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ABSTRACT  51 
 52 
Chronic Obstructive Pulmonary Disease (COPD) is a leading cause of death worldwide. To 53 

identify cell-specific mechanisms underlying COPD pathobiology, we analysed single-cell RNA 54 

sequencing (scRNAseq) profiles of explanted lung tissue from subjects with advanced COPD or 55 

control lungs. Findings were validated with scRNAseq of lungs from mice exposed to 10 months 56 

of cigarette smoke (CS), isolated human alveolar epithelial cells, and immunostaining of human 57 

lung tissue samples. We identified a subpopulation of alveolar epithelial type II cells with 58 

transcriptional evidence for aberrant cellular metabolism and reduced cellular stress tolerance, 59 

exemplified by decreased expression of the stress-response gene NUPR1. Network analyses 60 

identified an important role for inflamed capillary endothelial cells in COPD, particularly through 61 

CXCL-motif chemokine signalling. Finally, we detected a metallothionein expressing macrophage 62 

subpopulation unique to COPD. Collectively, these findings highlight cell-specific mechanisms 63 

involved in the pathobiology of advanced COPD. 64 

65 
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INTRODUCTION 66 
 67 

Chronic Obstructive Pulmonary Disease (COPD) is characterized by persistent 68 

inflammation and parenchymal tissue destruction, particularly in advanced disease stages1. While 69 

COPD is commonly caused by aerosolized pollutants such as cigarette smoke (CS), the clinical 70 

and biologic effects of CS are heterogenous. Therefore, complex interactions between genetic 71 

factors, host responses, and environmental exposures underlie COPD pathogenesis. 72 

Our understanding of COPD pathogenesis has grown over the past decades through the 73 

use of murine models, genome-wide association studies(GWAS), and expression analyses using 74 

bulk human lung tissue2-5. The pathogenic cascade of COPD is initiated by repetitive insults to 75 

epithelial and endothelial cells within the distal airways and alveolar niche. This engenders 76 

activation of diverse cellular processes including immune cell infiltration, extracellular matrix 77 

proteolysis, cellular metabolic dysfunction, loss of proteostasis, DNA damage, autophagy, cellular 78 

senescence, and activation of regulated cell death pathways3,6,7. Consequently, there is an 79 

inability to maintain alveolar homeostasis, leading to chronic inflammation and alveolar septal 80 

destruction, particularly in advanced COPD3. However, detailed knowledge of cell type-specific 81 

mechanisms and the complex interactions amongst multiple lung cell types in COPD is lacking.  82 

Recent studies have used single-cell RNA sequencing (scRNAseq) to obtain single-cell 83 

resolution and identify novel disease mechanisms, cellular phenotypes, and changes in alveolar 84 

niche crosstalk8-14. Herein, we analyzed scRNAseq profiles of parenchymal tissue obtained from 85 

explanted lungs of patients with advanced COPD requiring lung transplant and control donor 86 

lungs. We focused our analysis on three cell types commonly implicated in COPD pathogenesis: 87 

epithelial cells, endothelial cells, and alveolar macrophages. Among epithelial cells, we identified 88 

a subpopulation of HHIP-expressing alveolar epithelial type II (AT2) cells that mediate genetic 89 

susceptibility to COPD and have aberrant expression of metabolic, antioxidant, and cellular stress 90 

response genes in COPD. Analyses of endothelial cells suggested capillary CXLC-motif 91 

chemokine signaling is an important cause of alveolar inflammation in COPD. Finally, we 92 

identified a previously undescribed subpopulation of metallothionein-expressing alveolar 93 

macrophages in the COPD lung.  94 

 95 
  96 
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RESULTS 97 
 98 

We reanalyzed scRNAseq profiles that we previously obtained from explanted lung tissue 99 

parenchyma12. Our analysis focused on 17 patients with advanced COPD, and 15 age-matched 100 

controls (Figure 1A). Demographics and pulmonary function test results are shown in 101 

Supplemental Table 1. There were eight females in both groups and the median age of all 102 

subjects was 62 years old (range 41–80). All COPD subjects had radiographic evidence of 103 

advanced emphysema and were former smokers; four of the donors were either current or former 104 

smokers. The final dataset consisted of 49,976 cells from control lungs and 61,564 cells from 105 

COPD lungs with 37 distinct cell types identified in both control and COPD lungs based on 106 

representative marker genes (Figures 1B). Canonical markers of identified cell types are shown 107 

(Figure 1C–E). Data was previously deposited in the Gene Expression Omnibus (GSE136831) 108 

and can be explored using our online portal (www.copdcellatlas.com). To validate findings, we 109 

performed scRNAseq of isolated lung cells from SftpcCreERT2-mTmG (AT2 cell) reporter mice 110 

exposed to 10 months of cigarette smoke (CS) (Figure 1A). The final dataset for this analysis 111 

consisted of 19,311 cells from 4 CS-exposed mice (2 male and 2 female) and 20,410 cells from 112 

room air (RA)-exposed mice (2 male and 2 female). Cell identities were manually annotated using 113 

previously described cellular markers (Supplemental Figure 1). Our scRNAseq findings in 114 

alveolar epithelial cells were independently validated  using flow-sorted epithelial cells from single 115 

cell suspensions of 10 subjects with advanced COPD and 16 controls15. Additional validation was 116 

carried out using a publicly available microarray dataset generated by the Lung Genomics 117 

Research Consortium (LGRC) (GSE47460)16,17. 118 

 119 

Analysis of epithelial cells in COPD reveals an HHIP+ AT2 subpopulation enriched for 120 

genes known to genetically associated with COPD:  121 

Because of their importance in COPD pathobiology, we focused our evaluation on 122 

epithelial cells in our human scRNAseq dataset. We identified all major epithelial cell types 123 

including alveolar type I (AT1) and II (AT2) cells, ciliated cells, goblet cells, and club cells (Figure 124 

2A). Amongst these major cell types, there were no significant cell proportion differences between 125 

COPD and control lung tissue (Figure 2B). We also identified 33 recently described aberrant 126 

basaloid cells amongst 9 subjects with COPD (1 – 10 per subject)12. AT2 cells clustered into two 127 

groups with analogous characteristics to recently described AT2 “bulk” and AT2 alveolar epithelial 128 

progenitor (AEP) cell populations18-20, and with expression profile similar to those recently 129 

described in the scRNAseq analysis of the normal human lung by Travaglini et al (Figure 2C)21. 130 

