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Abstract 

Background: Dysregulation of TNF  signalling is implicated in neutrophilic asthma. TNF  

signalling involves membrane-bound and soluble ligand (TNF ) and receptors (TNFRs); however, 

little is known about how these factors are altered in asthma. We hypothesized that intercompartment-

, immune cell- and/or asthma inflammatory phenotype-dependent regulation could relate to TNF 

factor dysregulation in neutrophilic asthma. 

Methods: Measures were made in 45 adults with asthma (36 non-neutrophilic, 9 neutrophilic) and 8 

non-asthma controls. Soluble TNF , TNFR1 and TNFR2 were quantified in plasma and sputum 

supernatant by ELISA, and membrane-bound TNF /TNFR1/TNFR2 measured on eosinophils, 

neutrophils, monocytes, and macrophages in blood and sputum by flow cytometry. Marker expression 

was compared between inflammatory phenotypes and compartments, and relationship of membrane-

bound and soluble TNF markers and immune cell numbers tested by correlation.  

Results: Soluble sputum TNFR1 and TNFR2 were increased in neutrophilic vs non-neutrophilic 

asthma (p=0.010 and p=0.029). Membrane-bound TNF  expression was upregulated on sputum vs 

blood monocytes, while TNFR1 and TNFR2 levels were reduced on airway vs blood monocytes and 

neutrophils. Soluble TNFR1 and TNFR2 in sputum significantly correlated with the number of airway 

monocytes (p=0.016, r=0.358 and p=0.029, r=0.327).  

Conclusion: Our results imply that increased sputum soluble TNF receptor levels observed in 

neutrophilic asthma relate to the increased recruitment of monocytes and neutrophils into the airways 

and their subsequent receptor shedding. Monocytes also increase TNF  ligand expression in the 

airways. These results suggest an important contribution of airway monocytes to the altered 

inflammatory milieu in neutrophilic asthma.  



Introduction: 

Asthma is a heterogeneous respiratory disease, involving recruitment of immune cells to the airways 

and the pathologic release of inflammatory mediators [1]. Chronic inflammation of the airways 

promotes airway remodelling and variable airflow limitation, causing characteristic asthma symptoms 

such as wheezing, cough and breathlessness [2]. Different inflammatory phenotypes have been 

described based on the relative abundance of eosinophils and neutrophils in the airways [3, 4]. 

Heterogeneity in airway inflammation and the underlying molecular pathways is associated with 

varying responses to asthma medications. Eosinophilic asthma is promoted by release of type 2 

cytokines and is generally responsive to inhaled corticosteroids (ICS). Biologics targeting type 2 

cytokine signalling provide further clinical benefit in severe eosinophilic asthma [5]. Neutrophilic 

asthma (NA) is often refractory to ICS treatment [6] and targeted medication is lacking. NA is 

associated with more frequent exacerbations [7], airflow limitation [8] and increased bacterial burden 

[9], highlighting the need for more effective medication to treat NA. A better understanding of the 

mechanisms underlying neutrophilic airway inflammation is crucial to identify novel therapeutic 

targets.   

 

The TNF  signalling pathway plays an important role in immune responses and its dysregulation is 

implicated in auto-inflammatory diseases including asthma. Recently, an upregulation of the TNF  

axis in NA has been reported. Two transcriptomic studies observed increased expression of several 

genes related to TNF  signalling in sputum of asthma participants with neutrophilic airway 

inflammation [10, 11]. TNF  is a pro-inflammatory cytokine that interacts with the two receptors 

TNF receptor 1 (TNFR1) and TNFR2. TNFR1 either induces the expression of pro-inflammatory 

genes or initiates cell death, a process triggered by the intracellular death domain of TNFR1. TNFR2 

induced signalling regulates the expression of genes related to cell proliferation and survival, 

homeostasis and anti-inflammatory processes [12–14]. TNF  and TNFRs are expressed as 

transmembrane proteins that can be cleaved and become soluble, which has important regulatory 

functions [15, 16]. Both membrane-bound and soluble TNF  activate TNFR1, whereas TNFR2 



requires the membrane-bound variant to become fully activated. Receptor shedding can occur 

following ligation, and is thought to terminate TNF -induced signalling by desensitising the cell to 

the ligand, and by sequestering sTNF  [17, 18]. In asthma, soluble sputum TNF , TNFR1 and 

TNFR2 are increased during exacerbations [19]. We recently demonstrated that increased sTNFR 

levels in sputum were associated with neutrophilic and severe asthma, poorer lung function and worse 

asthma control [20]. Therapeutic blockade of TNF  has been shown to reduce inflammation in other 

chronic diseases such as rheumatoid arthritis [21]. In asthma, clinical trials of TNF -blocking 

biological therapies have produced varying outcomes [22]. Long-term azithromycin treatment reduces 

airway and circulating TNF  and/or TNFRs in moderate-severe asthma [20]. Better characterization 

of the heterogeneous dysregulation of TNF  signalling is required to understand the potential of 

therapeutically targeting the TNF  pathway in asthma.  

