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Tissue-resident lung NK cells are differentially affected by COPD development compared to 22 

circulating NK cells in both mice and humans and this may contribute to excess inflammation in 23 

viral exacerbations of COPD. Understanding the function of lung-resident innate immune cells 24 

during COPD development and exacerbation is important to our overall understanding of immune 25 

dysregulation in this disease and for potential therapeutic intervention. 26 
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Abstract 44 

Rationale: Tissue-resident natural killer cells have been identified in numerous organs, but little 45 

is known about their functional contribution to respiratory immunity, in particular during chronic 46 

lung diseases such as COPD.  47 

Objectives: To investigate the phenotype and antiviral responses of trNK cells in murine cigarette 48 

smoke-induced experimental COPD and in human lung parenchyma from COPD donors. 49 

Methods: Mice were exposed to cigarette smoke for 10 weeks to induce COPD-like lung disease. 50 

Lung tissue resident NK cell phenotypes and function were analysed by flow cytometry in both 51 

murine and human disease with and without challenge with influenza A virus.  52 

Measurements and Main Results: In the mouse lung CD49a+CD49b+EOMES+ and 53 

CD49a+CD49b-EOMESlo NK cell populations had a distinct phenotype compared with CD49a- 54 

circulating NK cells. CD49a+ NK cells were more extensively altered earlier in disease onset than 55 

circulating NK cells and increased proportions of CD49a+ NK cells correlated with worsening 56 

disease in both murine and human COPD. Furthermore, the presence of lung disease delayed both 57 

circulating and tissue-resident NK cell functional responses to influenza infection. CD49a+ NK 58 

cells markedly increased their NKG2D, CD103 and CD69 expression in experimental COPD 59 

following influenza infection, and human CD49a+ NK cells were hyperactive to ex vivo influenza 60 

infection in COPD donors.  61 

Conclusions: Collectively, these results demonstrate that tissue-resident NK cell function is 62 

altered in cigarette smoke-induced disease and suggests that smoke exposure may aberrantly prime 63 

tissue-resident NK cell responsiveness to viral infection. This may contribute to excess 64 

inflammation during viral exacerbations of COPD. 65 
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INTRODUCTION 73 

Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory condition of the lungs 74 

and is the third leading cause of death globally 1,2. Seasonal viruses, including Influenza A Virus 75 

(IAV) are identified in >30% of COPD exacerbations and are a major driver of mortality and 76 

morbidity3–5. Immune dysregulation in COPD is well characterised, with chronic inflammation 77 

and poor function of both innate and adaptive immunity, including NK cells 6,7. NK cells have 78 

important roles in immunity through their cytotoxic effector function and inflammatory cytokine 79 

release8. Found in high abundance in the blood, spleen and lungs, murine NK cell developmental 80 

stage is commonly distinguished through CD11b and CD27 expression9. In humans, immature and 81 

mature NK cells are commonly reported as CD56bright and CD56dim respectively, with 82 

CD56brightCD16- NK cells poorly cytotoxic but potent cytokine producers8.  83 

 84 

NK cells from COPD-affected lung tissue have enhanced killing of respiratory epithelia and are 85 

linked to an emphysematous phenotypes in cigarette smoke (CS)-exposed mice, suggesting that 86 

overactive NK cells may contribute to tissue destruction in COPD 6,7,10–12. There is an emerging 87 

role for NK cells in COPD exacerbations, given their roles in responding to IAV13–21. In fact 88 

Osterburg et al. (2020) demonstrated distinct and stable changes in peripheral blood NK cells 89 

following COPD exacerbation 22. Phenotypically unique subsets of NK cells have been identified 90 

in the lung and are likely tissue-resident, based on a transcriptional signature similar to resident 91 

memory T cells and integrin expression such as CD69, CD49a (integrin α2) and CD103 (integrin 92 

αE) 20,23–25. CD49a is commonly reported as a dominant marker of lung trNK cell phenotype, 93 

with ~13% of human lung NK cells expressing this integrin 20,24. Although the functional 94 

importance of lung trNK cells remains to be fully explored, early work suggested that lung trNK 95 
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cells are hyper-reactive to IAV infection, ultimately becoming the dominant polyfunctional NK 96 

cell population in ex vivo lung infection 20,25.  97 

 98 

Thus far, studies investigating the relationship between NK cell function and COPD have not 99 

discriminated between circulating NK (cNK) and lung trNK cells. Indeed, the contribution of trNK 100 

cells during COPD pathogenesis and exacerbation is unknown. To define the antiviral responses 101 

of lung trNK cells in COPD, the phenotype and function of trNK cells were analysed during the 102 

onset and development of CS-induced experimental COPD, in vivo IAV-induced exacerbation and 103 

ex vivo IAV infection of human COPD lung tissue.  104 

 105 

 106 

  107 
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MATERIALS AND METHODS 108 

Murine models. Female C57BL/6 mice were exposed to the smoke from 12 3R4F cigarettes, twice 109 

a day, 5 times a week for up to 12 weeks, as described previously26–31.  3R4F contain 11.0mg 110 

particulate matter/cig that is predominantly PM10 and PM2.5 32. Some groups were intranasally 111 

inoculated with IAV (A/PR/8/34 mouse-adapted H1N1, 33 plaque forming units, in 50μL 112 

UltraMDCK media) under isoflurane anaesthesia 33–35. This model of CS-induced COPD 113 

recapitulated the features of human disease, including emphysema-like alveolar enlargement (Fig. 114 

E1). Mice were euthanized by sodium pentobarbital (Lethabarb; Virbac) overdose at the endpoint. 115 

Experiments were approved by the University of Newcastle Animal Care and Ethics Committee 116 

and performed at the Hunter Medical Research Institute, NSW, Australia. 117 

 118 

Murine immune cell isolation and analysis. Lungs were digested with collagenase D (Roche), 119 

processed into single cell suspensions and stimulated with Phorbol 12-myristate 13-acetate and 120 

Ionomycin (PMA/I) with brefeldin A (Sigma) before cells were stained and analyzed by flow 121 

cytometry as described in the online supplement. 122 

 123 

Emphysema. Lung tissue was formalin fixed, sectioned and stained and emphysema‐like alveolar 124 

enlargement quantified using the MLI technique, as previously described and as in the online 125 

supplement 28–31.  126 

 127 

Human tissue donor recruitment and sample collection. Human lung tissue and blood was 128 

collected from donors undergoing cancer resection surgeries taking place at Southampton General 129 

Hospital (approved by Southampton and South West Hampshire Research Ethics Committee, UK 130 
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09/H0504/109), and all participants provided informed written consent. Lung tissue was obtained 131 

from sites distal to tumours that were reported as macroscopically normal. Donors were divided 132 

into COPD and non-COPD groups retrospectively via assessment of medical records, spirometry 133 

and lung imaging. A comprehensive description of donor demographics is included in the online 134 

supplement.  135 

 136 

Analysis of human lung tissue and explant infection. Lung tissue explants were prepared and 137 

infected with IAV (X31 H3N2, Virapur) before infected and uninfected tissue was digested into 138 

single cells suspensions and stained for flow cytometry as described previously and as in the online 139 

supplement36–38. 140 

 141 

Statistical analyses. Data are presented as individual values with mean or median summarized, as 142 

indicated. Comparisons between two groups were performed using an unpaired two-tailed t-test or 143 

or Mann-Whitney test, as appropriate. Comparisons involving three or more groups were 144 

performed by one-way ANOVA with Bonferroni’s multiple comparison correction post-hoc test. 145 