Both AT2 clusters expressed SFTPC, but one cluster (hereon called AT2S) expressed genes and 131 

http://www.xyzatlas.com/
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regulons (imputed transcription factors) implicated in AEP function including EGF family receptor 132 

(ERBB4) and WNT signaling (TNIK, TCF7L2, LRP5) (Figure 2C, Supplemental Figure 2). The 133 

other AT2 cluster (hereon called AT2B) has increased expression of classic AT2 markers including 134 

ETV5 and SFTPA1. We confirmed SFTPA1 expression in only a subset of SFTPC+ cells using in 135 

situ hybridization (Supplemental Figure 3).  136 

AT2B cells had the largest number of differentially expressed genes (DEGs) between 137 

control and advanced COPD amongst all epithelial cells (Figure 2D). AT2B cells uniquely 138 

expressed HHIP, one of the most well-associated genes in COPD GWAS which has also been 139 

demonstrated to modulate susceptibility to oxidative stress in murine models of CS exposure22-24. 140 

AT2B cells were also major expressors of other commonly identified COPD GWAS2 genes 141 

including SERPINA125,26 and SFTPD27 (Supplemental Figure 4). A key role for AT2B cells as 142 

mediators of COPD heritability was further supported by the use of CELL-type Expression-specific 143 

integration for Complex Traits (CELLECT)28. CELLECT integrates scRNAseq data with GWAS 144 

data to prioritize cell types enriched for the expression of genes with disease-associated 145 

polymorphism. Using CELLECT, we colocalized our scRNAseq findings with summary statistics 146 

from two UKBiobank GWAS of COPD (defined as FEV1/FVC < 70) and lung function (continuous 147 

FEV1/FVC variable)29,30. AT2B cells had the greatest enrichment amongst epithelial cells for the 148 

expression of genes with polymorphisms associated with COPD-related traits (Figure 2E). We 149 

also identified high enrichment scores in other epithelial and stromal cell populations, particularly 150 

smooth muscle cells, but not immune cells.   151 

 152 

Altered expression of metabolic and cellular stress response genes in COPD AT2B cells: 153 

We focused our subsequent epithelial cell analysis on AT2B cells because of the high 154 

enrichment for COPD-related genetic variants, the unique expression of HHIP, and the large 155 

number of DEGs. We identified decreased expression of 182 genes and increased expression of 156 

35 genes (Figure 3A) in AT2B cells in COPD. Decreased DEGs included multiple genes 157 

associated with the electron transport chain including subunits of complex I (NDUFAB1, NDUFA4, 158 

NDUFS8), complex III (UQCRQ, UQCRB), complex IV (COX8A, COX7B, COX6B1, COX5B 159 

COX7C, COX6C) and ATP synthase (ATP5MD, ATP5F1D, ATP5F1E) . There were multiple 160 

decreased DEGs encoding antioxidant genes that function in extracellular (SOD3), cellular 161 

(GSTO1, GSTP1, TXNDC17), and mitochondrial (MGST1, MGST3) compartments. We also 162 

observed reduced expression of S100A family proteins and genes that can mitigate toxin-induced 163 

stress (AKR1A1, ALDH2). Amongst increased DEGs were genes related to oxidative stress and 164 

apoptosis previously implicated in COPD pathogenesis, including PTPN131 and EGR132. 165 
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Comparison to DEGs between RA- and CS-exposed mouse AT2 cells identified two overlapping 166 

genes, NUPR1 and CD74. NUPR1, a stress response gene33,34, had the largest decrease in AT2B 167 

expression in COPD (fold change (fc)=0.35) and was also decreased in AT2 cells from mice 168 

exposed to CS (fc = 0.51) (Figure 3B, C). CD74, the receptor for the cytokine MIF35, was 169 

increased in both human AT2B (fc= 1.82) and mouse AT2 cells (fc = 1.30) (Supplemental Figure 170 

5). We independently validated decreased NUPR1 expression in human AT2 epithelial cells (fc = 171 

0.70) obtained by fluorescence-activated cell sorting (EpCAMhigh/PDPN−)15 of single-cell 172 

suspensions from COPD and control patients (Figure 3D). NUPR1 expression obtained through 173 

microarray measurements of gene expression in bulk lung tissue from the LGRC cohort of 208 174 

individuals with COPD also inversely correlated with percent radiographic emphysema 175 

(Spearman 𝜌 = -0.167) (Figure 3E). We inhibited NUPR1 to determine its functional relevance in 176 

an alveolar epithelial cell line using silencing RNA (Supplemental Figure 6) and found a marked 177 

increase in cell death susceptibility in response to cigarette smoke extract (CSE) (fc = 2.84) 178 

(Figure 3F,G). Collectively, these findings highlight aberrant expression of key metabolic and 179 

stress response genes in the AT2B cell population that may contribute to the pathogenesis of 180 

COPD.   181 

 182 

Endothelial cells exhibit enhanced inflammatory gene expression patterns in COPD: 183 

We identified all major endothelial populations that have been previously described 184 

including arterial, venous, lymphatic, and systemic peri-bronchial endothelial cells, as well as two 185 

recently described populations of capillary types, aerocytes and general capillaries (gCaps)36,37 186 

(Figure 4A). Aerocytes uniquely express CA4 and HPGD and are specialized for gas exchange 187 

and leukocyte trafficking, while endothelial gCaps uniquely express FCN3 and promote vascular 188 

homeostasis by functioning as progenitor cells, modulating vasomotor tone, and regulating 189 

immune activation. No significant differences in the proportions of endothelial cells between 190 

disease and control were detected (Supplemental Figure 7). Across all endothelial cell 191 

populations, DEGs increased in COPD were enriched for multiple GO pathways including cellular 192 

responses to cytokines (FDR = 2.49x10-11), cellular responses to stress (FDR = 2.03x10-8),  and 193 

cytokine signaling pathways (FDR = 2.52x10-7), while DEGs decreased in COPD were enriched 194 

blood vessel development (FDR = 4.4x10-4).  We observed many DEGs overlapping across 195 

multiple endothelial cell types (Figure 4B), including increased expression of AP-1 subunit genes 196 

