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Background: Higher blood eosinophil counts in COPD patients are associated with a greater response to inhaled corticosteroid (ICS)
treatment, with type 2 (T2) inflammation being the target for ICS in COPD. Current smokers have reduced responses to ICS treatment.
We have investigated whether current smoking modulates the levels of T2 mediators in the airways, thereby influencing ICS
responsiveness.

Methods: Induced sputum samples were collected from 73 COPD patients, including 41 ex-smokers. Twenty-six patients donated
a second sputum sample, approximately 6 months after the initial sample. Sputum cell gene expressions of /L3, CLCAI, CCL26 and
CST1 were assessed by quantitative RT-PCR. Differential cell counts were performed.

Results: Expression levels of all four genes significantly correlated with sputum eosinophil percentages. /L/3 and CCL26 gene
expression levels were significantly lower in COPD current versus ex-smokers (/L3 p<0.0001; CCL26 p=0.005); there were no
differences for CLCAI or CSTI. In repeat samples, IL13, CCL26 and CST! expression showed good or very good consistency, while
CLCA1 levels were more variable.

Conclusion: Sputum gene expression of /L13 and CCL26 is affected by the smoking status of COPD patients and have stable
expression over time. These findings implicate IL-13 and CCL26 as key components of T2 inflammation in COPD but also suggest
that current smoking skews the immune response away from a T2 profile.
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Introduction

Inhaled corticosteroids (ICS) are the mainstay of anti-inflammatory treatment in chronic obstructive pulmonary disease
(COPD), prescribed as part of combination treatment with one or two long-acting bronchodilators in order to prevent
exacerbations.' In COPD patients with a history of exacerbations, higher blood eosinophil counts (BEC) are associated
with greater ICS effects on exacerbation prevention.”* BEC are used as a clinical biomarker to help identify COPD
patients who are potentially more responsive to ICS treatment.’

BEC are associated with pulmonary eosinophil counts, although this relationship is not strong.” ® Higher BEC are also
associated with increased expression of type-2 (T2) genes in the bronchial epithelium and sputum cells, with /L13, CLCAI,
CCL26 and CST1I levels reported as higher in different cohorts,”'® although the association between BEC and sputum /L/3
expression is not always consistent.'" Interleukin (IL)-13 is produced by T-helper 2 cells, type 2 innate lymphoid cells and
mast cells and plays a role in eosinophilic inflammation, mucin production and airway remodeling.'? Calcium-activated
chloride channel regulator 1 (CLCA1),"* CCL26, also known as eotaxin-3,'* and Cystatin SN (CST1)"? are all produced by
airway epithelial cells in response to type 2 inflammatory stimulants, including IL-13. CLCAL is associated with MUC5AC
mucin production,'® CCL26 is an eosinophil chemokine,'® and CST1 is a cysteine protease inhibitor involved in maintaining
airway epithelial integrity'” and has recently been shown to be associated with ICS response in COPD patients.'® Clinical
trials have reported that the monoclonal antibody dupilimab, which targets the shared IL-13 and IL-4 receptor, reduced
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exacerbation rates in COPD patients with a history of exacerbations and BEC> 300 cells / pL," highlighting the ability of
BEC to identify COPD patients with T2 inflammation.

The majority of airway sampling studies investigating ICS intervention in COPD have reported no modulation of
airway eosinophil counts.”*>* In contrast, bronchial biopsy and airway epithelial brushing transcriptome analysis has
shown increased T2 gene expression in COPD patients with higher airway eosinophil counts which was reduced by ICS
and was associated with a greater clinical response.**** Mast cell numbers were also reduced by ICS treatment. Overall,
it appears that ICS do not primarily exert their effects in COPD by reducing eosinophil numbers in the lungs, but by
targeting other T2 inflammation mechanisms.