Comparisons between different cell populations within the same subject were performed using 146 

appropriate grouped analyses (paired t-test, Wilcoxon signed-rank test or repeated measures one-147 

way ANOVA with Bonferroni’s post-hoc test), as indicated. Groups of CS-treated mice were 148 

compared against matched air-controls analysed at the same time. Pearson correlation co-efficient 149 

and P value and simple linear regression were calculated for correlations between NK cell 150 

population frequencies and FEV1%. Statistical analyses were performed using GraphPad Prism 9 151 

software (San Diego, CA). 152 

 153 
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RESULTS  154 

Murine lung CD49a+ NK cells have a distinct phenotype 155 

Three sub-populations of NK cells were identified in the naïve murine lung, CD49a-CD49bvar cNK 156 

cells, putative CD49a+CD49b- trNK cells, and CD49a+CD49b+ trNK cells, with the majority being 157 

CD49a-CD49bvar cNK cells (90.1%±7.9) (Fig. 1A-C). CD49a+CD49b+ and CD49a+CD49b- NK 158 

populations had greater expression of the activating receptor, NKG2D, and CD103 compared to 159 

CD49a-CD49b+ cNK cells (Fig. 1D, E). All NK cell subsets expressed higher levels of EOMES 160 

compared to CD3+NK1.1- T cells (Fig. 1F), with CD49a+CD49b+ expressing higher, and 161 

CD49a+CD49b- NK cells expressing less, compared to CD49a-CD49bvar NK cells. Both 162 

CD49a+CD49b- and CD49a+CD49b+ NK cell subsets upregulated granzyme-B following PMA/I 163 

stimulation, indicating potential cytotoxic function (Fig. 1G). Therefore, both subsets of CD3-164 

NK1.1+CD49a+ cells are EOMES+ and granzyme-B+ indicating they are trNK, rather than 165 

ILC119,39–43. 166 

 167 

Most murine lung NK cells were mature (CD27-CD11b+) cytotoxic effectors, with small 168 

populations of immature and differentiating NK cells (CD27+/- CD11b-) identified (Fig. E2 B-D). 169 

Approximately 20% of CD11b- cells were CD49a+, whilst around 5% of CD11b+ NK cells were 170 

CD49a+ (Fig. 1 H and I). This expression of CD49a on immature NK cells fits with descriptions 171 

of CD49a+ lung NK cells in humans and indicates consistency between human and mouse trNK 172 

cell biology19,20. 173 

 174 

The development and progression of experimental COPD is associated with altered lung NK 175 

cell numbers 176 
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Lung NK cell populations were next assessed in air- or CS-exposed mice after 1 week (acute CS 177 

exposure), 8 weeks (emergence of chronic disease features) or 12 weeks (progressive and fully 178 

irreversible disease)26–31. Experiments at these points of disease were performed independently 179 

and are analysed as such, CS-treated mice are compared against matched air controls in the same 180 

experiment. This widely used mouse model of CS-induced experimental COPD recapitulates the 181 

characteristic clinical features of human COPD by 8 weeks, including inflammation, airway 182 

remodeling, mucus hypersecretion, emphysema-like alveolar destruction, impaired lung function 183 

and non‐responsiveness to corticosteroid treatment26–31. At 12 weeks, CS-exposed mice exhibit 184 

substantial lung disease with chronic airway inflammation, airway fibrosis, and an irreversible 185 

decline in lung function.  186 

 187 

We show that the proportion of NK cells (defined as CD45+CD3-NK1.1+ cells) decreased (20.3% 188 

to 9.9% of lung CD45+ lymphocytes) following 12 weeks of CS exposure (FigE2 E,F). Following 189 

1 week of CS exposure CD49a+CD49b- trNK cell numbers increased, whilst CD49a- and 190 

CD49a+CD49b+ numbers remained unchanged (Fig. 2A-C). However, the number of cNK cells 191 

(CD49a- CD49bvar) was reduced following 8 weeks and trended towards reduction at 12 weeks of 192 

CS exposure (Fig. 2A). The numbers of CD49a+CD49b- and CD49a+CD49b+NK cells were both 193 

reduced (-47% and -31%, respectively) after 12 weeks of exposure (Fig. 2B,C). A reduction in 194 

CD49a+CD49b+ cells was also observed at 8 weeks of CS exposure. These results show that 195 

CD49a+CD49b- cells are increased early during CS-induced inflammation while both CD49a+ and 196 

CD49a- NK cell subsets are reduced in the lungs of mice later during CS-induced experimental 197 

COPD.  198 

 199 
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trNK cell functional markers are disproportionally affected by CS exposure 200 

Surface CD69 (Fig. 3A) and intracellular IFN-γ (Fig. 3B) expression upon PMA/I stimulation were 201 

unchanged in all subsets of NK cells following 1 week of CS exposure. However, CD69 expression 202 

was increased on CD49a+CD49b- and CD49a+CD49b+ NK cells (Fig. 3A), and IFN-γ production 203 

reduced in CD49a+CD49b- NK cells (Fig. 3B) following 8 and 12 weeks of CS exposure. cNK 204 

only showed increased CD69 following 12 weeks of CS exposure. At steady state, CD49a+CD49b- 205 

NK cells expressed the highest frequency of CD69, fitting with its involvement in tissue retention 206 

(Fig. 3A). CS-induced COPD was associated with dramatically increased CD103 expression on 207 

all lung NK cell subsets, with the greatest increase on CD49a+CD49b+ NK cells after 12 weeks 208 

(Fig. 3C). The effects of CS exposure on lung NK cell phenotype can also be appreciated as fold 209 

change in protein expression as shown in Fig. E4. These results demonstrate altered phenotypes 210 

of both cNK (CD49a-) and trNK (CD49a+) cells during CS-induced experimental COPD, with the 211 

most marked changes observed in trNK cells. Importantly, trNK cell phenotype is altered earlier 212 

during CS-induced COPD than cNK cells. 213 

 214 

Chronic CS exposure impairs cNK and trNK cell responses to IAV infection 215 

We next exposed mice to air or CS for 10 weeks prior to infecting them with IAV to determine 216 

how experimental COPD affects NK responses to IAV infection early during the innate phase (3 217 

days post-inoculation [dpi]) and at the peak of infection [7dpi]) (Fig. 4 and E3) 34,35.  CD49a-218 

CD49bvar and CD49a+CD49b+, but not CD49a+CD49b-, NK cell subsets were increased at 3dpi in 219 

air-exposed mice infected with IAV (Fig. 4A-C). There were no differences in air-exposed mice 220 

by 7dpi (Fig. 4D and E). Significantly, CS exposure suppressed NK cell numbers in the lungs of 221 