(FOS, FOSB, JUND) and decreased expression of genes related to angiogenesis (ID1, ID3, 197 

LDB2) (Figure 4C). Capillary endothelial cells had the largest number of DEGs and revealed an 198 

enhanced inflammatory response with common DEGs involving inflammatory signaling (CX3CL1, 199 
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IL32), cellular stress responses (GADD45B), and vesicular trafficking (WASHC2C, WASHC2A), 200 

and decreased expression of genes that promote endothelial repair (SEMA6A, WNT2B). While 201 

TNFRSF10D and IRF1 were specifically increased in aerocytes, TNFAIP3, IFI6, and IL6 were 202 

specifically increased in gCaps. These findings demonstrate previously unrecognized unique and 203 

overlapping features of cellular stress and inflammation amongst capillary endothelial cells in 204 

advanced COPD.  205 

 206 

Network analyses identify a key role for endothelial CXCL signaling in COPD: 207 

We proceeded to identify capillary endothelial cells as major contributors to alveolar 208 

inflammation in COPD using lung connectome analyses11. Here, we generated network-level 209 

maps of cell-cell signaling across 24 alveolar and immune cell types based on computational 210 

assessments of predicted ligand-receptor interactions (Figure 5A). Each node represents a cell 211 

population and internodal edges reflect nondirected ligand-receptor interactions. We calculated 212 

network centrality metrics and edge weights to quantify changes in alveolar signaling topology. 213 

Fibroblasts, AT1, and AT2 cells had high degrees of connectivity within the network as reflected 214 

by measurements of Kleinberg centrality which prioritize cell types responsible for incoming 215 

(“authority”) and outgoing (“hub”) cell-cell signaling38. In contrast, B and T cells had the lowest 216 

Kleinberg centrality scores in both control and COPD lung. To further explore changes in cellular 217 

communication we assessed ligand-receptor interactions that were preassigned to canonical 218 

signalling pathways, which allowed us to identify changes in specific cell-cell signaling pathways 219 

between control and COPD. We identified changes in outgoing or incoming edge weight amongst 220 

cell types with the top 3 Kleinberg centrality scores in 14 out of 22 pathways (minimum fc > 0.3) 221 

(Supplemental Figure 8, Supplemental Table 3). The largest change in edge weight was 222 

increased outgoing gCap CXCL-motif signaling (fc = 234.6) (Figure 5B). This increase in outgoing 223 

gCap CXCL signaling was also observed in CS-exposed mice (Supplemental Figure 9, 224 

Supplemental Table 3). In both mouse and human connectomes, we found the increase in 225 

outgoing gCap CXCL signaling was predominantly due to increased gCap CXCL12 and multiple 226 

CXCL12-interacting molecules including increased CXCR3 and CXCR4 (Figure 5C). Collectively, 227 

these findings suggest a novel potential role for capillary endothelial cells as key mediators of 228 

alveolar inflammation in COPD. 229 

 230 

A population of alveolar macrophages with increased expression of metallothioneins and 231 

HMOX1 is observed in COPD:  232 
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Analysis of immune cell populations revealed significant differences in cell compositions 233 

amongst interstitial macrophages (fc=0.48; FDR = 2.7 x10-3), plasmacytoid dendritic cells 234 

(fc=3.46; FDR =2.7x10-3), conventional dendritic cells (fc=2.79; FDR =0.025), and mast cells 235 

(fc=7.70; FDR = 2.7x10-3) (Supplemental Figure 10). The largest population of cells were 236 

alveolar macrophages which have been implicated in alveolar inflammation and tissue destruction 237 

in COPD39. To characterize the heterogeneity of alveolar macrophages, we re-embedded the 238 

alveolar macrophage cluster in UMAP space and re-clustered these cells into eight clusters 239 

(Figure 6A). We then compared the relative abundance of the eight clusters between control and 240 

COPD and identified changes in alveolar macrophage population composition between COPD 241 

and control; cluster-0 macrophages were enriched amongst controls while cluster-5 macrophages 242 

were enriched amongst patients with COPD (FDR <0.05) (Figure 6B). The corresponding cluster 243 

markers for cluster-5 and cluster-0 are shown in Figure 6C. The top cluster-5 markers were 244 

metallothioneins (MT1G, MT1X, MT1E, MT2A, MT1M, MT1F, MT1H, MT1A, MT1L) suggesting 245 

an enrichment of macrophages expressing this class of cysteine-rich metal-binding antioxidant 246 

proteins as well as HMOX1, a target gene of the antioxidant transcription factor NRF2 previously 247 

implicated in COPD40,41. We confirmed increased MT2A expression in a subset of cells co-248 

expressing the phagocyte cell marker CD68, particularly in COPD lung tissue samples (Figure 249 

6D, Supplemental Figure 11). There were also multiple DEGs between COPD and control 250 

macrophages that were not represented in any specific cluster. The most significant DEGs were 251 

associated with macrophages chemotaxis and inflammation. These include THBS (fc=1.66), 252 

PELI1 (fc=1.55), and CDC42 (fc=1.34) (Figure 6E, Supplemental Figure 12). These results 253 

highlight changes in macrophage population composition, including the presence of a 254 

metallothionein expressing alveolar macrophage population in advanced COPD, as well as DEGs 255 

across multiple macrophages subpopulations. 256 

 257 

 258 
  259 
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DISCUSSION 260 
 261 

COPD pathogenesis involves diverse and heterogenous biologic processes that vary 262 

across cell types, but culminate in the loss of alveolar homeostasis, ultimately causing chronic 263 

inflammation and tissue destruction. The extent to which pathologic COPD-related mechanisms 264 

manifest in specific cell types remains uncertain. In this study, we analyzed single-cell 265 

transcriptional profiles of lung alveolar cells in advanced COPD. We identified transcriptional 266 

evidence for altered bioenergetics and impaired cellular stress tolerance in AT2B cells, including 267 

decreased NUPR1 expression. We found endothelial cells had increased inflammatory 268 

expression profiles and our lung connectome analyses suggested the largest change in alveolar 269 

signaling in COPD is increased outgoing gCap CXCL-chemokine signaling. We also identified a 270 

distinct metallothionein-expressing alveolar macrophage subpopulation enriched in COPD. 271 