 

Here we aimed to understand how TNF  ligand and receptor expression and/or shedding are 

dysregulated in asthma. We hypothesised that TNF marker levels would be altered in NA. Based on 

previous reports [20], we expected increased sTNFR levels in sputum of participants with NA. We 

further hypothesised that membrane-bound TNF marker expression would vary across immune cell 

types, compartments and inflammatory phenotypes. Lastly, we hypothesised that soluble sputum TNF 

marker levels would correlate with their membrane-bound variants and/or the number of immune cells 

in the airways. To test our hypotheses, we quantified soluble TNF , TNFR1 and TNFR2 in plasma 

and sputum supernatant by ELISA and performed comparisons between NA vs non-NA vs non-

asthma controls. Within the same cohort we measured membrane-bound TNF markers on blood and 

sputum immune cells by flow cytometry. We identified those cell types which express detectable 

amounts of TNF /TNFRs and investigated whether their expression levels differed between groups or 

between compartments. Lastly, we explored the relationship between soluble marker levels and their 

membrane-bound counterparts and between soluble marker levels and sputum immune cell numbers.  

  



Methods: 

Participants: 

Study measures were made in a published cohort of participants with asthma (n=45) and non-asthma 

controls (n=8; [23]). Participants were aged ≥18 years and provided written informed consent. 

Clinical studies were approved by the Hunter New England Human Research Ethics Committee and 

the University of Newcastle Human Research Ethics Committee (approval numbers: 16/04/20/3.0; 

17/02/15/3.04; 15/03/18/3.04; 17/04/12/4.03). Participants with asthma had a doctor diagnosis of 

asthma with variable airflow obstruction (see online supplement). Information on demographics, 

asthma history, medication use and adherence, asthma symptoms based on Juniper asthma control 

questionnaire 6 (Acq6; [24]), exacerbation- and smoking history was collected. Non-asthma control 

participants were eligible if they were not pregnant or breastfeeding, had not smoked within the last 

six months and did not have a current respiratory disease. 

 

Spirometry, sample collection and processing 

Spirometry, sputum induction and sample processing were performed as previously described ([25], 

see online supplement). Pre-bronchodilator FEV1, FVC and FEV1/FEV were measured (Medgraphics 

CPFS/D USB, Ascencia). Participants with asthma were classified as neutrophilic (≥61% neutrophils) 

or non-neutrophilic (<61% neutrophils) based on sputum differential cell counts and cut-offs [3, 4]. 

Venous blood samples were collected, and an automated full blood count was performed (CELL-

DYN Ruby, Abbott). 

 

Flow cytometry of whole blood and sputum 

Staining was performed as outlined in the online supplement. 100 µL of whole blood and 1 x 10
5
 – 

1.5 x 10
6
 sputum cells were labelled with antibodies directed against CD45, CD14, CD16, HLA-DR, 

TNF , TNFR1 and TNFR2 (see online supplement for details). Sputum cells were further stained 

with anti-CD206 and a viability dye (7-AAD). Isotype controls for TNF , TNFR1 and TNFR2 (BD 

Biosciences) were tested in a subset of sputum and blood samples. Samples were analysed on a flow 



cytometer (LRSFortessa X-20, BD Biosciences) and subsequent analyses performed with the software 

FlowJo (Version 10).  

 

Gating of immune cells and quantification of membrane-bound TNF proteins 

Monocytes, neutrophils and eosinophils in sputum and blood, and macrophages in sputum were 

identified based on the gating strategy described previously [23] and as illustrated in supplementary 

figure S1 and figure S2. We further distinguished monocyte subsets based on CD14/CD16 

expression: classical (CM: CD14
++

CD16
-
), intermediate (IM: CD14

+
CD16

+
) and non-classical 

monocytes (NCM: CD14
+
CD16

++
; figure S3; [23]). TNF , TNFR1 and TNFR2 expression on 

immune cells in blood and sputum were quantified by determining the median fluorescence intensity 

(MFI) of their conjugated fluorochromes and subtracting the mean MFI of the corresponding isotype 

controls measured on the same cell type in the same compartment.  

 

Enzyme-linked immunosorbent assays 

ELISA kits (Human TNF  Quantikine High Sensitivity Kit; Human TNFR1/TNFRSF1A DuoSet; 

Human TNFRII/TNFRSF1B DuoSet) were purchased from R&D Research and TNF markers 

measured following manufacturer’s instructions as previously published [20]. 1:20 dilutions of plasma 

were used for the detection of TNFR1 and TNFR2. TNF  was measured in neat plasma samples. 1:5 

dilutions of sputum supernatant were used for all three TNF measures.  

