer output was kept constant, and the dose of 

saline increased by successively doubling the inhalation time as follows: 0.5, 1, 2, 4, 

and 8 minutes. Spirometry (KoKo PD Instrumentation, Louisville. CO, USA) was 

used to measure FEV1 at baseline and 1 minute after each dose. The next dose was 

then administered immediately. The challenge was stopped when the FEV1 fell ≥15% 

or the challenge test protocol finished. The total dose of the saline delivered to the 

inspiratory port was measured by weighing the nebulizer canister and the tubing 

before and after the challenge.  

Dose-response curves were plotted for each challenge test as the percentage fall 

in FEV1 against the dose of hypertonic saline on a log scale and were characterized by 

sensitivity (dose of 4.5% saline that produced a 15% fall in FEV1, PD15) and their 

slope. Dose-response slope (DRS) was summarized as the expression: percentage 

decline in FEV1/dose, where percentage decline in FEV1 was defined as the decline in 

FEV1 from postdiluent baseline values after the final saline dose was administered 

and dose was defined as the final cumulative dose administered [E3]. The continuous 

index of responsiveness (CIR) was determined as the logarithm of the percentage 

decline from the postdiluent baseline FEV1 after the last dose of saline per unit dose 

of saline (mL) [E4].  

Sputum analysis, and asthma subtype classification 

For inflammatory cell counts, selected sputum was dispersed by using 

dithiothreitol, and a total cell count viability was performed. Cytospins were prepared 



and stained (May-Grunwald Giemsa), and a differential cell count was obtained from 

400 nonsquamous cells. For gene expression microarray analysis, 100 μL selected 

sputum was added to Buffer RLT (Qiagen Hilden, Germany) and stored at -80 until 

RNA extraction.  

The granulocyte cut-off values used were 3% for sputum eosinophils and 61% 

for sputum neutrophils [E5, E6]. Participants with a sputum eosinophil count of ≥3% 

alone were classified as having EA, those with sputum eosinophils >3% and sputum 

neutrophils >61% were classified as having MGA, participants with sputum 

neutrophils >61% and sputum eosinophils <3% were classified as having NA and 

those with sputum eosinophils <3% and sputum neutrophils <61% were classified as 

having PGA. In term of two categories, participants with a sputum eosinophil count of 

≥3% were classified as having EA, otherwise as NEA.  

Whole-genome gene expression microarrays and identification of mast cell 

subtypes 

RNA was extracted from induced sputum samples by using the RNeasy Mini Kit 

(Qiagen, Hilden, Germany) and quantitated by using the Quant-iT RiboGreen RNA 

Quantitation Assay Kit (Molecular Probes Inc, Invitrogen, Eugene, Ore) per 

manufacturers’ instructions. A total of 500 ng RNA was reverse-transcribed into 

cRNA and biotin-uridine-5’-triphosphate labeled by using the Illumina TotalPrep 

RNA Amplification Kit (Ambion, Austin, Tex). A total of 750 ng cRNA was 

hybridized to the Illumina Sentrix HumanRef-8 Version 2 Expression BeadChips and 

scanned by using the Illumina Bead Station and captured using BeadScan 3.5.11 

(Illumina, San Diego, Calif). Samples and gene profiling results were included in the 

analysis if the sample was of suitable purity (OD 260/280 1.7-2.1) and was 

successfully amplified (sufficient cRNA generated) and hybridized (95
th

 percentile of 

fluorescence score >500) and the data passed quality controls in GeneSpring GX 

(correlation coefficients and principle component analysis plots; Agilent 

Technologies, Santa Clara, Calif).  

Quantitative real-time PCR validation 

Sputum RNA (200 ng) was reverse-transcribed to cDNA by using the high-

capacity cDNA reverse transcription kit (Applied Biosystems). Taqman qPCR primer 

and probes were purchased in kit form and combined with Taqman gene expression 

master mix per the manusfacturer’s instructions in duplicate singleplex real-time 

PCRs (7500 Real Time PCR System; Applied Biosystems). Statistical analysis was 

performed on ΔCt (change in cycle of threshold of the target compared to the 



housekeeping gene β–actin). Fold changes results were calculated by using 2
-ΔΔCt

 

relative to both β–actin and the mean of the relevant group.  