Together, these findings provide single cell resolution of COPD pathobiology within the alveolar 272 

niche. 273 

Our findings highlight a previously unrecognized role for the newly described AT2B cell 274 

population in COPD. Within these cells, we identified aberrant mitochondrial metabolism and 275 

redox regulation as evidenced by decreased expression of genes encoding electron transport 276 

chain complexes I, III, and IV, and ATP synthetase, as well as decreased expression of genes 277 

mitigating oxidative stress. Previous studies of COPD pathogenesis have demonstrated alveolar 278 

epithelial mitochondria are dysmorphic, have aberrant function, biogenesis, mitophagy, 279 

mitochondrial fission, and mitochondrial fusion42-44. Such changes impair ATP production and 280 

increase mitochondrial reactive oxygen species generation, and in the setting of reduced 281 

antioxidant production,  promote hallmark COPD pathobiological findings including oxidative 282 

stress, cellular senescence, regulated cell death, and tissue destruction6. Therefore, it is not 283 

surprising that we also identified increased AT2B expression of genes associated with oxidative 284 

stress and apoptosis (PTPR1, EGR1) previously implicated in COPD pathogenesis. While 285 

aberrant bioenergetics, impaired redox regulation, and increased cellular injury are well-286 

associated with COPD pathogenesis, our analyses localized these findings predominantly to 287 

AT2B. Additionally, we found a novel role for NUPR1, a cellular stress response transcriptional 288 

factor that can mitigate susceptibility to DNA damage, apoptosis and cellular senescence. The 289 

role of NUPR1 in non-malignant lung disease has not been previously described, however 290 

NUPR1 promotes chemoresistance in multiple cancer cell lines and protects against toxin-291 

induced renal epithelial injury34,45. We found a dramatic increase in epithelial cell death in 292 

response to CSE upon NUPR1 depletion, consistent with a growing understanding that the 293 

pathobiology of COPD involves impaired cellular stress 39,46. While the specific form of regulated 294 
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cell death will require further investigation, the collective findings suggest altered bioenergetics, 295 

reduced antioxidant gene expression, and reduced NUPR1 expression may contribute to impaired 296 

AT2B cells homeostasis in advanced COPD. 297 

Additional support for the important role of AT2B cells in COPD comes from our CELLECT 298 

analysis that indicated that among epithelial cells, AT2B cells were most enriched for the 299 

expression of genes with COPD-associated variants. Amongst those genes was HHIP which was 300 

primarily expressed in AT2B cells. HHIP is a gene that has been repeatedly and robustly 301 

associated with COPD-related traits in GWAS23, and previous studies using haploinsufficient Hhip 302 

mice demonstrated Hhip protected against oxidative stress, alterations in cellular metabolism, 303 

and emphysema24,47. In adult mice, Hhip is predominantly expressed in a subset of fibroblasts 304 

rather than AT2 cells48, which is a limitation of the findings in mice. Additionally, one has to 305 

consider transient HHIP expression in other human lung cell types during development or in 306 

response to injury may also influence COPD susceptibility49,50. Yet, the finding of HHIP in AT2B 307 

cells together with the results of the CELLECT analysis and the gene expression changes 308 

mentioned above should draw attention to the role of AT2B cells as a key cell type involved in 309 

COPD pathobiology. Future studies will be necessary to dissect the detailed relationship between 310 

COPD genetics and altered AT2B bioenergetics and stress responses, either through HHIP or 311 

other genes with COPD-associated variants expressed AT2B cells, including SERPINA1 and 312 

SFTPD1. In addition to AT2B cells, our CELLECT analysis found enrichment for genetic variants 313 

associated with decreased lung function amongst other epithelial and stromal cells but not 314 

immune cells. This suggests aberrant immunologic phenotypes in COPD are largely acquired 315 

rather than genetically programmed. Therefore, despite the inflammatory nature of COPD, 316 

targeting epithelial (particularly AT2B cells) and stromal cells in at-risk individuals with early COPD 317 

may be an effective therapeutic strategy. 318 

We also found a novel role for endothelial cells as key contributors to persistent alveolar 319 

inflammation in advanced COPD. Endothelial injury is a well-established pathogenic mechanism 320 

of advanced COPD51. Serologic and radiographic evidence of endothelial injury is associated with 321 

emphysema severity and there is increased endothelial senescence and apoptosis in the 322 

emphysematous lung51,52. In mice, emphysema can be induced by inhibiting VEGF signaling, 323 

which is critical for endothelial homeostasis53, and multiple studies have shown endothelial injury 324 

is necessary and sufficient to cause emphysema54.  Our transcriptome analysis provides further 325 

evidence for reduced endothelial homeostasis in advanced COPD as evidenced by reduced 326 

expression of endothelial maintenance factors and increased endothelial expression of cellular 327 

stress response genes and AP-1 transcription factors. However, the most intriguing finding was 328 
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the marked increase in capillary endothelial inflammatory. While most studies have focused on 329 

the interaction between epithelial and immune cells as key drivers of persistent inflammation55, 330 

we identified increased outgoing gCap CXCL-motif chemokine signaling as the largest change in 331 

cell-cell communication in the lung with advanced COPD. Increased CXCL chemokine signaling 332 

has been previously implicated in COPD pathogenesis, and a recent study demonstrated that 333 

AMD3100, a drug that inhibits the CXCL12 receptor CXCR4, can ameliorate CS-induced 334 

emphysema in a mouse model, but did not identify the predominant source(s) of CXCR4 ligands 335 

in COPD56. Our analysis prioritizes gCap endothelial cells as a key source of CXCL12 with the 336 

largest increase in COPD. These data support the possibility of an expanded role for capillary 337 

endothelial cells in COPD pathogenesis as a major source of pro-inflammatory signaling and 338 

suggests targeting outgoing gCap CXCL12 signaling may represent a novel therapeutic approach 339 

to this disease. 340 

In contrast to solely identifying phenotypic shifts amongst endothelial cells with advanced 341 