 

Statistical analysis 

Statistical analyses were performed using Stata 15 and GraphPad Prism 8. Normality and lognormal 

distribution were assessed using the Shapiro-Wilk test. Kruskal-Wallis with Dunn’s correction was 

used for multiple comparison of non-parametric data and the one-way ANOVA test for normally 

distributed data. Wilcoxon matched-pairs signed rank test was used for the comparison of matched 

samples between blood and sputum. Correlation analyses were performed using Spearman’s rank for 

non-parametric data.   



Results: 

Participant characteristics 

Characteristics of the participants are summarised in table 1. The non-NA group had a significantly 

higher BMI and a higher proportion of sputum eosinophils than the non-asthma control group. NA 

was associated with significantly higher total sputum cell count, neutrophil proportion and number, 

and a reduced proportion of macrophages compared to the other groups. 

 

Neutrophilic asthma features increased soluble sputum receptors  

We quantified soluble variants of TNF markers in sputum supernatant and plasma by ELISA and 

performed comparisons between NA, non-NA, and non-asthma controls. Sputum sTNF  levels did 

not differ significantly between groups (figure 1a). NA featured significantly higher levels of soluble 

sputum TNFR1 (p = 0.010; figure 1b) and TNFR2 (p = 0.029, figure 1c). We observed no 

differences in sTNF marker levels in plasma (figure 1d-f).  

 

 

Surface expression of TNF markers varies across immune cells  

We quantified the relative expression levels of membrane-bound TNF , TNFR1 and TNFR2 on 

eosinophils, neutrophils, monocytes in blood and sputum and on macrophages in sputum using flow 

cytometry. Isotype controls were used to detect unspecific staining and to assess which cell types had 

detectable levels of the proteins of interest. Representative isotype controls and fully stained sputum 

and blood samples are illustrated in figure 2a.  

 

On eosinophils we detected low but measurable levels of TNFR2 in blood and sputum. Neutrophils 

showed a distinct positive signal for TNFR1 and TNFR2 in both compartments. All three proteins 

were detected on monocytes in blood and sputum, although TNFR1 was undetectable on sputum 

monocytes in most samples and excluded from further analyses. Sputum macrophages showed a 

distinct positive signal for TNF  and TNFR2. The fluorescence intensities of TNF  and TNFR1 on 

eosinophils, TNF  on neutrophils, and TNFR1 on macrophages were similar to the fluorescence 



intensity of the corresponding isotype control, suggesting no or low expression of these markers on 

these cell types, and these marker/cell combinations were not included in further analyses.   

 

 

TNF marker surface expression differs between compartments 

We compared the expression levels of membrane-bound TNF markers on blood vs sputum immune 

cells in participants with asthma, excluding those cell type/marker combinations in which expression 

was undetectable in both compartments (figure 2b-d). TNF  showed low detection levels on blood 

monocytes, whereas sputum monocytes featured higher levels of TNF . TNFR1 and TNFR2 on 

neutrophils and monocytes were more abundant in the circulation compared to the airways. 

Eosinophils featured lower TNFR2 expression in blood than in sputum. We observed similar 

expression patterns on monocytes and neutrophils in the non-asthma control group, while TNFR2 

expression levels on eosinophils did not differ significantly (supplementary figure S4).  

 

Blood monocyte subsets feature distinct TNF marker expression patterns 

We compared TNF marker expression levels on monocyte subsets within our asthma cohort and 

found no differences between subsets in sputum (figure S5a-c). In blood, we observed significantly 

higher TNF  levels on intermediate (IM) vs non-classical monocytes (NCM; p = 0.009; figure S5d). 

mTNFR1 was significantly higher on classical monocytes (CM) and IM compared to NCM 

(p < 0.001; figure S5e), whereas mTNFR2 inversely increased significantly from CM to IM to NCM 

(p < 0.001; figure S5f). These findings were similar to those in the non-asthma cohort (data not 

shown). 

 

Surface marker expression on airway immune cells is not altered in NA 

We hypothesized that increased shedding of membrane-bound TNF markers in NA may promote the 

increases in soluble TNF markers and would be reflected by lower detectable surface expression. 

However, there were no differences in surface expression levels of TNF markers on sputum immune 

cells between NA vs non-NA vs non-asthma controls (figure 3).  



 

We further investigated the association between membrane-bound and soluble TNF marker levels in 

sputum (table 2). There was no significant correlation between sTNF  and mTNF  and no 

association between sTNFR1 and mTNFR1. Soluble sputum TNFR2 significantly positively 

correlated with mTNFR2 on sputum eosinophils (p = 0.004, r = 0.426) and sputum macrophages 

(p = 0.017, r = 0.353).  

 

We also tested if the difference between surface marker levels in blood and sputum correlated with 

sTNF sputum marker levels (table 3). We observed a significant negative correlation between the 

difference in mTNFR2 levels on eosinophils and sputum sTNFR2, signifying that an increased 

expression of mTNFR2 in sputum relative to blood related to increased levels of sTNFR2 in sputum.  