 

Statistical analysis 

Clinical and cell count data were analyzed using Stata 11.1 (Stata Corporation, 

College Station, Texas, USA) and reported as mean (SD) for normally distributed data 

and median (Q1, Q3) for non-parametric data. Statistical comparisons were performed 

using the multiple comparison ANOVA test parametric data (P<0.05 considered 

significant) with post-hoc tests between the three groups adjusting for multiple 

comparisons using the Bonferroni method. The Kruskal-Wallis test was applied to 

non-parametric data (P<0.05 considered significant) with the post-hoc Kruskal-Wallis 

test adjusted for multiple comparisons between groups.  

Whole genome gene expression data were exported using Genome Studio 

(Illumina) and analyzed using GeneSpring GX11 (Agilent Technologies, Santa Clara, 

USA). These data were log-transformed, normalized and baseline converted to the 

median of all samples. Data were filtered and only genes flagged as present (P<0.01 

detection value) in all samples were included in the further analysis. Differential gene 

expression between MC phenotypes was determined using ANOVA with Tukey HSD 

post-hoc testing (P<0.05 adjusted for multiple comparisons using Benjamini 

Hochberg false discovery rate) and fold change >1.5 in at least 1 of the 3 MC 

phenotype comparisons.  

The asthma phenotype with airway eosinophilia included EA and MGA. 

Therefore, two multiple logistic regression models with predictors of airway 

eosinophilia (Model 1: EA vs. non EA [NA and PGA]; Model 2: EA and MGA vs. 

non EA [NA and PGA]) were established to determine the significance of the 

associations between MC biomarkers and airway eosinophilia or EA. Univariate 

analyses were first conducted for age, atopy, BMI, FENO, FEV1% predicted, ACQ 

score, ICS dose, DRS, and MC biomarkers (TPSAB1 and CPA3). Any variable 

significant at P < 0.10 was entered into a multiple logistic regression model. Results 

for the models are presented with odds ratios (OR) and 95% confidence intervals (CI).  

RESULTS 

Real-time PCR validation and correlations 

Microarray results of the TPSAB1, CPA3, CMA1, HDC, CD1A, CD1B, CD1C, 

FCER1A, and GPR56 genes were further validated using real-time PCR. Microarray 

results were highly correlated with the real-time PCR results (data not shown). As 



found in the microarray analysis, CMA1 expression was undetectable using qPCR of 

sputum samples. Gene expression of TPSAB1, CPA3, HDC, CD1A, CD1B, CD1C, 

FCER1A and GPR56 was positively correlated with airway eosinophil proportion and 

number. Furthermore, all genes validated were correlated with FENO, and mRNA 

expression of TPSAB1 and CPA3 was negatively correlated with airway obstruction 

(FEV1% predicted or FEV1/FVC%). In addition, we found that mRNA expression of 

CPA3 but not TPSAB1 was related with PD15 and mRNA expression of both TPSAB1 

and CPA3 was correlated with DRS and CIR (Table E2).  

Clinical validation and steroid response 

The relationships between gene expression profiles in MC subtypes and clinical 

outcomes are shown in Table E4. Gene expression of CPA3, CD1C, FCER1A, GPR56, 

CLC, and DNASE1L3 but not TPSAB1 at baseline was associated with ΔACQ, 

ΔFEV1%predicted, ΔAMP, and ΔFENO%. Further relationship analysis found that 

ΔCPA3 mRNA expression correlated with ΔFENO% (r=0.34, P=0.023), ΔCLC with 

ΔACQ (r=0.46, P=0.002), ΔFEV1%predicted (r=-0.46, P=0.001), and ΔAMP (r=-

0.42, P=0.005), ΔDNASE1L3 with ΔFEV1%predicted (r=-0.30, P=0.044). 
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Table E1. Upregulation of gene expression in MCTC subtype of asthma.  

Gene symbol Gene name GenBank Fold change 

MCTC vs. 

Non-MC 

MCTC vs. 