Evidence from randomized clinical trials shows that current smokers have reduced responses to ICS treatment,***’
although this is not a consistent finding across all studies.”®*° Current smoking increases oxidative stress, which has
multiple impacts on cell physiology and signalling pathways.>* COPD patients, who are current smokers, have lower levels
of sputum supernatant innate immune mediators compared to ex-smokers, including IL-1p, IL-8, MCP-1, MIP-1a, MIP-1j
and TNF-q, and lower numbers of sputum neutrophils.*'** It is unclear whether current smoking also modulates the levels
of T2 mediators in the airways, thereby influencing ICS responsiveness. Our previous COPD gene expression work using
sputum and bronchoscopy samples had a limited sample size for this analysis of the effects of current smoking.’

Using a larger sample size than our previous study, we have investigated the effects of current smoking on airway
IL13, CLCAI, CCL26 and CST! gene expression in COPD. We also studied the stability of sputum T2 gene expression
over 6 months.

Materials and Methods

Subjects

Sputum samples were collected from 73 COPD patients for expression analysis of IL13, CLCAI, CCL26 and CSTI; gene
expression was previously reported in 33 of these patients,” while cell counts from 44 patients were part of a previous
publication of the effects of current smoking on sputum neutrophil counts.®*?> COPD was diagnosed according to GOLD
criteria,’ including a post bronchodilator forced expiratory volume in 1 second/forced vital capacity (FEV, / FVC) ratio
<0.7. All subjects had a smoking history of >10 pack years and were over 40 years of age. The smoking cessation period
for ex-smokers was at least 1 year. Twenty-six COPD patients donated a second sputum sample, approximately 6 months
after the initial sample. COPD patients were excluded if they had received oral corticosteroids or antibiotics within
6 weeks of sputum donation, or if they had a history of any other chronic respiratory disease. All patients provided
written informed consent using protocols that complied with the Declaration of Helsinki and were approved by the local
ethics committees (North West — Greater Manchester East [Ref: 05/Q1402/41], North West — Greater Manchester South
[Ref: 10/H1003/108] and North West — Preston [Ref: 16/NW/0836]).

Sputum Induction and Processing

Induced sputum samples were collected and processed as previously reported.® Sputum was processed for differential cell
counts and gene expression.> Briefly, selected sputum plugs were processed preferentially by homogenisation with phosphate-
buffered saline (PBS). The sputum cell isolation following a two-step method using Dulbecco’s PBS, then a dithiothreitol step
allowing for preparation of cytospins for differential cell counts and cell lysis in RLT buffer (Qiagen, Crawley, UK).

Quantification of Type-2 Inflammation

Following removal of the supernatants, the sputum cell pellet was re-suspended in RLT buffer plus B-mercaptoethanol.
Total RNA was purified from cell lysates using RNeasy kits (Qiagen, Crawley, UK) according to manufacturer’s
instructions. DNA contamination was prevented by on-column addition of DNase (Qiagen, Crawley, UK) according to
manufacturer’s instructions. RNA purity was assessed by spectrophotometry, with samples being excluded if the 260/
280nm ratio was outside the 1.7-2.0 range. RNA integrity was not assessed. Reverse transcription was performed on 50
ng of RNA using the Verso cDNA kit (Thermo Fisher Scientific). cDNA was reacted with ABsolute blue gPCR mix
(Thermo Fisher Scientific) in 25 pL reactions containing premade ABI Tagman gene expression assays (Catalogue no:
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4331182) for IL13 (Hs00174379 m), CLCAI (Hs00976287 ml), CCL26 (Hs00171146 m1l), CST! (Hs00606961 ml),
or the endogenous control glyceraldehyde-3phosphate dehydrogenase (GAPDH) (Catalogue no: 4352934E) (Life
Technologies, Parsley, UK). No template control showed there was no amplification. Thermal cycling was carried out
on an Agilent MX3005P (Agilent Technologies, West Lothian, UK). Relative expression levels were determined using
the 272" (cycle threshold of gene of interest minus cycle threshold of GAPDH). Samples with a cycle threshold value of
>40 were classed as having undetectable levels of gene expression. To allow for statistical analysis and presentation of
data on a logarithmic scale, samples with undetectable levels were given the arbitrary value of 1x10°%; to ensure
statistical analysis was not affected, 2 ““" values for samples with detectable levels were increased by 1x10°%.