 

 

Soluble sputum TNFR levels correlate with sputum monocyte numbers 

We hypothesized that elevated soluble TNF marker levels in NA sputum may be related to increased 

recruitment of immune cells to the airways, thus we tested the association between sputum immune 

cell numbers and soluble TNF marker levels (table 4). Absolute numbers of sputum monocytes 

correlated positively with sputum sTNFR1 (p = 0.016, r = 0.358) and sTNFR2 (p = 0.029, r = 0.327). 

No other significant correlations were detected. 

 

 

Discussion 

TNF  signalling regulates important pro- and anti-inflammatory functions, cellular communication, 

cell survival and death. Thus, aberrant TNF  signalling is implicated with the onset of various 

inflammatory diseases. In our study we aimed to understand how the expression and cleavage of 

TNF , TNFR1 and TNFR2 are altered in asthma, particularly in relation to neutrophilic airway 

inflammation. NA was associated with significantly increased levels of sTNFR1 and sTNFR2 in 

sputum, validating our previous observation in the AMAZES cohort [20]. We demonstrate for the first 



time that the surface expression of TNF markers is both immune cell- and compartment-dependent. 

Monocyte expression of mTNF  is increased in sputum vs blood, while reduced expression of both 

receptors on sputum vs blood monocytes and neutrophils implies these cells shed TNFRs in the 

airways. The three different monocyte subsets featured distinct TNF marker expression patterns in 

blood, suggesting different functions. In sputum, however, we did not observe any differences. Of the 

immune cells tested, only sputum monocyte number correlated with sTNFR levels. Macrophages 

expressed high levels of membrane-bound TNF  that was not altered in NA, but were devoid of 

TNFR1 expression.  Overall, our data suggest an important contribution of increased recruited 

monocytes to the altered airway inflammatory environment and TNF  pathway dysregulation in NA. 

 

NA features dysregulation of the TNF  signalling pathway at a transcriptional level. TNFR2 mRNA 

is increased in sputum of participants with neutrophilic airway inflammation [10, 11]. Based on these 

results, we anticipated increased expression levels of mTNFR2 on sputum immune cells in NA. 

Unexpectedly, we did not observe any differences in membrane-bound TNF marker levels between 

NA and non-NA, arguing against aberrant expression or shedding of these proteins in any of the 

studied cell types in NA. Yet, sputum sTNFR1 and sTNFR2 were significantly increased in NA vs 

non-NA. We performed correlation analyses between membrane-bound and soluble TNF marker 

levels to investigate where soluble receptors stem from, i.e., if they are released from a specific cell 

type. Although sputum sTNFR2 correlated with mTNFR2 on sputum eosinophils and macrophages, 

these findings likely do not explain elevated sputum sTNFR2 in NA, as eosinophil and macrophage 

numbers are decreased in NA [23]. We observed a significant positive correlation between sputum 

sTNFRs and absolute numbers of sputum monocytes. This finding is of particular interest, as we 

previously observed increased recruitment of monocytes to the airways in NA [23]. The significantly 

lower mTNFR levels found on sputum vs blood monocytes is suggestive of receptor shedding during 

or post transit into the airways. This reduction in mTNFR levels on monocytes (and neutrophils) in 

sputum was also observed in non-asthma controls, suggesting this is not a disease-specific 

phenomenon. Decreased mTNFR levels observed on sputum neutrophils and monocytes could also 



relate to increased internalization of surface markers or increased exosome release from these cells in 

the airway lumen. Together, our findings support the hypothesis that the increased soluble sputum 

TNFR levels in NA result from increased monocyte recruitment to the neutrophil enriched airways, 

and subsequent shedding of monocyte TNFRs upon transit to the airways. The correlation reported is 

modest, and suggests other cell types could play a role. Neutrophils showed a similar pattern of lower 

mTNFR in sputum vs blood and could also contribute, although their numbers in sputum were not 

significantly correlated with sTNFR levels. The potential contribution of the airway epithelium 

remains untested. Increased sputum sTNFR levels are related to more severe asthma, more frequent 

exacerbations, reduced lung function and asthma control [20]. These findings highlight the 

importance of following up transcriptomic studies with protein measures and suggest an important 

contribution of monocytes to the altered airway inflammatory milieu in NA. 

 

Interestingly, we observed significantly different TNF receptor levels on blood monocyte subsets. 

mTNFR1 levels decreased from CM to IM to NCM, whereas mTNFR2 inversely increased, 

suggesting that the different monocyte subsets favour distinct TNF  signalling pathways, possibly 

associated with their functions. The observation that mTNF marker levels expressed on sputum 

monocytes did not differ across subsets suggests that increased TNF  expression and TNF receptor 

shedding or downregulation through internalisation is similarly induced in the airways irrespective of 

the monocyte subset.  