MCT 

CACNG6 Calcium channel, voltage-

dependent, gamma subunit 6  

NM_031897.2 2.05
***

 1.83
*
 

CD1A CD1a molecule NM_001763.2 2.39
***

 1.71
*
 

CD1B CD1b molecule NM_001764.2 2.80
***

 1.84
**

 

CD1C CD1c molecule NM_001765.2 2.43
***

 1.59
**

 

CEBPE CCAAT/enhancer binding 

protein 

NM_001805.3 2.22
***

 2.01
*
 

CLC Charcot-Leyden crystal 

protein 

NM_001828.5 7.15
***

 3.51
***

 

CLEC4F C-type lectin domain family 

4, member F 

NM_173535.2 1.65
***

 1.44
*
 

CLEC10A C-type lectin domain family 

10, member A  

NM_006344.2 1.64
***

 1.11 

CPA3 Carboxypeptidase A3 NM_001870.2 2.23
***

 2.09
***

 

DNASE1L3 Deoxyribonuclease I-like 3 NM_004944.3 2.13
***

 1.59
*
 

FCER1A Fc fragment of IgE, high 

affinity I, receptor for; alpha 

polypeptide  

NM_002001.2 2.28
***

 1.36 

GPR56 G protein-coupled receptor 

56 

NM_201524.2 2.60
***

 1.93
*
 

HDC Histidine decarboxylase NM_002112.3 2.79
***

 2.23
*
 

LTC4S Leukotriene C4 synthase NM_145867.1 1.86
***

 1.58
*
 

TPSAB1 Tryptase alpha/beta 1 NM_003294.3 6.12
***

 2.83
***

 
*
P<0.05, 

**
P<0.01, 

***
P<0.001.  

 

 



Table E2. Spearman rank correlations of differentially expressed genes in mast cell subtypes with clinical parameters in asthma.  

Variables TPSAB1 CPA3 HDC CD1A CD1B CD1C FCER1A GPR56 

FENO (ppb) 0.59
***

 0.65
***

 0.57
***

 0.53
***

 0.60
***

 0.60
***

 0.39
**

 0.43
**

 

BMI (kg/m
2
) -0.23 -0.27 -0.11 -0.09 -0.03 -0.25 -0.19 -0.40

**
 

FEV1% predicted -0.30
*
 -0.22 -0.22 -0.33

*
 -0.23 -0.06 0.01 -0.14 

FVC% predicted -0.13 -0.05 -0.05 -0.21 -0.11 0.03 0.09 0.03 

FEV1/FVC% -0.35
**

 -0.29
*
 -0.30

*
 -0.29

*
 -0.27 -0.14 -0.09 -0.32

*
 

ICS dose (ug) -0.03 -0.07 0.19 0.14 0.20 0.04 0.10 0.11 

ACQ score 0.23 0.27 0.18 0.33
*
 0.21 0.21 0.08 0.16 

Sputum Neutrophils % -0.01 -0.11 0.06 0.05 0.03 -0.13 -0.12 -0.12 

Sputum Neutrophils (10
4
/mL) 0.02 -0.09 0.05 0.10 0.01 -0.11 -0.10 -0.06 

Sputum Eosinophils % 0.57
***

 0.68
***

 0.64
***

 0.55
***

 0.53
***

 0.59
***

 0.48
***

 0.29
*
 

Sputum Eosinophils (10
4
/mL) 0.57

***
 0.65

***
 0.64

***
 0.55

***
 0.48

***
 0.55

***
 0.43

**
 0.27 

PD15, mLs -0.32 -0.38
*
 -0.26 -0.33 -0.43

*
 -0.40

*
 -0.14 -0.41

*
 

DRS, %/mL 0.40
**

 0.46
**

 0.27 0.38
*
 0.39

**
 0.37

*
 0.16 0.28 

CIR 0.39
**

 0.45
**

 0.31
*
 0.36

*
 0.39

**
 0.39

**
 0.16 0.28 

*
P<0.05, 

**
P<0.01, 

***
P<0.001.  

 

 

 

 

 

 

 

 

 

 



Table E3. Spearman correlations of mast cell related gene expression with ICs response after 28-days therapy.  

Baseline mRNA 
∆ACQ ∆FEV1 ∆AMP ∆FENO 

r p r p r p r p 

  TPSAB1  -0.25 0.091 0.15 0.304 0.08 0.576 -0.19 0.211 

  CPA3 -0.29 0.044 0.32 0.023 0.25 0.078 -0.37 0.013 

  CD1C -0.29 0.043 0.06 0.678 0.24 0.102 0.11 0.451 

  FCER1A -0.44 0.002 0.37 0.008 0.39 0.006 -0.13 0.380 

  GPR56 -0.42 0.003 0.38 0.007 0.40 0.004 -0.41 0.005 

  CLC -0.62 <0.001 0.54 <0.001 0.52 <0.001 -0.36 0.014 

  DNASE1L3 -0.51 <0.001 0.47 <0.001 0.20 0.167 -0.26 0.087 

 

 