IAV-infected mice at 3dpi compared to controls (Fig. 4A-C). Interestingly, all three NK cell 222 
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populations were increased at 7dpi in IAV-infected, CS-exposed mice (Fig. 4D-F) compared to 223 

sham-infected, CS-exposed and IAV-infected, air-exposed controls. These findings show that NK 224 

cell responses to IAV are delayed in experimental COPD.  225 

 226 

cNK and trNK cell functional markers during IAV infection are dysregulated by 227 

experimental COPD 228 

We show that IAV infection increases IFN-γ production in all three NK cell subsets in air-exposed 229 

mice (3 dpi) and this IFN-γ response to IAV in cNK and CD49a+CD49b+ trNK cells is unchanged 230 

in CS-exposed mice compared to air-exposed controls (Fig. 5A). Interestingly, we show that IFN-231 

γ production by CD49a+CD49b- NK cells in response to IAV was completely abrogated in CS-232 

exposed mice compared to air-exposed controls (Fig. 5A). Increased expression of the marker of 233 

degranulation, CD107a, in air-exposed mice in response to IAV infection only occurred in 234 

CD49a+CD49b- NK cells at 3dpi (Fig. 5B). CD107a expression was not altered on CD49a+CD49b+ 235 

NK cells, but was suppressed on CD49a+CD49b- NK cells in CS-exposed mice, indicating that 236 

experimental COPD may abrogate CD49a+CD49b- NK cytotoxic capacity. Furthermore, CS 237 

exposure increased CD107a expression on CD49a-CD49bvar cNK cells in sham-infected mice 238 

compared to air-exposed, sham-infected controls and this was further enhanced in CS-exposed, 239 

IAV-infected mice (Fig. 5B), indicating enhanced cytotoxic responses of cNK cells in CS-induced 240 

experimental COPD. NKG2D, an activating receptor important in the recognition and destruction 241 

of IAV-infected cells and NK cell-mediated epithelial cell destruction in COPD, was increased on 242 

all NK cell subsets following IAV infection in both air- and CS-exposed mice (Fig. 5C), with 243 

greater expression seen in CS-exposed mice compared to air-exposed controls. Interestingly, 244 

experimental COPD enhanced NKG2D expression on trNK cell subsets but not cNK cells, in the 245 
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absence of IAV infection. CD69 frequency was also increased on all NK cell subsets following 246 

IAV infection and this was further increased in CS-exposed groups (Fig. 5D). Interestingly, trNK 247 

cell subsets had the greatest increase in NKG2D and CD69 expression in IAV-infected, CS-248 

exposed mice. CD103 expression was not affected by IAV infection in either air- or CS-exposed 249 

mice (Fig. 5E). Collectively these data indicate a dysregulated anti-viral NK cell response in 250 

experimental COPD. Similar findings were observed following IAV infection at 7dpi (Fig. E6), 251 

with the exception of NKG2D. 252 

 253 

CD49a+ NK cell numbers correlate with more severe disease in patients with COPD  254 

We next investigated the relationship between lung trNK cell subset frequency and human COPD. 255 

Human NK cells, which lack expression of CD49b, were identified in lung parenchyma as CD3-256 

CD56+ cells and further defined as CD56bright, CD56dimCD16+ and CD56dimCD16- subsets and their 257 

expression of CD49a assessed (Fig. E7) 20. The greatest frequency of CD49a expression was 258 

observed on immature CD56bright NK cells, followed by lower levels on CD56dimCD16- NK cells, 259 

with negligible expression detected on mature CD56dimCD16+ subsets (Fig. E7). 260 

 261 

There was no correlation between the proportion of CD45+ lung lymphocytes identified as NK 262 

cells and FEV1% predicted in a mixed cohort of subjects with and without COPD (Fig. 6A). 263 

However, an increased proportion of CD56bright NK cells correlated with reduced FEV1 % 264 

predicted (Fig. 6B), while an increase in CD56dimCD16+ NK cell frequency correlated with 265 

increased FEV1 % predicted (Fig. 6C). Importantly, the frequency of CD49a on CD56bright NK 266 

cells negatively correlated with donor FEV1 % predicted, with higher proportions of CD49a+ NK 267 

cells observed in subjects with more severe disease (Fig. 6E and Fig. E8A and B). No relationship 268 
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was observed between CD56dimCD16- NK cells and lung function (Fig. 6D) or with CD49a 269 

expression in this subset (Fig. 6F). The proportions of all NK cell subsets, including trNK cells, 270 

were unaffected by inhaled corticosteroid use or smoking status (Fig. E8 C-L). Pack year history 271 

(where it was known) was not found to correlate with FEV1% (Fig. 6G), which most likely reflects 272 

a strong history of smoking in the non-COPD, cancer resection cohort. 273 

 274 

Importantly, we show that equivalent shifts in NK cell phenotype occur in mice during 275 

experimental COPD, with the proportion of CD11b- NK cells (Fig. 6H; as a proportion of CD3-276 

NK1.1+ NK cells) and the frequency of CD49a expression on these CD11b- populations (Fig. 6I) 277 

increasing in the lungs of CS-exposed mice compared to air-exposed controls. These results 278 

indicate that NK cell numbers and phenotype are altered in COPD, with a skew towards more 279 

immature NK cells and a higher frequency of CD49a+CD56bright/CD11b- trNK cells with disease. 280 

 281 

CD49a+ NK cells in the human lung are phenotypically distinct from CD49a- NK cells 282 

We next analysed the expression of NK cell activating receptors NKp46, NKG2D, NKG2C and 283 

the chemokine receptor CCR5 on CD49a+ and CD49a- cells in lung single cells from subjects with 284 

and without COPD. CD49a+CD56bright NK cells expressed lower levels of NKp46 (P=0.04), but 285 

higher levels of NKG2D (P=0.0039), NKG2C (P=0.0049) and CCR5 (P=0.0039) than CD49a-286 

CD56bright NK cells (Fig. 7 A-E). However, CCR5 expression was greater on all subsets of NK 287 

cells analysed from the lung, compared with those isolated from matched donor blood, implicating 288 

this chemokine receptor in general NK cell homing to the lung (Fig. E9A and B). CD49a was also 289 

expressed by CD56dimCD16- cells (Fig. E7) and interestingly, similar trends were observed in the 290 

phenotype of these cells, with CD49a+CD56dimCD16- cells also expressing more NKG2D and 291 
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CCR5 (P=0.042 and 0.0078 respectively, Fig. E9C and F). Although CD49a+ trNK cells had a 292 

distinct phenotype compared with circulating CD49a- NK cells in the lungs, the COPD status of 293 

the donor did not affect CD49a+ phenotype in our study (Fig. E10). Taken together this data 294 

indicates that there is a distinct phenotype of CD49a+ human lung NK cells compared with CD49a- 295 