 

Soluble TNF  ligand levels did not differ significantly between NA, non-NA and non-asthma 

controls in either compartment, although there was a trend towards increased sputum sTNF  in NA 

similar to that observed in the AMAZES cohort [20]. Other studies observed a significant increase in 

sTNF  in serum and BALF in participants with uncontrolled, severe asthma compared to mild asthma 

and healthy controls [26, 27], suggesting that increased TNF  expression and shedding is more 

prevalent in severe asthma. Interestingly, neutrophils did not appear to express detectable amounts of 

mTNF  in either compartment, implying that they are not a significant source of sTNF  in the 



airways. We measured detectable and relatively high levels of mTNF  on sputum monocytes and 

macrophages respectively, which have been implicated as important producers of TNF  in prior 

studies [28]. This finding is also consistent with their proposed immunoregulatory and homeostatic 

functions in the airways. Soluble TNF  is rapidly released during infections, contributing to 

inflammation and immune cell recruitment, whereas mTNF  expressed on macrophages induces 

neutrophil apoptosis via cell-to-cell interaction [29, 30]. In contrast to mTNF , we did not observe 

any detectable amounts of mTNFR1 on sputum macrophages. This observation was unexpected as 

macrophages in other compartments and in vitro have been reported to express both receptors [12] 

and crucial functions such as macrophage activation and cell death are linked to TNFR1-induced 

signalling [29]. Macrophages adopt unique tissue-specific phenotypes informed by local 

environmental cues and thus it is possible that sputum macrophages adopt a phenotype lacking 

TNFR1. This is, to our knowledge, the first characterisation of macrophage mTNFR expression in 

sputum, and confirmation in independent studies will be required. The observed expression profile on 

macrophages with high levels of mTNF  and mTNFR2 and no mTNFR1 might reflect a preferential 

signalling of airway macrophages through TNFR2 consistent with their proposed homeostatic roles in 

the airways.  

 

Our study has some limitations. Only samples with sufficient sputum cell numbers have been used for 

analyses, which might have introduced bias. Due to limited material for staining, we were able to 

include isotype controls only in a small subset of samples. Therefore, we subtracted the MFI of those 

isotype controls from the fluorescence intensity of the corresponding protein of interest and cell type 

across all samples. Although we ensured our flow cytometer passed quality control tests prior to each 

sample and our measures of surface fluorescence appeared consistent, we did not employ a 

standardized biological sample control across all samples so cannot exclude the possibility that 

unaccounted fluctuations in signal of measured proteins may have occurred over the course of the 

study. We cannot exclude that the presence of DTT during preparation of sputum cell suspensions 

may have had a differential effect on surface TNF marker expression compared to blood samples [31]. 



Our sputum flow cytometry gating strategy was conservative, and it is possible we may have omitted 

some cells from analysis, although prior cell sorting confirmed the accuracy of gating for 

macrophages, neutrophils, monocytes and eosinophils [23]. The sample sizes of the NA and the non-

asthma control groups were relatively small and might have limited the statistical power in detecting 

differences between groups. A potential contribution of sTNF markers derived from immune cells 

other than the investigated cell types should be investigated in further studies. Regardless of these 

limitations, this study provides detailed characterisation of the balance between blood and airway, 

membrane-bound and soluble TNF  ligand and receptors in asthma for the first time.   

 

In summary, our study demonstrates significant alterations of the inflammatory milieu in the airways 

in NA. We confirmed prior reports that sTNFRs are increased in the sputum of participants with NA. 

This coincided with significantly lower expression levels of mTNFRs on sputum monocytes and 

neutrophils compared to those cells in the circulation, suggesting that these receptors are cleaved and 

shed from these cells upon transit to the airways. The amount of membrane-bound TNF  and TNFRs 

did not differ between NA and non-NA, and increased sTNFRs in sputum were related to the 

increased numbers of monocytes present in NA sputum. The data suggest an important contribution of 

newly recruited monocytes to TNF  dysregulation and the altered inflammatory environment in NA.    
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Tables 

Table 1. Demographics and clinical characteristics of the study population. 

 Non-asthma 

controls (n=8) 

Non-neutrophilic 

asthma (n=36) 

[14 EA (39%),  

22 PGA (61%)] 

Neutrophilic 

asthma (n=9) 

[9 NA, 100%] 

p value 

Age (years)
a 

57 (34.5, 65.5) 58.5 (42, 70) 67 (56, 72) 0.329 

Sex (female)
b 

7 (87.5%) 20 (55.6%) 6 (66.7%) 0.272 

BMI (kg/m
2
)

c
 24.6 (3.7) 31.0 (6.0)* 29.0 (6.2) 0.020 

Ex-smoker
b
 1 (12.5%) 5 (13.9%) 0 (0%) 0.667 

Pack-years
a
 4.4 (4.4, 4.4) 1 (0.45, 1.45) - 0.380 

Pre-bronchodilator  

FEV1 (% predicted)
c
 

99.7 (20.9) 81.8 (19.0)* 72.5 (17.1)* 0.009 

Pre-bronchodilator  

FVC (% predicted)
c
 

99.1 (11.3) 90.3 (15.4) 86.7 (15.9) 0.217 

Pre-bronchodilator 

FEV1/FVC (%)
a
 

81.0 (73.9, 83.3) 71.1 (63.3, 79.3)*
 

71.1 (54.4, 76.0)* 0.012 

Taking ICS
b
 0 (0%) 32 (88.9%)* 8 (88.9%)* < 0.001 

ICS dose (BDP e 

quivalent [µg])
a
 

- 1000 (500, 1600) 1000 (500, 2000) 0.851 

ACQ6 score
a
 - 1.17 (0.5, 1.83) 1.33 (1.0, 2.17) 0.509 

Total sputum cell count 

(10
6
cells/mL)