Statistical Analysis

Distribution of data assessed by D’Agostino & Pearson normality test. The proportion of subjects with detectable levels
of each gene were compared by Fisher’s exact test, with associations between the genes being assessed by Spearman
correlation. The effects of smoking and inhaled corticosteroid treatment on gene expression in COPD patients were
assessed by Mann—Whitney test. Comparisons between repeat samples were by Spearman’s rank tests and interclass
correlation coefficients (ICCs), following log-transformation to achieve parametric distribution of the data. Sputum data
were normalised via a Log(x + 1) transformation to account for zero values. All analysis was performed using Graphpad
Prism version 9.2.0 (San Diego, California), except for ICCs, which were assessed using SPSS version 25.0 (IBM,
Armonk, New York) and based on an absolute agreement, two-way mixed effects model.

Results

The clinical characteristics of the patients are summarised in Table 1; the mean age was 65.9 years with 32 current
smokers (43.8%). The mean FEV; was 59.3% predicted. COPD ex-smokers had a higher median sputum neutrophil
percentage (84.4% vs 67.3%, p=0.02), higher median neutrophil numbers per gram of sputum (7.31 vs 3.44 neutrophils
x10%/g, p=0.002), higher total cell numbers per gram of sputum (10.29 vs 5.79 cells x10%/g, p=0.0011) and lower median
macrophage percentage (12.6% vs 27.5%, p=0.0009) compared to current smokers. Sputum eosinophil and columnar
epithelial cell percentages and numbers per gram of sputum were similar between current and ex-smokers.

The proportion of subjects with detectable gene expression levels varied across the 4 genes, with /L13 and CCL26 being
detected in 89.1% (65/73) of patients, while CLCAI and CST! were detected in 35.6% (26/73) and 63.0% (46/73),
respectively. The proportion of subjects with detectable levels of IL13 and CCL26 were significantly higher compared to
CLCAI and CST1 (p<0.001 for both comparisons). There were correlations between levels of /L13 and CCL26 (rho: 0.666,
p<0.0001), CSTI and CLCAI (rho: 0.403, p=0.0004), and CSTI and CCL26 (rho: 0.287, p=0.0137) (Supplementary
Figure 1 and Supplementary Table 1). Expression levels of all four genes significantly correlated with sputum eosinophil
percentages (Figure 1). CSTI (Rho: 0.356, p=0.002) and CLCA I (Rho: 0.300, p=0.011) showed significant correlation with
sputum columnar epithelial percentages, while no correlations were seen for /L13 (Rho: 0.085; p=0.479) or CCL26 (Rho:

0.056; p=0.642). ICS use did not affect gene expression levels (Supplementary Figure 2).

IL13 and CCL26 gene expression levels were significantly lower in COPD current versus ex-smokers (/LI3
p<0.0001; CCL26 p=0.005; Figure 2); there were no differences for CLCAI or CST1I. Statistically significant correlations
between sputum eosinophil percentages and the expression of all four genes were observed in ex-smokers, but not current
smokers (Table 2 and Supplementary Figure 3).

As sputum columnar epithelial cell numbers were associated with higher levels of CLCAI and CST! expressions, the
smoking effect on CLCAI and CSTI were assessed in a subset of samples with the highest proportion of columnar
epithelial cells (>2% median columnar epithelial level; n=36). In this subset, CLCAI (median 27*“T: current- 1x10"%; ex-
5.2x10°% p=0.201) and CST! (median 2 2“T: current- 3.2x107%; ex- 1.3x10™*; p=0.277) levels were similar in current
(n=18) and ex-smokers (n=18).