COPD, we observed both phenotypic shifts and population composition changes amongst 342 

alveolar macrophages. A subset of macrophages in control lungs was enriched for heat shock 343 

proteins while lungs from subjects with advanced COPD were enriched with a cluster expressing 344 

metallothioneins. Increased metallothionein expression was also identified in COPD endothelial 345 

cells. Metallothioneins are induced by oxidative stress and inflammation, and protect against 346 

cellular injury by sequestering intracellular metals such as zinc and copper57. Despite their 347 

homeostatic function, little is known about the consequences of chronic metallothionein 348 

upregulation in the setting of advanced COPD where redox homeostasis and heavy metal 349 

metabolism are disrupted58. For instance, Menkes diseases, a congenital disorder of copper 350 

deficiency, causes emphysema59. Dysregulated zinc homeostasis can cause impaired 351 

phagocytosis and an abnormal inflammatory response in macrophages60. Therefore, 352 

understanding metallothionein regulation of zinc and copper in COPD may improve our 353 

understanding of disease pathogenesis.  354 

Despite the use of independent validations for observed findings in the human scRNAseq 355 

data, there are a few limitations to consider. First, COPD is a heterogenous disorder, yet the 356 

subjects in this study represented a distinct subtype of COPD patients with advanced disease 357 

requiring transplant and who were not actively smoking; therefore, our findings cannot be 358 

generalized to all COPD sub-phenotypes or earlier disease stages. Additionally, while all subjects 359 

had radiographic emphysema, we do not know the degree of emphysema within the tissue sample 360 

obtained from a given subject. However, given the large number of subjects included in this study, 361 

the spectrum of pathologic changes in the lung parenchyma with advanced emphysema were 362 
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likely captured in our analysis.  While we identified two AT subpopulations in human lungs, 363 

Louvain clustering did not identify two AT2 cell populations in mice. Other limitations are common 364 

to scRNAseq experiments, including dissociation bias due to variable cellular sensitivities to 365 

digestive enzymes and differences in cellular embedding in the extracellular matrix. However, all 366 

samples were processed using previously validated protocols15. Additionally, transcriptional 367 

changes are informative but do not always reflect protein concentration or function. Finally, in 368 

silico findings using CELLECT and connectome analyses will require further validation.  369 

Collectively, our findings provide a high-resolution single cell atlas of the COPD lung. This 370 

atlas highlights previously unrecognized changes in gene expression and cellular interactions in 371 

distinct epithelial, endothelial and macrophage cell populations in COPD. Highlighting the 372 

complexity and diversity of cellular injury and inflammation in COPD, and the potential importance 373 

of injury to lung epithelial and stromal cells populations in COPD pathogenesis. Future studies 374 

evaluating outcomes of specific transcriptional dysregulations identified herein will provide novel 375 

insights into mechanisms that contribute to disease. 376 

  377 
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METHODS 378 

Human tissue sample scRNAseq: We reanalyzed scRNAseq of parenchymal lung tissue 379 

previously published by Adams et al, focusing on individuals with and without COPD and 380 

excluding samples from individuals with pulmonary fibrosis12. One COPD sample was excluded 381 

due to a reported history of no cigarette smoke exposure. In order to age-match our control and 382 

COPD samples, we excluded control samples from individuals < 40 years of age. Study protocols 383 

were approved by Partners Healthcare Institutional Board Review (IRB Protocol 2011P002419). 384 

Tissue procurement, sample processing, and single-cell sequencing methods have been 385 

previously described12,15. Briefly, explanted lungs were procured from donors with end-stage lung 386 

disease undergoing transplant or rejected control donor lungs. Lung tissue was digested and 387 

cryopreserved. Single cell barcoding of thawed samples and complementary DNA (cDNA) library 388 

preparation was performed according to the manufacturer’s protocol (Single Cell 3’ Reagent Kits 389 

v2, 10x Genomics, USA). Quality control was maintained using an Agilent Bioanalyzer High 390 

sensitivity DNA chip. The cDNA libraries were sequenced on a HiSeq 4000 Illumina platform, with 391 

a goal of150 million reads per library and a sequencing configuration of 26 base pairs on read1 392 

and 98 base pairs on read2. Full deidentified sequencing data for all subjects is available in the 393 

gene expression omnibus (GEO) under accession number GSE136831. Base call files were 394 

demultiplexed into FASTQ files using the mkfastq pipeline in Cell Ranger’s (v3.0.2) mkfastq 395 

pipeline. The Read2 files were trimmed using cutadapt (v2.7) and reads shorter than 20bp were 396 

removed. Read processing was conducted with zUMIs v2.0 pipeline and trimmed reads were 397 

aligned to the GRCh38 release 91 (GRCh38.p12) using STAR (v2.6.0c). We removed barcoded 398 

cells with <12% of transcripts arriving from unspliced mRNA, cells with <1000 transcripts profiled, 399 

and cells with >20% of their transcriptome of mitochondrial origin. Expression values were 400 

normalized to 10,000 transcripts per cell and log transformed using a pseudocount of 1. 401 

Mouse scRNAseq: Animal protocols were approved by the Animal Care and Use Committee at 402 

Yale University. We obtained Sftpc-CreERT2 and Rosa26-mTmG C57Bl/6 mice from Jackson 403 

Laboratories and bred them together to generate Sftpc-Cre/Rosa26-mTmG mice. Sftpc-Cre mice  404 

were previously described by Rock et al.61 and Rosa26-mTmG mice were previously described by 405 

Muzumdar et al.62. Male and female 8-10-week-old mice received tamoxifen (T5648; Sigma-406 

Aldrich) (20mg/mL stock solution in corn oil) at 150 mg/kg x 4 days given via i.p. injection. Two 407 

weeks later, littermates were randomly assigned to begin exposure to room air or cigarette smoke 408 

from 3R4F research cigarettes (University of Kentucky) in a Teague TE-10 smoking machine 409 

(Teague Enterprises) for 6 hours of exposure per day, 5 days/week for 10 months. One day after 410 
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the last exposure, single-cell suspensions were obtained by placing right lungs from PBS perfused 411 

mice in digestion media (DMEM containing 1mg/ml Collagenase/Dispase (Roche), 3U/mL of 412 

Elastase (Worthington), and 20 U/mL of DNAase (Qiagen) and incubating at 37°C for 45 minutes. 413 

Digested lung tissue was meshed through a 100 μm cell strainers using a plunger and 414 

resuspended in 20 mL ice-cold DMEM + 10% FBS. ACK lysis buffer was used to removed red 415 

blood cells. To enrich for non-immune cells, single cell suspensions were MACS sorted on a LS 416 

column following incubation with CD45+ microbeads for 15 min at 4°C per protocol. Samples were 417 

filtered through 40 μm filter, and viable cells were counted using a Countess II automated cell 418 

counter (Thermo Fisher). Cell populations were reconstituted to achieve a final concentration of 419 