a
 

8.33 (4.32, 9.68) 5.22 (3.29, 7.11)
 †
 11.25 (5.13, 16.83) 0.028 

Sputum neutrophils (%)
a
 32 (9.0, 52.75)

 †
 36.5 (20.25, 50.63)

 †
 73.5 (68.0, 82.0) < 0.001 

Sputum eosinophils (%)
a
 0 (0, 0.13) 2.25 (0.75, 7.88)* 1.0 (0.4, 1.5) < 0.001 

Sputum macrophages (%)
a
 48.75 (41.38, 87.63)

 †
 49.25 (38.0, 62.13)

 †
 16.25 (13.75, 26.0) < 0.001 

Sputum lymphocytes (%)
a
 3.25 (1.5, 4.38) 2.13 (1.25, 3.13) 0.75 (2.0, 2.25) 0.121 

Columnar epithelial cells 

(%)
a
 

0.25 (0.25, 0.75) 2.63 (0.38, 6.88) 1.8 (0.5, 8.25) 0.239 

Sputum neutrophils  

(10
6 
cells/mL)

a
 

2.41 (0.42, 6.08)
 †
 1.58 (0.70, 3.14)

 †
 9.23 (3.77, 13.4) 0.001 

Sputum eosinophils  

(10
6 
cells/mL)

a
 

0 (0, 0.01) 0.16 (0.03, 0.29)* 0.06 (0.03, 0.17)* 0.001 

Sputum macrophages  

(10
6 
cells/mL)

a
 

3.79 (2.24, 6.22) 2.28 (1.48, 3.10) 1.83 (0.76, 2.31) 0.095 

Sputum lymphocytes  

(10
6 
cells/mL)

a
 

0.21 (0.05, 0.51) 0.10 (0.04, 0.19) 0.03 (0.01, 0.17) 0.373 

Columnar epithelial cells 

(10
6 
cells/mL)

a
 

0.03 (0.02, 0.04) 0.13 (0.02, 0.30) 0.10 (0.08, 0.33) 0.349 

Blood eosinophils  

(10
9 
cells/mL)

a
 

0.10 (0.09, 0.16) 0.24 (0.17, 0.31)* 0.19 (0.15, 0.24) 0.026 

Data are presented as median (1
st
 and 3

rd
 quartile)

a
, number (percentages)

b
 or mean (SD)

c
. Kruskal-

Wallis for non-parametric data, Fisher’s exact test for proportions, one-way ANOVA for normally 

distributed data with Bonferroni corrections. *: p<0.05 vs non-asthma controls; 
†
: p<0.05 vs 

neutrophilic asthma. EA, eosinophilic asthma (≥ 3 % eosinophils); PGA, paucigranulocytic asthma 

(< 3 % eosinophils); NA, neutrophilic asthma (< 3 % eosinophils, ≥ 61% neutrophils) FEV1, forced 

expiratory volume in one second; FVC, forced vital capacity; ICS, inhaled corticosteroids; BDP, 



beclomethasone dipropionate; BMI, body mass index; ACQ6, asthma control questionnaire 6. 

Statistically significant results are highlighted in bold.  

  



Table 2. Spearman correlation matrix between soluble TNF marker levels in sputum supernatant and 

membrane-bound counterparts on sputum immune cells.  

 

 Sputum 

neutrophils 

Sputum 

eosinophils 

Sputum 

monocytes 

Sputum 

macrophages 

Sputum sTNF  - - p = 0.705 

r = -0.058 

p = 0.140 

r = 0.224 

Sputum sTNFR1 p = 0.705 

r = 0.058 

- - - 

Sputum sTNFR2 p = 0.122 

r = 0.234 
p = 0.004 

r = 0.426 

p = 0.055 

r = 0.288 
p = 0.017 

r = 0.353 

P values and correlation coefficients r were derived from spearman analyses. Significant p values are 

highlighted in bold. 

 

 

Table 3. Spearman correlation matrix of the difference between membrane-bound TNF marker levels 

between blood and sputum with soluble variants in sputum supernatant. 

 

 Δm Neutrophils Δm Eosinophils Δm Monocytes 

Sputum sTNF  - - p = 0.708 

r = 0.057 

Sputum sTNFR1 p = 0.269 

r = -0.168 

- - 

Sputum sTNFR2 p = 0.506 

r = 0.102 
p = 0.024 

r = -0.337 

p = 0.935 

r = 0.012 

P values and correlation coefficients r were derived from spearman analyses. Significant p values are 

highlighted in bold. 