Gene expression for repeated sampling at 6 months (n=26) is shown in Figure 3. There were significant (p<0.05)
associations between repeated samples for /L13, CCL26 and CSTI but not CLCAI. The ICC for CCL26 and CSTI
demonstrated good consistency (ICC > 0.5) while for /L/3 there was very good consistency (ICC > 0.8) (Figure 3).
Significant associations between repeat sputum cell counts were observed in the same samples (Supplementary Figure 4).
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Table | Subject Clinical Characteristics

All COPD (n=73)

COPD Ex-Smokers n=41)

COPD Current Smokers (n=32)

Age

65.9 (7.8)

69.7 (5.9)

61.2 (7.4)

Male/Female n (%)

42/31 (57.5/42.5)

25/16 (61.0/39.0)

17/15 (53.1/46.9)

Current smokers n (%) 32 (43.8) 0 (0) 32 (100)
Pack year history (years) 42.7 (19.3) 422 (21.4) 434 (16.6)
Smoking cessation period (years) N/A 15.5 [1.5-38.0] N/A
Post-BD FEV,% 59.3 (14.2) 59.6 (14.2) 59.0 (14.4)
Post-PB FEV,/FVC (%) 515 (11.3) 50.3 (11.8) 53.1 (10.5)
Blood Eosinophil count 10%/1 0.19 [0.04-0.96] 0.21 [0.06-0.96] 0.16 [0.04-0.60]

Blood Neutrophil count 101

423 [2.40-12.83]

4.12 [2.40-12.83]

439 [2.82-8.81]

Sputum weight (g)

0.64 [0.11-3.60]

0.64 [0.11-3.60]

0.49 [0.19-2.81]

Total cell count x10%g sputum

7.58 [0.62-100.9]

10.29 [2.31-100.9]

5.79 [0.62-21.15]*

Eosinophil count x10%/g sputum

0.07 [0.00-1.43]

0.14 [0.00-1.43]

0.05 [0.00-1.06]

Neutrophil count x10%/g sputum

5.32 [0.35-98.08]

7.31 [0.79-98.08]

3.44 [0.35-16.717*

Macrophage count X|06/g sputum 1.25 [0.08—4.57] 1.26 [0.08—4.57] 1.25 [0.18-3.97]
Columnar epithelial cell count XIO(’/g sputum 0.16 [0.00-3.86] 0.22 [0.00-3.86] 0.11 [0.02-0.60]
Sputum Eosinophil % 1.0 [0.0-16.5] 0.8 [0.0-16.5] 1.0 [0.0-10.8]

Sputum Neutrophil %

72.5 [24.3-98.8]

84.4 [25.3-98.8]

67.3 [24.3-92.51*

Sputum Macrophage %

19.5 [1.0-72.3]

12.6 [1.0-72.3]

27.5 [5.5-61.57%*

Sputum columnar epithelial cell %

2.00 [0.00-39.25]

163 [0.00-39.25]

2.00 [0.25-23.50]

Exacerbations previous year .1 (1.1) 1.2 (1.1) 0.9 (1.0)
SABA usage (%) 96% 100% 91%
LABA usage (%) 77% 81% 73%
LAMA usage (%) 85% 81% 91%
ICS usage (%) 68% 69% 67%
CAT score 19.7 (7.6) 18.4 (7.6) 21.4 (7.4)
mMRC score 3.0 [0.04.0] 3.0 [0.04.0] 3.0 [1.04.0]
GOLD Grade | n (%) 6 (8.2) 3(7.3) 3(94)
GOLD Grade 2 n (%) 49 (67.1) 27 (65.9) 21 (65.6)
GOLD Grade 3 n (%) 17 (23.3) 10 (24.4) 8 (25.0)
GOLD Grade 4 n (%) I (1.4) I (2.4) 0 (0)

Notes: Unless otherwise stated, data is presented as either mean (standard deviations) or medians [range]. Comparisons between COPD Ex-smokers and COPD
current smokers by Mann—Whitney test: #p<0.05; #p<0.0| Wp<0400l. Bold text illustrates results with significant differences between Ex- and current smokers
(p<0.05).