106 cells/ml consisting of 10% CD45+ and 90% CD45- populations. Single cell barcoding and 420 

complementary DNA (cDNA) library preparation was performed according to the manufacturer’s 421 

protocol (Single Cell 3’ Reagent Kits v3, 10x Genomics, USA). Briefly, cell suspensions, beads, 422 

master mix, and portioning oil were loaded on to single cell “A” chip for a targeted output of 10,000 423 

cells per library and run on the Chromium Controller. Reverse Transcription was performed at 424 

53°C for 45 min and cDNA was amplified for 12 cycles using a BioRad C1000 Touch thermocycler. 425 

We performed cDNA size selection using SpriSelect beads (Beckman Coulter, USA) and cDNA 426 

quality was confirmed with an Agilent Bioanalyzer High Sensitivity DNA chip. DNA fragmentation, 427 

end-repair, A-tailing, and ligation of sequencing adapters were performed per manufacturer’s 428 

protocol (10x Genomics, USA). The cDNA libraries were sequenced on a HiSeq 4000 Illumina 429 

platform aiming for 150 million reads per library and a sequencing configuration of 28 base pairs 430 

on read1 and 98 base pairs on read2. Base call files were demultiplexed into FASTQ files using 431 

the mkfastq pipeline in Cell Ranger’s (v3.0.2) Adaptor contamination 432 

(AAGCAGTGGTATCAACGCAGAGTACATGGG 10x 3prime samples and 20bps or longer 433 

poly(A) sequences were removed using cutadapt (v2.9). and reads shorter than 25bp were 434 

removed. Read processing was performed using STAR (v2.7.3a). and aligned to the mouse 435 

reference genome GRCm38 release M22 (GRCm38.p6) downloaded from GENCODE.63 A 436 

modified genome index for the STAR alignment was created by adding the nucleotide sequence 437 

information of the transgenes eGFP and tdTomato, to which sequencing reads were then aligned. 438 

Collapsed unique molecular identifiers (UMIs) with reads originating from spliced as well as 439 

unspliced RNA were retained. We removed barcoded cells with <7.5% of transcripts arriving from 440 

unspliced mRNA, cells with <1000 transcripts profiled, and cells with >5% of their transcriptome 441 

of mitochondrial origin. Background contamination from cell free mRNA was removed using 442 

SoupX software (v1.2.2)64. 443 



 15 

Clustering, differential cell expression, and cell population composition: Clustering and differential 444 

analysis of cells were performed using the Seurat package (v.3.2.0) in R12. Expression values 445 

were normalized to 10,000 transcripts per cell and log transformed using a pseudocount of 1. 446 

Regression during scaling was performed to adjust for percent mitochondrial genes. Louvain 447 

clustering was used to group cells and cell type clusters were identified using canonical marker 448 

genes. Overall marker genes for each cell type were identified by applying the Seurat 449 

FindAllMarkers implementation of the Wilcoxon rank sum test or by calculating the diagnostics 450 

odds ratio (DOR) for each gene per cell type as previously described12. Cells annotated as 451 

“Multiplet” were removed prior to downstream analyses. Differentially expressed genes between 452 

COPD and control cells were identified by using the FindMarkers function test in Seurat, with 453 

statistical test and adjustment for multiple comparison testing as described in the methods and 454 

figure legend. For endothelial cells, Gene Ontology analysis was performed with AmiGO65,66 455 

(Fisher Exact Test with FDR correction)  using 203 unique increased DEGs and 167 unique 456 

decreased DEGs across all endothelial subtypes (p<0.05, Wilcoxon rank sum with Bonferroni 457 

correction). For endothelial cells, UpsetR plots were generated using the UpsetR package as 458 

previously described67. 459 

Regulon Analysis for identifying transcription factor regulators of gene expression: Regulons, 460 

transcription factors predicted to regulate gene expression, were identified using pySCENIC 461 

(v.0.10.2) with default settings and databases: cisTarget databases (hg38__refseq-462 

r80__500bp_up_and_100bp_down_tss.mc9nr.feather, hg38__refseq-463 

r80__10kb_up_and_down_tss.mc9nr.feather), and the transcription factor motif annotation 464 

database (motifs-v9-nr.hgnc-m0.001-o0.0.tbl) were downloaded from 465 

resources.aertslab.org/cistarget/, and the list of human transcription factors (hs_hgnc_tfs.txt) 466 

was downloaded from github.com/aertslab/pySCENIC/tree/master/resources68. 467 

CELL-type Expression-specific integration for Complex Traits (CELLECT): We used CELLECT 468 

to quantify associations between cell-type specificity of expressed genes and findings from 469 

genome-wide association studies (GWAS) of lung function and COPD29,30. CELLECT has been 470 

previously described28. Briefly, CELLECT generates a genetic prioritization scores for each 471 

gene based on cell type-expression specificity and GWAS summary statistics. As input to 472 

CELLECT, we used summary statistics derived from genetic studies of UK Biobank data for 473 

presence of COPD29 and lung function30. First, cellular expression specificity scores were 474 

calculated for each gene using CELLEX [CELL-type EXpression-specificity] (v.1.2.1) using 475 

recommended normalization method and preprocessing steps (common transcript count 476 
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normalization log-transformation). Using CELLEX, an expression specificity likelihood (ESμ) 477 

was then computed for each gene across different cell types. We then integrated these results 478 

with summary statistics derived from genetic studies of UK Biobank data for presence of COPD 479 

and lung function. In these studies, COPD was defined using pre-bronchodilator spirometry 480 

according to modified Global Initiative for Chronic Obstructive Lung Disease criteria. We ran 481 