NK cells, that is not explained by COPD status. 296 

 297 

CD49a+ NK cells in the COPD lung are more responsive to IAV infection than CD49a- NK 298 

cells 299 

To better understand the functional potential of human lung trNK cells in COPD, human lung 300 

tissue was infected ex vivo with IAV (X31 H3N2) and NK cell production IFN-γ production was 301 

assessed. NK cells from COPD lungs produced IFN-γ, whilst no IFN-γ was detected in NK cells 302 

from non-COPD lungs (P=0.0079, Fig. 7F and J). Analysis of NK cell subsets in IAV-infected 303 

lungs showed that IFN-γ production was primarily detected in CD56brightCD16- (P=0.032) and 304 

CD56dimCD16- (P=0.019) NK cells, with less prominent IFN-γ upregulation in CD56dimCD16+ 305 

cells (P=0.086) (Fig. 7 G-I). Furthermore, CD49a+ cells in both CD56bright and CD56dim subsets 306 

were the major producers of driving IFN-γ production in COPD tissue (P=0.071 and P=0.012, Fig. 307 

7K and L). This data suggests that trNK cells may be hyper-responsive to IAV in the human COPD 308 

lung. 309 

 310 

  311 
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DISCUSSION  312 

In this study we progress the current understanding of immune dysfunction in COPD by providing 313 

evidence of cNK and trNK cell dysregulation in both human and experimental COPD. In the mouse 314 

the majority of lung NK cells were circulating (CD49a-) with small proportions of CD49a+ trNK 315 

cells (9%, Fig. 1B), similar to that found in humans (13%)20. In both murine and human lung tissue 316 

CD49a was expressed on predominantly immature NK cell subsets (CD11b- in mice and CD56bright 317 

in humans) with little to no expression on differentiated cytotoxic effectors (Fig. E7 and Fig. 1H 318 

and I)20. CD49a+ trNK cell populations had distinct phenotypes in both species, with increased 319 

NKG2D, CD103 and CD69 relative to cNK cells. Furthermore, a switch to a higher proportion of 320 

CD49a+ immature NK cells in the lungs correlated with human disease (Figure 6E) and 321 

development of COPD in a murine model (Figure 3). Together, these data show that both tr and 322 

cNK cells are dysregulated in CS-induced disease and that there is a high parity between lung trNK 323 

cell biology in experimental and human COPD.  324 

 325 

Heightened NK cell cytotoxicity and destruction of autologous epithelial cells has previously been 326 

described in COPD and is driven through enhanced dendritic cell signalling6,7. Our data is 327 

concurrent with this as we have also described evidence of degranulation (enhanced surface 328 

CD107a) on cNK cells and we add to this understanding by demonstrating a further enhancement 329 

of the degranulation response to IAV infection after CS exposure. However, until now, studies 330 

investigating NK cell function in COPD have only considered cNK cells. For instance, we observe 331 

upregulation of NKG2D (an activating receptor associated with enhanced NK cell cytotoxicity in 332 

COPD) on the cNK pool as described previously44,45. NKG2D ligands are upregulated on 333 

structural cells of COPD airways and may be a key driver of NK cell activation. However, larger 334 
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increases in NKG2D expression were identified on CD49a+ trNK cell subsets, which is concurrent 335 

with increases in other markers of residency and activation, such as CD69 and CD103, in these 336 

populations. 337 

 338 

In our model of experimental COPD we investigated trNK cell phenotypes at three distinct points 339 

in disease development. trNK cell phenotypes were altered earlier than cNK cells, with increased 340 

CD69 and CD103 on CD49a+ NK cells at 8 weeks of CS exposure (at disease onset) whereas these 341 

increases were only observed on cNK cells at 12 weeks of CS exposure (progressive disease).  342 

Interestingly, CD69 and CD103 are classic tissue residency markers and their upregulation 343 

following CS exposure may indicate a drive towards greater residency in diseased lung tissue. 344 

 345 

IAV has an important role in driving disease exacerbations in human COPD34,35,46. In air-exposed 346 

control mice a strong NK cell functional response was identified 3dpi, with population expansions 347 

of cNK and CD49a+CD49b+ NK cells, IFN-γ production and increased NKG2D and CD69 surface 348 

expression in all subsets (Fig 5). However, CD107a was only identified on CD49a+CD49b- NK 349 

cells post IAV infection in air controls. In CS-exposed mice, expansion of cNK was delayed to 350 

7dpi, with CD49a+CD49b- NK cells also increased (Fig. 4). In addition, CS exposure enhanced 351 

post-IAV degranulation of cNK cells and increased NKG2D, CD69 and CD103 expression on 352 

cNK and trNK subsets, with CD49a+ trNK cells demonstrating the greatest increases in all three 353 

markers. This distortion in the NK cell response and particularly the delay in NK cell expansion, 354 

may contribute to the exacerbation of COPD during viral infection and lack of viral 355 

clearance34,35,47–50. We propose that changes in trNK cell populations indicate a potentially 356 
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aberrant priming of response to IAV infection and a CS-induced shift from a protective NK cell 357 

response to one that may contribute to excessive inflammation and tissue damage.  358 

 359 

CD49a+CD49b- NK cells express higher NKG2D but lower EOMES, Gzm-B and CD107a relative 360 

to CD49a+CD4b+ lung NK cells, but only CD49a+CD49b- NK cells provided evidence of 361 

degranulation in response to IAV. These differences might reflect a greater cytotoxic capacity in 362 

CD49a+CD49b- NK cells or point towards other different functional responses in the two 363 

populations. However, heterogeneity of CD49b expression within the CD49a+ population may 364 

simply enable residency in different parts of the lung tissue due to different collagen/laminin 365 

specificities and may not impact function, however this remains to be explored directly. 366 

 367 

Although the IFN-γ response of trNK cells was unchanged or diminished in experimental COPD, 368 

in ex vivo infection of human lung tissue explants NK cell IFN-γ production was only identified 369 

in CD49a+ lung trNK cells from COPD donors (Figure 7). This suggests a hyper-responsiveness 370 

of CD49a+ NK cells to IAV in human COPD and a potential link to exacerbation of underlying 371 

disease. This apparent species difference may reflect a life-time exposure to IAV in human donors, 372 

versus novel pathogen exposure in the mouse. However, it is interesting that in experimental 373 

COPD an altered trNK cell phenotype is observed with enhanced markers of activation 374 

(CD69/NKG2D) and residency (CD103). Human CD49a+ lung NK cells express more NKG2D 375 

(Fig 7B) which may explain the heightened response of CD49a+ NK cells to IAV19–21. If trNK 376 

cells are primed through NKG2D signaling in COPD tissue, this may drive the observed IFN-γ 377 

production from these cells during ex vivo infection.  378 

 379 
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Due to logistical constraints on cage number, the smoking experiments described here were only 380 

performed with female mice, limiting the applicability of this data for the male gender. 381 

Furthermore, our analysis of CS effect over time of smoke exposure was designed as three 382 

independent experiments and should be considered as such, rather than a true timecourse and 383 

recognize the use of single animal experiments as a limitation. In addition, it should be noted that 384 

all human lung tissue was obtained from cancer resection surgeries and the effect of lung tumour 385 

on the NK cell phenotype cannot be fully excluded from our analysis. However, in line with our 386 

previous work using resected human lung tissue, we have still observed COPD-related effects on 387 

immune cell function over and above the presence of cancer36. We recognize the small number of 388 

human samples analyzed as a limitation and that these data only provide insight into mild-moderate 389 