Abbreviations: BD, bronchodilator; CAT, COPD Assessment Test; FEV,, forced expiratory volume in the first second; FVC, forced vital capacity; ICS, inhaled
corticosteroids; LABA, long-acting beta2 agonists; LAMA, long-acting muscarinic antagonists; mMRC, modified Medical Research Council Dyspnea Scale; N/A, not
applicable; SABA, short-acting beta2 agonists.
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Table 2 Correlations Between Sputum Eosinophil
Percentages and T2 Gene Expression in Current
and Ex-Smokers

Gene Current Smokers Ex-Smokers
ILI3 Rho: 0.230 Rho: 0.413
p=0.213 p=0.009
CLCAI Rho: 0.353 Rho: 0.350
p=0.052 p=0.029
CCL26 Rho: 0.258 Rho: 0.516
p=0.161 P<0.001
CSTI Rho: 0.125 Rho: 0.344
p=0.501 p=0.032

Notes: Comparisons between sputum eosinophil percentages
and gene expression were assessed by Spearman correlation.
Results in bold highlight significant correlations (p<0.05).

Discussion

Sputum gene expression of /L13 and CCL26 was lower in COPD current versus ex-smokers. Associations between T2 gene
expression and sputum eosinophil counts were present in ex-smokers, but mostly absent in current smokers. /L/3 and CCL26
expression were present in more individuals compared to CLCA! or CST1, indicating that /L13 and CCL26 are more commonly
expressed T2 genes in COPD sputum. /L13, CCL26 and CST expression showed good to very good consistency when repeated at
6 months.

Higher blood and sputum eosinophil counts are associated with a greater effect of ICS in COPD patients.” * This ICS
effect seems to be mediated through modulation of T2 inflammation.?***> Analyses of COPD clinical trials have shown
that current smoking reduces the benefit of ICS.**** The findings reported here suggest this phenomenon could be due to
a reduction in the levels of T2 inflammation in the airways by current smoking. However, smoking does not completely
blunt the T2 inflammatory response in COPD as dupilumab, a monoclonal antibody targeting both IL-4 and IL-13
signalling, was effective at reducing exacerbation rates in both current and ex-smokers.'*°

The repeat sampling at 6 months showed at least good consistency (by ICC analysis) for all 4 genes studied, with the
strongest correlations (Rho > 0.6) for /L13 and CCL26, which were also the two most highly expressed genes. The
consistency in T2 gene expression in the sputum cells was matched with good stability of neutrophil, macrophage and
eosinophil cell counts in the same samples. Overall, these results show that /L/3 and CCL26 show relatively high
expression levels that are consistent over time and sensitive to the effects of current smoking.

Unlike /L3 and CCL26 expression, sputum eosinophil counts did not differ between current and ex-smoking COPD
patients, which matches previous findings in sputum studies.*”~** This lack of effect of current smoking on sputum eosinophil
counts, in contrast to a reduction of sputum T2 gene expression, explains the loss of correlation between these parameters in
current smokers. We have recently reported that the numbers of small airway intra-epithelial eosinophils are lower in COPD
current compared to ex-smokers.>” This may be explained by current smoking providing signals that promote the movement of
eosinophils across the epithelium into the airway lumen; in support, it has been shown that broncho-alveolar lavage eosinophil
counts are increased in COPD current versus ex-smokers.’’ The site of sampling is important, as the peripheral lung small
airways may give different results to sputum samples from the more proximal airways.

Airway mast cells are a major source of IL-13.%°

We have recently shown an association between the expression of the four
T2 genes investigated here and mast cell gene signature in sputum cells from COPD patients with high eosinophil counts.*!
IgE-independent activation of mast-cells occurs through various stimuli, including eosinophil derived major basic protein and
eosinophil cationic protein, and typically occurs through activation of G-protein coupled receptors.*>** The G-protein subunit
Gi3a, which has been linked to IgE-independent activation mechanisms in mast cells,* is down regulated by cigarette

smoke.** This is one possible mechanism by which T2 gene expression is modulated by cigarette smoke. Alternatively, IL-13
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Figure 3 Repeat analysis of sputum T2 gene expression in COPD patients. Sputum samples were collected from 26 COPD patients at baseline and at 6 months. Gene
expressions for ILI3 (A), CLCAI (B), CCL26 (C) and CST/ (D) were quantified by RT-PCR. Associations between baseline and 6-month measurements were assessed by
Spearman’s rank test and Interclass coefficient analysis. Rho, p-values and ICC values are presented for each analysis. The number of patients with undetectable levels at both
baseline and 6 months were n=2 for ILI3, n=12 for CLCAl, n=0 for CCL26 and n=4 for CSTI.