CELLECT with the recommended workflow (CELLECT-LDSC) and default parameters (100 kb 482 

window size around each gene). 483 

Lung connectome to identify cell-cell interactions: Methods to generate the lung connectome have 484 

been previously described11. Average expression values for every gene within cell types were 485 

calculated and mapped against the FANTOM5 database of known ligand-receptor pairs to create 486 

a global connectome using the R software Connectome (v0.2.2) 487 

(https://msraredon.github.io/Connectome/). Nodes were defined as cellular clusters. A directed 488 

edge was created connecting two nodes if >5% of cells within the two cell types expressed the 489 

cognate molecules of the ligand-receptor pair. Directionality was therefore defined as outgoing 490 

signals from ligands and incoming signals to receptors. In general, edge weights represent the 491 

product of the average expression values of the ligand and receptor within their respective cell 492 

types, and cumulative edge weights are defined as the sum of the weights of all edges connecting 493 

pairs of cell types (i.e. nodes). Kleinberg hub and authority scores are metrics of outgoing and 494 

incoming centrality, respectively, that take into account the number and weights of edges 495 

connecting a node in a network; as such, a large hub score represents a node (cell cluster) that 496 

is highly connected or “central” to a network because it sends many outgoing signals with large 497 

edge-weights, and a large authority score represents a node that receives many incoming signals 498 

with large edge weights. Kleinberg hub and authority scores were calculated for each node using 499 

the igraph package in R. The connectome was filtered to edges between predefined cell types for 500 

the analysis. For Figure 5A, we used scaled gene expression values to define the edge weights 501 

in which the weight of each edge was calculated as the product of average z-scores of the ligand 502 

and receptor within their respective clusters. A discussion about the use of scaled vs. unscaled 503 

expression values within the connectome analysis is further detailed by Raredon et al11. We 504 

plotted non-directional cumulative edge weights in the network graphs. For the pathway centrality 505 

analysis, the global connectome was filtered to ligand-receptor pairs that were preassigned to 506 

specific signaling modes. Edge weights were calculated using average unscaled gene expression 507 

values. Cumulative outgoing and incoming edge weights were computed for each node within 508 

every signaling mode; these values were scaled by mode and direction of signaling. Kleinberg 509 
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hub and authority scores were also computed for each signaling mode. The Durbin test was used 510 

to assess global differences in signaling between control and COPD for each mode. A differential 511 

connectome was generated by computing the log-fold change of normalized expression values 512 

of the ligand and receptor for each edge between control and COPD. A perturbation score was 513 

then computed as the absolute value of the product of these fold changes for each edge. Ligand-514 

receptor interactions for CXCL signaling were visualized in circos plots using the R package 515 

circlize after filtering the differential connectome based on the following criteria: the outgoing cell-516 

type being gCaps; both ligands and receptors being increased in COPD; ligands and receptors 517 

being expressed in at least 5% of the cells of their respective cell types; and omitting edges with 518 

perturbation scores less than 0.10. 519 

RNA sequencing of isolated AT2 cells: The isolation of AT2 cells from cryopreserved single cell 520 

suspensions of lung tissues samples used in this study has been previously described15. Briefly, 521 

cryopreserved single cell suspensions of explanted lung tissue were obtained in the same manner 522 

as described for scRNAseq above. Cells were stained using the following antibodies or isotype-523 

matched antibodies as negative controls: PE anti-human CD326 (EpCAM) (eBioscience), FITC 524 

anti-human CD45 (BD bioscience 340664), Alexa Fluor® 647 anti-human podoplanin (PDPN) 525 

(BioLegend), and DAPI (BioLegend) or propidium iodide. Cells were sorted using a BD FACSAria 526 

II (BD Biosciences). EpCAMhigh/PDPN− sorted cells were enriched for AT2 cell markers and used 527 

for further RNA sequencing. Library construction for RNA sequencing was performed as 528 

previously described using the Illumina TRuSeq RNA Access Library Prep kit (San Diego, CA) for 529 

library preparation and sequencing was performed on a 75 bp paired end flowcell using a HiSeq 530 

2500 System. Each lane was spiked with 5% PhiX control libraries. Fastq files were trimmed using 531 

TrimGalore! (v0.6.6), before aligning to the human genome (GRCh38 p13) using the STAR aligner 532 

(2.7.5c). After alignment genes were quantified using featureCounts (v2.0.1). Samples were 533 

filtered to remove genes with low expression across all samples before normalization using the 534 

trimmed to means method. Differential gene expression was determined using generalized linear 535 

models, and after fitting differential expression was determined using a quasi-likelihood F-test. In 536 

the generalized linear models, the sequencing lane was treated as a blocking variable and the 537 

phenotype (COPD or Control) was treated as the main predictor.  538 

LGRC cohort: Cyclic loess normalized NUPR1 gene expression was measured at the probe-level 539 

(A_24_P270728) from the Affymetrix Human Gene 1.0 ST Array (Affymetrix) in 208 patients with 540 

COPD in the previously described LGRC cohort5,17.  541 
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NUPR1 siRNA and apoptosis assay: A549 cells (American Type Culture Collection) were cultured 542 

in DMEM supplemented with 10% heat inactivated fetal bovine serum (FBS). The cells were 543 

passaged < 20 times. RNA duplexes for silencing NUPR1 (siNUPR1) and non-targeting control 544 

were obtained from Dharmacon. Cells were transfected in 12-well plates using RNAiMAX 545 

transfection reagent (Life Technologies) and OptiMEM media according to manufacturer’s 546 

protocols. Cells were re-transfected after 72 hours and used for experimentation 24-48 hours after 547 

the second transfection, and after being incubated with 0% or 8% CSE for 20 hours. For CSE, 548 

mainstream smoke from one 3RF4 research cigarette (University of Kentucky, Lexington, 549 

Kentucky) was suctioned through 10 mL of cell culture media and filtered using a 0.22 μm filter 550 

(MilliporeSigma) as previously described, with the obtained filtrate considered 100% CSE69. Flow 551 

cytometry for Annexin V and propidium iodide was performed per the manufacturer’s protocol (BD 552 

Biosciences, 556547) using a Cytoflex LX flow cytometer and data was analyzed using Flow Jo 553 

10.6 software.  554 

CD68 and MT2A Immunofluorescence: Paraffin embedded blocks of lung tissue samples were 555 

deparaffinized in xylene and decreasing concentrations of ethanol in distilled water. They were 556 

then placed in EDTA pH 9 epitope retrieval buffer at 95°C for 30 min then cooled, rinsed, and 557 

washed with TBS with 0.1% tween. Slides were incubated in blocking buffer (Agilent) for 30 558 

minutes. The primary antibodies applied overnight at 4 deg C were mouse anti-MT2A 559 