COPD rather than more severe disease. In addition, there are also significant differences in NK 390 

cell marker expression between mice and humans that limit our ability to draw a direct link 391 

between the populations described here, most notably a lack of NK1.1 and CD49b in humans and 392 

CD56 in mice. Lastly, IAV infection in the murine model represents the introduction of novel 393 

pathogen whereas ex vivo IAV infection of human lung tissue is more likely to be recognized by 394 

existing arms of the immune system due to the high circulation of this virus and age of the tissue 395 

donors. Therefore, some of the species differences observed in this study may reflect this 396 

underlying difference in immune-biology of novel vs recurring infection. 397 

 398 

Overall, this work demonstrates the complex effects of smoking and inflammatory disease on the 399 

phenotype and function of lung-resident NK cells and provides evidence of trNK cell dysregulation 400 

in murine and human COPD. In the murine model of experimental COPD trNK cells demonstrate 401 

large increases in the expression of CD69 and NKG2D following IAV infection, with suppression 402 
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of IFN-γ and CD107a. In human COPD, an ex vivo IAV infection of lung tissue elicits fast IFN-γ 403 

production from trNK cells, indicating a potentially aberrant and detrimental response to IAV that 404 

may contribute to excess inflammation and exacerbation of disease. trNK cells express integrins 405 

that bind collagen IV and E-cadherin (CD49a and CD103, respectively) and therefore may be 406 

located close to the epithelial layer of the lungs. Given the potential of these cells to respond to 407 

local insults and mediate heightened inflammatory responses, understanding this dysregulated 408 

innate immunity in COPD is important to intervening during disease development and 409 

exacerbation. 410 

 411 

  412 
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Figures:  587 

 588 

Fig. 1:  Identification and characterization of CD49a+CD49b- trNK cells in murine lungs. (A) 589 

Gating strategy to define murine lung trNK cells. CD49a and CD49b expression on CD45+CD3-590 
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NK1.1+ cells was determined based on Fluorescence-Minus-One (FMO) controls (Fig. E2A). (B, 591 

C) Quantification of CD49a-CD49bvar, CD49a+CD49b+ and CD49a+CD49b- NK cells in murine 592 

lungs, as a proportion of the whole NK cell population (CD45+CD3-NK1.1+ cells, B) and total 593 

numbers per lung (C). (D-G) Representative flow cytometry plots and quantitation of CD49a-594 

CD49bvar (blue; circle), CD49a+CD49b+ (green; square) and CD49a+CD49b- (pink; triangle) NK 595 

cell expression of NKG2D (D; N=8), CD103 (E; N=24), EOMES (F; N=24), and granzyme-B (G; 596 

N=8). (H) Representative flow cytometry plots and (I) quantitation of CD49a expression in CD27-597 

CD11b-, CD27+CD11b-, CD27+CD11b+, and CD27-CD11b+ NK cells (CD45+CD3-NK1.1+ cells; 598 

N=8). (B, C, F) Cumulative results from three independent experiments are shown, for all other 599 

panels data from a single experiment is reported.  Lines describe means. Statistical analysis by 600 

paired two-tailed t-test (B-E, G), one-way ANOVA with Bonferroni’s multiple comparison 601 

correction (I) or repeated measures one-way ANOVA with Bonferroni multiple comparison 602 

correction (F).  603 

 604 
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 605 

Fig. 2: CS exposure alters the numbers of CD49a+ NK cells in the murine lung. Numbers of 606 

(A) CD49a-CD49bvar, (B) CD49a+CD49b+ and (C) CD49a+CD49b- NK cells per lung in normal 607 

air or CS exposed mice after 1, 8 or 12 weeks (N=7-8 per group). Horizontal lines show means. 608 

Statistical analysis by unpaired t-test. Data is from a single experiment and experimental time 609 

points were assayed separately. 610 
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 611 

Fig. 3: CS exposure and experimental COPD are associated with altered NK cell 612 

functionality.  Proportion of murine lung CD49a-CD49bvar, CD49a+CD49b+ and CD49a+CD49b- 613 

NK cells expressing (A) CD69, (B) IFN-γ and (C) CD103 in normal air or CS exposed mice after 614 

1, 8 or 12 weeks. CD49a-CD49bvar NK (circles), CD49a+CD49b+ NK (squares) and 615 

CD49a+CD49b- (triangles) cells and air- (closed symbols) and CS-exposed (open symbols) mice 616 

are indicated.  Horizontal lines show means. Data is from a single experiment. Statistical analysis 617 

by unpaired t-test. Representative flow cytometry plots show gating on whole NK cell populations. 618 

 619 

 620 

 621 
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 622 

Fig. 4: Chronic CS exposure delays the responses of cNK and trNK cells to IAV infection. 623 

Numbers of (A, D) CD49a-CD49bvar, (B, E) CD49a+CD49b+ and (C, F) CD49a+CD49b- NK cells 624 

per lung in normal air- or CS-exposed mice after 10 weeks followed by IAV (H1N1 A/PR/8) or 625 

mock (Med, media) infection for (A-C) 3 or (D-F) 7 days. Horizontal lines show means. Data is 626 

from a single experiment. Statistical analysis by one-way ANOVA with Bonferroni’s multiple 627 

comparison correction (N=5-8/group).  628 

 629 
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Fig. 5: Chronic CS exposure dysregulates the functional responses of cNK and trNK cells to 631 

IAV. Proportion of murine lung CD49a-CD49bvar, CD49a+CD49b+ and CD49a+CD49b- NK cells 632 

expressing (A) IFN-γ, (B) CD107a, (C) NKG2D, (D) CD69 and (E) CD103 in normal air- or CS-633 

exposed mice after 10 weeks followed by infection with IAV (H1N1 A/PR/8) or mock (Med, 634 

media) infection for 3 days (N=7-8/group). CD49a-CD49bvar (circles), CD49a+CD49b+ (squares) 635 

and CD49a+CD49b- (triangles) NK cells and air- (closed symbols) and CS-exposed mice (open 636 

symbols) are indicated. Lines show means. Data is from a single experiment. Statistical analysis 637 

by one-way ANOVA with Bonferroni’s multiple comparison correction.  638 

  639 
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 640 

Fig. 6: NK cell phenotypic features correlate with FEV1% in humans and equivalent 641 

phenotypic shifts are observed in experimental COPD. Frequencies of (A) total NK cells (CD3-642 

CD56+ cells; as a proportion of CD45+ lymphocytes), (B) CD56bright, (C) CD56dimCD16+ and (D) 643 

CD56dimCD16- NK cells (as a proportion of total NK cells), and (E) CD56brightCD49a+ and (F) 644 

CD56dimCD16-CD49a+ NK cell subsets (as a proportion of CD56bright or CD56dimCD16- NK cells 645 

respectively) in lung tissue from a mixed cohort of COPD (N=  17, red dots) and non-COPD 646 