 

 

Table 4. Correlation between absolute numbers of sputum immune cells and soluble variants in 

sputum supernatant. 

 Neutrophils/mL 

sputum 

Eosinophils/mL 

sputum 

Monocytes/mL 

sputum 

Macrophages/mL 

sputum 

Sputum sTNF  p = 0.351 

r = 0.142 

p = 0.449 

r = 0.116 

p = 0.165 

r = 0.210 

p = 0.088 

r = -0.258 

Sputum sTNFR1 p = 0.073 

r = 0.270 

p = 0.431 

r = 0.120 

p = 0.016 

r = 0.358 

p = 0.339 

r = -0.146 

Sputum sTNFR2 p = 0.197 

r = 0.196 

p = 0.577 

r = 0.085 
p = 0.029 

r = 0.327 

p = 0.198 

r = -0.196 

P values and correlation coefficients r were derived from spearman analyses. Significant p values are 

highlighted in bold. 

 

  



Figure captions 

 

 

Figure 1: Comparison of soluble TNF , TNFR1 and TNFR2 in sputum supernatant (a-c) and plasma 

(d-f) between non-asthma controls (black, n=8), non-neutrophilic asthma (green, nplasma=35, 

nsputum=36) and neutrophilic asthma (red, n=9). Bars and whiskers represent the median and the 

interquartile range. P values were derived from the Kruskal-Wallis test. Significant p values are 

highlighted in bold. Asterisks denote statistical significance at the 0.05 level for pairwise comparisons 

(Dunn’s). 

  



 

 

Figure 2: Surface expression of mTNF , mTNFR1 and mTNFR2 on immune cells in the circulation 

and the airways. a) Fluorescence intensities of fully stained samples (red) and the corresponding 

isotype control (blue) in sputum (left) and blood (right). Comparison of c) mTNF , d) mTNFR1 and 

e) mTNFR2 expression levels on blood (red) and sputum (green) immune cells in asthma (n=45). Bars 

and whiskers indicate the median with interquartile range. The Wilcoxon matched-pairs signed rank 

test was used for statistical comparison. **** p < 0.0001. 



 

Figure 3: Surface expression of mTNF  (a-b), mTNFR1 (c) and mTNFR2 (d-g) on sputum immune 

cells in neutrophilic asthma, non-neutrophilic asthma and non-asthma controls. Non asthma, n=8; 

non-NA, non-neutrophilic asthma, n=36; NA, neutrophilic asthma, n=9. P values were derived from 



the Kruskal-Wallis test unless specified otherwise. Bars and whiskers indicate the median with the 

interquartile range for non-parametric data and mean with SD for parametric data (b). 
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Supplemental methods: 

Study inclusion and exclusion criteria 

Variable airflow obstruction was defined as airway hyperresponsiveness (PD15<15mL to hypertonic 

saline or other standard challenge agent), bronchodilator responsiveness (change in post-

bronchodilator FEV1>12% or >200 mL), peak flow variability >12% over at least one week of 

monitoring, or FEV1 variability >12% (two values measured in two months of each other). Exclusion 

criteria were respiratory infection or asthma exacerbation requiring oral corticosteroids, antibiotics or 

change in maintenance therapy in the last month, current lung cancer or other malignancy, smoking 

within the last six months, pregnancy or breastfeeding, and respiratory diseases other than asthma. 

Participants were not excluded if they were receiving long-term macrolide therapy for their asthma.  

 

Sputum induction 

Sputum induction (after administration of salbutamol) or sputum challenge and induction 

(withholding the reliever) were performed by hypertonic saline challenge. Nebulized saline (4.5%) 

was inhaled for increasing time periods (30 seconds, 1 minute, 2 minutes, and 3 x 4 minutes) from an 

Ultra-NEB
TM 

ultrasonic nebulizer (DeVilbiss, Model 2000 or similar) up to a maximum of 15.5 

minutes or until FEV1 had fallen by more than 20%. One minute after each saline dose, FEV1 was 

measured and participants were asked to expectorate into a sterile container. Sputum was processed 

by separating mucus from saliva and dispersing the cells with dithiothreitol and phosphate buffered 

saline (PBS). A total cell count was performed under the light microscope. Cell viability was assessed 

by trypan blue exclusion. Differential cell counts were performed on cytospins stained with May-

Grünwald-Giemsa, counting 400 non-squamous cells.  

 

 

 



Collection of whole blood 

Venous blood was collected in EDTA anticoagulant collection tubes and an automated full blood 

count was performed (CELL-DYN Ruby, Abbott). To generate plasma, the collection tubes were 

centrifuged for 10 minutes at 1,730 x g, 4°C. Aliquots of the supernatant were stored at -80°C until 

use.  