is also secreted by type 2 innate leukocyte cells after IL-33 stimulation.** Bronchial epithelial expression of IL-33, at both gene
and protein levels, is lower in COPD current smokers.*®

Fractional exhaled nitric oxide levels are higher in COPD patients compared to healthy subjects, but levels are
reduced in COPD patients who continue to smoke.*” IL-13 drives the upregulation of inducible nitric oxide synthase, and
the cigarette smoke induced down regulation of IL-13 reported here is likely to be a mechanism relevant to the
downregulation of FeNO levels in COPD current smokers.

CCL26 expression can be directly induced by IL-13,*® accounting for the correlation that we observed between these
cytokines. The current smoking effect on CCL26 may simply be a downstream response to downregulation of /L13
expression. CCL26 is a potent chemokine for eosinophils.'® However, as sputum eosinophil numbers did not differ
between current and ex-smokers, CCL26 may not be the dominant driver of eosinophilia in COPD.

Unlike /L13 and CCL26, CSTI and CLCA1 expression levels did not differ in current and ex-smokers. In a prior asthma
study, increased CLCA/ expression was only observed in sputum samples with higher columnar epithelial cell composition.*
We also observed that levels of CLCA1, and CST1, expression correlated with sputum columnar epithelial cell percentage.
However, a smoking effect on CST/ and CLCAI expression was still not observed in an epithelial-high enriched sample
subset. In airway epithelial cells, IL-13 stimulates expression of CLCA 1, with this induction being cigarette smoke sensitive.>
This mechanism may not be relevant in sputum cells. While /L/3 and CCL26 were more commonly expressed compared to
CSTI and CLCAI, all 4 genes showed associations with sputum eosinophil counts, implicating all these genes in T2
inflammation in COPD although the extent may vary between patients. Furthermore, our analysis was based on sputum
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samples, and different results could be obtained from other airway samples. For example, CLCA1 is expressed in bronchial
brushings and is typically associated with mucin production from airway epithelial cells.”'

CSTI stimulates IL-5 production in nasal polyp tissue,”> providing mechanistic support to explain the correlation
between CSTI expression and eosinophil numbers in COPD patients. Recombinant CST1 induces expression of
eosinophil cationic protein (ECP) and eosinophil peroxidase (EPX) in human blood eosinophils, as well as increasing
cell surface expression of CD69,’” suggesting a role for CST1 in eosinophil activation and degranulation. While CST/
expression was stable, detectable levels of CST/ and CLCAI were lower compared to /L3 and CCL26. CLCAI had the
lowest expression of the 4 genes assessed with inconsistency in detection. Assay sensitivity at low gene expression levels
can contribute to the lower consistency during repeat sampling.

A limitation of this study is that analysis of T2 gene expression was restricted to sputum only. Other cell types in the lung,
such as airway epithelial cells, also express T2 genes, such as /L13.%> The effect of smoking status on T2 gene expression in
these cell types requires further investigation. Expression of /L 13 was affected by smoking status, so it would be of interest to
assess smoking effects on the other helper-2 T-cell cytokines /L4 and IL5. This was not possible in this investigation as it was
an extension of a previous study which did not assess /L4 and /L5 and there were insufficient RNA samples remaining to
enable additional analysis. Only a single reference gene, GAPDH, was used to assess T2 gene expression. The use of multiple
and alternative references genes™ may have revealed other differences in gene expression.

Conclusions
We have shown that sputum gene expression of /L3 and CCL26 are affected by the smoking status of COPD patients but
are readily detected and have stable expression over time. These findings further implicate IL-13 as a key component of

T2 inflammation in COPD and suggest that the level of T2 inflammation is modified by current smoking.***’
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