(N=15, blue dots) donors correlated with donor FEV1%. (G) Pack year history correlated with 647 

FEV1% for COPD and non-COPD human donors is shown. Pearson correlation co-efficient and 648 

statistical analyses are shown. (H) Frequencies of CD27-CD11b-, CD27+CD11b-, CD27+CD11b+, 649 

and CD27-CD11b+ NK cells as a proportion of CD45+CD3-NK1.1+ NK cells and (I) frequency of 650 
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CD49a expression on CD27-CD11b-, CD27+CD11b-, CD27+CD11b+, and CD27-CD11b+ NK cells 651 

in lungs from normal air- or CS-exposed mice after 10 weeks. Horizontal lines show means. Data 652 

is from a single experiment. Statistical analysis by one-way ANOVA with Bonferroni’s multiple 653 

comparison correction (N=7-8/group).  654 
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 655 

Fig. 7: CD49a+ NK cells are phenotypically distinct from CD49a- NK cells in the human lung. 656 

(A) Representative flow cytometry plots comparing the expression of NKp46, NKG2D, NKG2C 657 
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and CCR5 on CD49a+CD56bright and CD49a-CD56bright NK cells from human lung tissue. 658 

Quantification of marker expression for (B) NKG2D (N=10), (C) NKp46 (N=10), (D) NKG2C 659 

(N=11) and (E) CCR5 (N=8) on CD49a+CD56bright and CD49a-CD56bright lung NK cells. COPD 660 

and non-COPD donors are shown. For constitutively expressed proteins such as NKp46 and 661 

NKG2D, population MFI is reported. Statistical analysis by Wilcoxon signed-rank test. (F-I) NK 662 

cell intracellular IFN-γ accumulation after IAV infection in lung tissue explants from donors with 663 

and without a COPD diagnosis (COPD N=4, non-COPD N=6). Background fluorescence from 664 

non-infected (NI) tissue was subtracted from all values. IFN-γ production in (G) CD56brightCD16-665 

, (H) CD56dimCD16+ and (I) CD56dimCD16- NK cells is shown. (J) Representative flow cytometry 666 

plot of CD56bright IFN-γ production in IAV-infected COPD lung tissue. IFN-γ production was 667 

compared between CD49a+ (purple dots) and CD49a- populations (blue dots) of (K) CD56bright and 668 

(L) CD56dimCD16- NK cells in COPD and non-COPD lung. Lines describe medians, statistical 669 

analysis was performed by Mann-Whitney test.  670 

  671 
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Supplementary Information 678 

Supplementary Methods  679 

Study Design. We aimed to characterize the phenotypes of lung trNK cells compared to cNK cells 680 

and examine the effects of CS exposure and COPD development on the phenotype and function 681 

of these cells. To do this controlled laboratory experiments were performed in both a murine model 682 

and human clinical samples. For the CS-induced experimental COPD model, mice were randomly 683 

assigned to groups and groups of 5-8 mice were used. For the characterization of trNK cell 684 

populations in naïve mice, up to 8 mice were used per individual experiment. Group sizes were 685 

not altered throughout the course of the study. Power calculations were not used to determine 686 

sample size, which were based on extensive experience. Groups that are compared were collected 687 

and processed at the same time. Outlier testing (Grubbs) was performed on all datasets and 688 

statistical outliers removed. For animal data, parametric analyses were used and mean summarized. 689 

Experiments were repeated at different timepoints of CS exposure and with/without IAV infection 690 

challenge. The analysis of the effect of CS exposure after three different lengths of time (1, 8 and 691 

12 weeks) were performed independently with matched air controls in each experiment. 692 

Investigators were blinded for quantification of emphysematous changes but were not blinded for 693 

flow cytometric analyses. Human lung tissue and blood was collected opportunistically from 694 

cancer resection surgeries taking place at Southampton General Hospital. Analysis of human 695 

tissues was performed blinded with COPD status unknown to the researcher until the end of the 696 

study. Donors with known chronic lung infections were subsequently excluded from study (i.e 697 

tuberculosis). All patients assigned into the COPD subgroup had an established diagnosis of COPD 698 

or obstructive pattern spirometry with clinical or radiological evidence of COPD. Several patients 699 

assigned into the non-COPD subgroup had a FEV1/FVC ratio < 0.70 (mild degree). One non-700 
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COPD donor had a diagnosis of asthma with no previous smoking exposure.  All patients in the 701 

non-COPD subgroup have FEV1 and FVC values in the normal range or higher than predicted 702 

values, with no other clinical or radiological suspicion of COPD. For human datasets, non-703 

parametric analyses were used and medians are shown due to data distribution. 704 

 705 

Mice. All murine experiments were approved by the University of Newcastle Animal Care and 706 

Ethics Committee and performed at the Hunter Medical Research Institute, NSW, Australia. Eight-707 

12 week-old female C57BL/6 mice were used as female mice are more susceptible to CS-induced 708 

airways remodeling and inflammatory factor upregulation, which reflects the increased risk of 709 

COPD seen in women compared to men, when amount of smoking is controlled [E1].  710 

 711 

Murine immune cell isolation and stimulation. Lungs were digested with 2mg/mL collagenase D 712 

with 40U/mL DNase (Roche) in 5mL HEPES buffer (10mM HEPES-NaOH [pH7.4], 150mM 713 

NaCl, 5mM KCI, 1mM MgCl2, 1.8mM CaCl2) at 37°C for 30min with agitation and homogenised 714 

with a gentleMACS (Miltenyi) homogeniser. Red blood cells were removed with lysis buffer 715 

(155mM NH4Cl, 12mM NaHCO3, 0.1mM ethylenediaminetetraacetic acid [EDTA], pH 7.35) and 716 

the digest stimulated with 50ng/mL PMA and 1μg/mL ionomycin with 5µg/mL of brefeldin A 717 

(Sigma) for 5h.  718 

 719 

Emphysema. Mouse lungs were perfused with 0.9% saline and inflated with (0.5mL) and 720 

submerged in 10% buffered formalin at the endpoint. Isovolumetric inflation was used in order to 721 

maintain lung architecture and avoid over-inflation which artificially increases alveolar size in 722 

mice with emphysema [E2]. Four μm thick sections of paraffin‐embedded lung tissue were 723 
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mounted on microscope slides and stained with haematoxylin and eosin. A standardized template 724 

of horizontal lines was laid over randomly acquired micrographs (40x) of parenchymal tissue in 725 

lung sections (10 per mouse). The number of intercepts between alveolar walls and template lines 726 

were counted, the average number of intercepts for each mouse determined and MLI calculated 727 

based on cumulative length of template lines. Reduced numbers of intercepts and increased MLI 728 

length are an indicator of increased alveolar size and emphysema [E3,4]. 729 

 730 

Human tissue donors. This study was approved by Southampton and South West Hampshire 731 