 

Flow cytometry of sputum and whole blood 

Sputum samples were centrifuged (400 x g, 10 minutes, 4°C) and cells were resuspended in flow 

cytometry buffer (PBS, 2 mM EDTA, 1% fetal calf serum, 0.01% sodium azide). Depending on 

availability, 1 x 10
5
 – 1.5 x 10

6
 cells were stained. Human Fc block (BD biosciences) was added, and 

samples were incubated for 10 minutes on ice. Cells were washed with flow cytometry buffer and 

centrifuged (400 x g, 7 minutes, 4°C). The cell pellet was resuspended in the antibody cocktail 

containing 50 µL Brilliant Stain Buffer (BD Biosciences) and antibodies against CD45 (BD 

Biosciences, clone HI30), CD14 (BD Biosciences, clone M5E2), CD16 (BD Biosciences, clone 3G8), 

HLA-DR (BD Biosciences, clone G46-6), CD206 (Biolegend, clone MMR). The volumes of the 

antibodies were adjusted according to the number of sputum cells to be stained. Cells were incubated 

for 20 minutes on ice in the dark, centrifuged (400 x g, 7 minutes, 4°C) and resuspended in flow 

cytometry buffer. A viability dye (7-AAD, BD Biosciences) was added. After 10 minutes incubation 

on ice in the dark, samples were analysed on a flow cytometer (LSRFortessa X-20, BD Biosciences). 

Whole blood (100 µL) was added to an antibody cocktail consisting of Brilliant Stain Buffer and the 

same antibodies used for sputum except the antibody against the macrophage marker CD206. The 

used antibody concentrations were established through antibody titration. Samples were stained in the 

dark for 20 minutes at room temperature. Erythrocyte lysis buffer (154 mM NH4Cl, 10 mM Tris, pH 

7.5) was added and incubated for 15 minutes in the dark at room temperature.  Cells were centrifuged 

(500 x g, 5 minutes, 4°C) and washed with flow cytometry buffer, followed by repeat centrifugation. 

Cells were resuspended in flow cytometry buffer and analysed on the flow cytometer.  



Supplemental figure legends: 

Figure S1. Gating strategy for sputum cells and overlay of identified cell populations in a final dot 

plot. Identification of viable monocytes (CD45
+
, SSC

med
, HLA-DR

+
, CD14

+/++
, CD206

- /medium
, CD16

-

/+
, 7-AAD

-
, green), viable macrophages (CD45

+
, SSC

medium/high
, HLA-DR

+
, CD14

+
, CD206

high
, CD16

+
, 

7
-
AAD

medium
, orange), viable neutrophils (CD45

+
, SSC

medium
, HLA-DR

-/low
, CD14

-
, CD206

-
, CD16

++
, 

7-AAD
-
, purple) and viable eosinophils (CD45

+
, SSC

low
, HLA-DR

-/low
, CD14

-
, CD206

-
, CD16

-
, 

7-AAD
-
, red). SSC, side scatter; FSC, forward scatter; Macs, macrophages; Monos, monocytes; Eos, 

eosinophils; CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical monocytes. 

 

Figure S2. Gating strategy for blood cells and overlay of identified cell populations in a final dot plot. 

Identification of monocytes (CD45
+
, SSC

low/medium
, HLA-DR

+
, CD14

+/++
, CD16

-/+
, green), neutrophils 

(CD45
+
, SSC

high
, HLA-DR

-
, CD14

-
, CD16

++
, purple) and eosinophils (CD45

+
, SSC

high
, HLA-DR

-
, 

CD14
-
, CD16

-
, red). FSC, forward scatter; SSC, side scatter; Eos, eosinophils; CM, classical 

monocytes; IM, intermediate monocytes; NCM, non-classical monocytes. 

 

Figure S3. Gating of classical (CM), intermediate (IM) and non-classical monocytes (NCM) in blood 

(left) and sputum (right). Monocyte subsets were selected based on CD14 and CD16 expression. 

Events are displayed as dot plots (pseudocolor; a, b) and contour plot (c, d).  

 

Figure S4. Comparison of a) mTNF , b) mTNFR1 and c) TNFR2 expression on blood (red) and 

sputum (green) immune cells in non-asthma controls (n=8). Bars and whiskers indicate the median 

with interquartile range. The Wilcoxon matched-pair signed rank test was used for statistical 

comparison. Ns, not significant; * p < 0.05, ** p < 0.01, **** p < 0.0001. 

 

Figure S5. Differential TNF marker expression on monocyte subsets. a) mTNF , b) mTNFR1, c) 

TNFR2 expression on sputum monocyte subsets. d) mTNF , e) mTNFR1, f) mTNFR2 expression on 

blood monocyte subsets (n=45). The Kruskal-Wallis test was used for statistical comparison. P-values 



of the overall comparison are indicated in the graphs. CM, classical monocytes; IM, intermediate 

monocytes; NCM, non-classical monocytes; ns, not significant; ** p < 0.01, **** p < 0.0001.  
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