Research Ethics Committee, UK 09/H0504/109, and all participants provided informed written 732 

consent. Seventeen out of the 32 tissue donors either had a pre-existing COPD diagnosis or were 733 

retrospectively diagnosed based on a reduced FEV1% and FEV1/forced vital capacity ratio, 734 

consistent with a global initiative for chronic obstructive lung disease (GOLD) diagnosis [E5]. The 735 

remaining 15 were classified as non-COPD. COPD and non-COPD donors were well matched for 736 

characteristics including age (P=0.39), gender (P=0.29), smoking status (P=0.4) and resection 737 

location (P=0.32, Table S1). COPD donors had a greater history of smoking with higher pack-738 

years (median COPD; 45, non-COPD; 20; P=0.028) and inhaled corticosteroid use (in 10 out of 739 

17 COPD donors; Table S1). Donors with known chronic lung infections were subsequently 740 

excluded from study (i.e tuberculosis). 741 

 742 

Preparation of human lung tissue and explant infection. Lung tissue explants were cut into 4-6 743 

mm2 pieces with 6 fragments/well and washed with cold RPMI. Lung explants were rested for 16h 744 

in complete RPMI (RPMI with 10% FCS, 2 mg/mL L-glutamine, 0.05 IU/mL penicillin, 50 µg/mL 745 

streptomycin and 0. 25µg/mL amphotericin B, Sigma). Lung tissue was then digested in 0.5 746 
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mg/mL collagenase (37°C, 15min), passed through a 40 µm filter and centrifuged (800xg, 15min) 747 

over a Ficoll-paque layer. Cells isolated from the interface were stained for flow cytometry. 748 

Alternatively, for IAV infection of lung explants, lung fragments were infected with 3.15x107 749 

IU/mL live or UV-irradiated IAV following 16h rest [E6]. UV-irradiated IAV was created by 750 

exposing live virus to UV light for 2h on ice. Two-h post-infection, extracellular virus was 751 

removed by washing with PBS and explants cultured in fresh media for a further 14h. To measure 752 

intracellular cytokines, explants were then incubated with 2µM Monensin (eBioscience) for 24h. 753 

After infection, cells were dispersed from tissue by agitation in 0.5 mg/ml collagenase. Digests 754 

were filtered and cells stained for flow cytometry. Cells were resuspended in 100μL PBS and 755 

incubated with a 1:100 dilution of Zombie-Violet (Biolegend, San Diego, USA) amine binding 756 

dye for 30 min on ice.    757 

 758 

Flow cytometry. All steps were performed in PBS containing 2mM EDTA and 1% BSA on ice 759 

unless otherwise stated. Cells were washed and incubated with 2mg/mL Fc block for 15min then 760 

incubated with fluorophore-conjugated antibodies against surface markers (Table S2) for 30min. 761 

Biotin-conjugated antibodies were subsequently labeled with fluorophore-conjugated streptavidin. 762 

Cells were fixed with 2% paraformaldehyde or Cytofix/Cytoperm (BD Biosciences). For 763 

intracellular staining, cells were incubated with antibodies in permeabilisation buffer (BD) for 764 

30min. Data was acquired with a FACS Aria III or II and analysed with FACSDiva (BD) or FlowJo 765 

(TreeStar) software. The use of MFI or % was decided based on the histogram profile of the 766 

fluorescence readout of each marker. Where a distinct peak was observed relative to the unstained 767 

or FMO control then the % of population was reported (e.g CD103 and granzyme-B – Fig1&2), 768 
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but where a shift in the whole population was observed (e.g EOMES and NKG2D Fig1) then MFI 769 

was used 770 

 771 

Fig. E1 – CS exposure induces alveolar enlargement in a mouse model of COPD and IAV 772 

infection has no additional affect. 773 

Fig. E2: Quantification of CD49a+ NK cells in the murine lung 774 

Fig. E3: Proportions of CD49a+ NK cells in the lungs of air- and CS-exposed mice over time 775 

Fig. E4: Altered expression of functional and phenotypic markers on CD49a+ NK cell in CS-776 

treated mice expressed as fold change relative to air controls. 777 

Fig. E5: Proportions of CD49a-, CD49a+CD49b- and CD49a+CD49b+ NK cells in the lungs of 778 

air- and CS-exposed mice. 779 

Fig. E6: Functional marker expression on CD49a+ and CD49a- NK cells 7 dpi with IAV 780 

Fig. E7: Gating strategy to define human CD49a+ and CD49a- lung NK cells 781 

Fig. E8: COPD severity, but not inhaled corticosteroid use or smoking status, is associated with 782 

altered human NK cell subpopulations. 783 

Fig. E9: Expression of CCR5 and activating receptors on CD56dimCD16- NK cells 784 

Fig. E10: Expression of NK cell activating receptors are not affected by COPD status in humans 785 

 786 

Table E1: Clinical demographics for resected human lung tissue cohort 787 

Table E2: Antibodies used for flow cytometry 788 

 789 

  790 
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 791 

Fig. E1 – CS exposure induces alveolar enlargement in a mouse model of COPD and IAV 792 

infection has no additional affect. Lungs were perfused and inflated and emphysema‐like 793 

alveolar enlargement assessed by determining alveolar wall mean linear intercept (MLI) in 794 

haematoxylin and eosin stained sections from normal air- or CS-exposed mice after 10 weeks 795 

followed by IAV (H1N1 A/PR/8) or mock (Med, media) infection for 3 days. Horizontal lines 796 

show means. Statistical analysis by one-way ANOVA with Bonferroni’s multiple comparison 797 

correction (N=7-8/group). 798 

  799 
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 800 

 801 

 802 

Fig. E2 - Quantification of CD49a+ NK cells in the murine lung. (A) Representative gating on 803 

CD49a+ NK cell populations in the mouse lung, gates were set from FMO controls after gating 804 

CD45+CD3-NK1.1+ cells. (B) Gating strategy to define murine lung NK cell maturation state based 805 

on CD27 and CD11b expression. (C, D) Quantification of CD27-CD11b-, CD27+CD11b-, 806 

CD27+CD11b+, and CD27-CD11b+ NK cells in murine lungs, as a proportion of NK cells and total 807 

numbers per lung. (E) Lung NK cells (defined as CD3-NK1.1+ cells) as a proportion of live 808 

lymphocytes (CD45+) following 12 weeks of air or CS exposure. (F) Numbers of NK cells 809 

calculated per lung after 12 weeks of exposure. Cell number = Proportion of singlet gate x Total 810 

hemocytometer cell count. Lines describe mean. Statistical analysis by T-test (N=8).  811 
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 812 

Fig. E3 - Proportions of CD49a+ NK cells in the lungs of air- and CS-exposed mice over time. 813 

The proportion of (A) CD49a-CD49bvar, (B) CD49a+CD49b+ and (C) CD49a+CD46b- within the 814 

NK cell population of mice exposed to air or CS for 1, 8 and 12 weeks of treatment. Horizontal 815 

lines show means. Statistical analysis was performed with a two-tailed unpaired T-test (7-8 mice / 816 

group). 817 

 818 
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 819 

 820 

Fig. E4 - Altered expression of functional and phenotypic markers on CD49a+ NK cell in 821 

CS-treated mice expressed as fold change relative to air controls. Blue dotted line represents 822 
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air treated controls. (A) % CD69 expression, (B) %IFN-γ expression and (C) % CD103 on CD49a+ 823 

and CD49a- NK cell subsets from the lung. 824 

 825 

 826 

Fig. E5 - Proportions of CD49a-, CD49a+CD49b- and CD49a+CD49b+ NK cells in the lungs 827 

of air- and CS-exposed mice during IAV infection. The proportion of murine lung (A, D) 828 

CD49a-CD49bvar, (B, E) CD49a+CD49b+ and (C, F) CD49a+CD49b- NK cells in air or CS 829 

exposed mice after 10 weeks of exposure followed by infection with influenza A virus (IAV H1N1 830 

A/PR/8) or mock (media) infection for (A, B, C) 3 or (D, E, F) 7 days. Lines show means. 831 

Statistical analysis by one way ANOVA with Bonferroni’s multiple comparison correction.  832 

 833 

 834 
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Fig. E6 - Functional marker expression on CD49a+ and CD49a- NK cells 7 dpi with IAV. 836 

The proportion of murine lung CD49a-CD49bvar, CD49a+CD49b+ and CD49a+CD49b- NK cells 837 

expressing (A) IFN-γ, (B) CD107a, (C) NKG2D, (D) CD69 and (E) CD103 in mice after 10 weeks 838 

of air or CS exposure followed by infection with IAV (H1N1 A/PR/8) or mock (media) infection 839 

for 7 days. CD49a-CD49bvar NK cells (circles), CD49a+CD49b+ NK cells (squares) and 840 

CD49a+CD49b- (triangles), air (closed symbols) and CS-exposure (open symbols) are shown. 841 

Horizontal lines show means. Statistical analysis using one way ANOVA with Bonferroni’s 842 

multiple comparison correction.  843 

 844 

 845 

 846 

Fig. E7 - Gating strategy to define human CD49a+ and CD49a- lung NK cells. 847 

NK cells were defined as CD45+CD3-CD56+ cells and further stratified into CD56brightCD16-, 848 

CD56dimCD16+ and CD56dimCD16- NK cells. 849 

 850 
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Fig. E8 - COPD severity, but not inhaled corticosteriod use or smoking status, is associated 852 

with altered NK cell subpopulations in human lung. (A, B) Proportions of (A) CD49a+ 853 

CD56bright and (B) CD49a+CD56dimCD16- cells within the NK cell population, stratified by mild 854 

and moderate COPD status as defined by GOLD guidelines (donors not using ICS N=7). (C) The 855 

proportion of NK cells as a percentage of CD45+ lymphocytes in donors that were using ICS (N=7) 856 

versus those that were not (N=8). (D-F) Proportions of CD56bright and CD56dimCD16- subsets 857 

within the whole NK cell population stratified by ICS use. (G) The proportion of NK cells as a 858 

percentage of CD45+ lymphocytes in donors that were current (N=4) or ex-smokers (N=10). (H-859 

J) Proportions of CD56bright CD56dimCD16+ and CD56dimCD16- NK cell subsets in current and ex-860 

smokers. (K, L) Proportions of CD49a+ CD56bright (K) and CD56dimCD16- (L) NK cells stratified 861 

based on smoking status. (Current smokers N=3, ex-smokers N=10). Statistical analysis by two-862 

tailed Mann-Whitney U-test. Horizontal lines show medians. 863 

 864 

 865 
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 866 

Fig. E9 - Expression of CCR5 and activating receptors on CD56dimCD16- NK cells in human 867 

lung and blood (A) CCR5 expression on NK cells isolated from human lungs and matched blood. 868 

(B) CCR5 expression on CD56bright and CD56dim NK cell subsets in human lung and matched 869 

blood. Horizontal lines show medians, statistical analysis used the Wilcoxon signed-rank test. (C-870 

F) Quantification of surface marker expression of CD49a+ and CD49a- CD56dimCD16- NK cells 871 

from human lung. NKG2D (C, N=10) NKp46 (D, N=10), NKG2C (E, N=11) and CCR5 (F, N=8) 872 

are reported. Horizontal lines show medians, statistical analysis used the Wilcoxon signed-rank 873 

test. 874 

 875 
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876 

Fig. E10 - Expression of NK cell activating receptors are not affected by COPD status in 877 

humans. CD49a+CD56bright NK cell expression of NKG2D (A), NKp46 (B), NKG2C (C) and 878 

CCR5 (D) in donors with and without COPD. Statistical analysis by Mann-Whitney test.  879 

  880 
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 881 

Table S1: Clinical demographics for resected human lung tissue cohort. Median values are 882 

shown with italicized interquartile range values in brackets. Donor COPD status was obtained from 883 

formal diagnosis and low values in pulmonary function tests.  Statistical analysis was performed 884 

with 1Mann Whitney, 2Fisher’s two-sided or 3Chi square tests. *Information not available for 4 885 

donors. 886 

  887 
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Table S2: Antibodies used for flow cytometry 888 

Target 

Species 

Antigen Fluorochrome Cat # Manufacturer  Clone 

Mouse CD45 PerCP 103130 Biolegend 30-F11 

Mouse CD3 APC 100311 Biolegend 145-2C11 

Mouse NK1.1 PE-Cy7 108714 Biolegend PK136 

Mouse NKG2D Biotin 115703 Biolegend C7 

Mouse CD27 APC-Cy7 124225 Biolegend LG.3A10 

Mouse CD11b AF700 557960 BD M1/70 

Mouse CD69 BUV395 740220 BD H1.2F3 

Mouse CD107a BV786 564349 BD 1D4B 

Mouse CD49b PE-Dazzle594 108923 Biolegend DX5 

Mouse CD49a BV605 740375 BD  Ha31/8 

Mouse CD103 BUV737 749393 BD 2E7 

Mouse IFNγ PE 505808 Biolegend  XMG1.2 

Mouse CD49b FITC 108905 Biolegend DX5 

Mouse CD49a BV711 564863 BD  Ha31/8 

Mouse CD103 BV510 563087 BD M290 

Mouse CD69 PECF594 562455 BD H1.2F3 

Mouse GzmB Biotin 13-8822-82 Thermo 16G6 

Mouse Eomes eFluor450 48-4875-82 Thermo Dan11mag 

Human CD45 BV510 563204 BD HI30 

Human CD45 APC-Cy7 555485 BD HI30 
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Human CD3 PerCP 300428 Biolegend UCHT1 

Human CD3 APC 300412 Biolegend UCHT1 

Human CD56 PE-Cy7 318318 Biolegend HCD56 

Human CD16 FITC 556618 BD 3G8 

Human CD49a PE 559596 BD SR84 

Human CCR5 PE-Dazzle594 359126 Biolegend J418F1 

Human NKG2D APC-Cy7 320824 Biolegend 1D11 

Human NKG2C APC FAB138A R&D Systems REA205 

Human NKp46 BV421 331914 Biolegend 9E2 

Human IFNγ PerCP-Cy5.5 502526 Biolegend 4S.B3 

      

 Streptavidin  BV421 405226 Biolegend  

 Streptavidin  BV650 405231 Biolegend  

 889 
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