(MAB10176) (R&D systems) and rabbit anti-CD68 (PA5-83940) (Invitrogen). Slides were washed 560 

with TBS with 0.1% tween and then incubated for 1 hour at room temperature with secondary 561 

antibodies donkey anti-rabbit Alexa-488 (Thermo Fisher) and donkey anti-mouse Alexa-555 562 

(Invitrogen). Slides were washed with TBS with 0.1% tween and coverslip was mounted using 563 

anti-fade mounting media with DAPI (Vectashield). Images were acquired with Nikon eclipse Ti. 564 

RNA in situ hybridization (RNA-ISH): RNA in situ hybridization was performed using BaseScope 565 

(Advanced Cell Diagnostics (ACD), Newark, CA). Human lungs were fixed with 10% Neutral 566 

buffered formalin for 18-32hr. Lungs were paraffin embedded, and 5 um tissue sections were 567 

mounted on slides. Slides were heated for 1 h at 60°C, deparaffinized in xylene rehydrated with 568 

decreasing concentrations of ethanol in distilled water. Sections were treated with hydrogen 569 

peroxide (ACD 322381) for 10 min at room temperature, then heated to mild boil (98-102°C) in 570 

1x target retrieval reagent buffer (ACD 322001) for 15 min. Protease III (ACD  322340) was 571 

applied to sections for 20 min at 40°C in HybEZ Oven (ACD). Hybridization with target probe (SPA 572 

891331), preamplifier, amplifier, labels and wash buffer (ACD 323910) was done according to 573 

ACD instructions. Parallel sections were incubated with negative control probes. Subsequent 574 



 19 

immunodetection of pro-SPC was performed as previously described70. After visualization with 575 

FastRed detection reagent, slides were washed and blocked in 10% goat serum in PBS and Triton 576 

X 0.3%. Incubation with primary antibody (rabbit anti pro-SPC, AB3786, Millipore, 1:500) was 577 

performed overnight at 4°C, followed by detection with goat anti rabbit fluorescein antibody 578 

(Invitrogen, 31635 1:500). To reduce autofluorescence, sections were incubated with TrueView 579 

reagent (Vectorlabs, SP-8500) for 3 minutes and mounted. Images were acquired with a Zeiss 580 

LSM710 confocal microscope equipped with a 100x oil immersion objective and analysis was 581 

performed using ImageJ. 582 

Statistics: Statistical analyses, adjustment for multiple comparison testing, biological replicates, 583 

and p-values are indicated in the results, methods, and figure legends. We used two-sided 584 

statistical tests for all comparisons as appropriate. All error bars are defined in figure legends. No 585 

statistical methods were used to predetermine sample size. Littermates were randomly assigned 586 

to treatment groups.  587 
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FIGURE LEGENDS 597 

 598 

Figure 1: Profiling of cell types in COPD using scRNAseq data. (A) Tissue from 17 lungs with 599 

advanced COPD and 15 control donor lungs were dissociated into single-cell suspensions for 600 

barcoding and sequencing. Similarly, lung tissue from 2 male (M) and 2 female (F) mice exposed 601 

to 10 months of cigarette smoke (CS) and 2 M and 2 F mice exposed only to room air (RA) was 602 

dissociated into single-cell suspensions for barcoding and sequencing. (B) Uniform Manifold 603 

Approximation and Projection (UMAP) representation of 111,540 single cells grouped into 37 604 

distinct cell types (left) with identification of COPD and control cells (right). Violin plots of 605 

normalized expression values for canonical cell-specific marker genes in (C) epithelial, (D) 606 

endothelial, and (E) stromal cells. AT1=alveolar epithelial type I, AT2=alveolar epithelial type II, 607 

PNEC=pulmonary neuroendocrine cells, SMC=smooth muscle cells, gCap=general capillary, 608 

cMonocyte=classical monocytes, ncMonocyte=non-classical monocyte, Macs.=macrophages, 609 

DC=dendritic cells, cDC=conventional dendritic cells, pDC=plasmacytoid dendritic cells, NK = 610 

natural killer cells, ILC = innate lymphoid cells. 611 

 612 

Figure 2: COPD Epithelial Cells. (A) UMAP of epithelial cells from COPD and control donor 613 

lungs. Samples are color labelled by cell type (left) and disease category (right). Alveolar type II 614 

(AT2) cells can be distinguished as two clusters denoted as AT2S and AT2B. (B) Distribution of 615 

subject-specific epithelial cell types as a fraction of the total number of epithelial cells per disease 616 

category. Boxes represent interquartile ranges (IQRs); whiskers are 1.5 x IQR. (C) Dot plot of z-617 

scores for marker gene expression values. Dot size reflects percentage of cells with gene 618 

expression; color corresponds to degree of regulon activity. (D) Number of differentially expressed 619 

genes between control and COPD across epithelial cells types with p < 0.05 using Wilcoxon rank 620 

sum test with Bonferroni correction. (E) Plot of negative log adjusted p-values for cell type-621 

specific enrichment for GWAS-identified genes with polymorphisms associated with lung 622 

function (continuous FEV1/FVC) (x-axis) and presence of COPD (FEV1/FVC < 70) (y-axis). 623 

 624 

Figure 3: Aberrant AT2B Cellular Stress Response in COPD. (A) Heatmaps of z-scores for 625 

differentially expressed genes (yellow/purple) between control and COPD for AT2B cells 626 

(Wilcoxon rank sum test, Bonferroni corrected p <0.05). Each column represents expression values 627 

for an individual cell. Columns are hierarchically ordered by disease phenotype and subject, in 628 
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which disease category and individual subject are represented by unique colors. z-scores were 629 

calculated across all epithelial cells. (B) NUPR1 in AT2B cells from human subjects from non-630 

smokers (n=11), former/current smokers without COPD (n=4), and former smokers with COPD 631 

(n=17). (C) Nupr1 in AT2 cells from mice exposed to room air for 10 months vs. mice exposed to 632 

10 months of cigarette smoke (CS). (D) NUPR1 in isolated AT2 cells from control and COPD lung 633 

tissue. Boxes represent interquartile ranges (IQRs); whiskers are 1.5 x IQR. (E) Spearman 634 

correlation of NUPR1 with the square root (sqrt) of radiographic emphysema in lung tissue 635 

samples from the LGRC cohort (n=208). (F) Flow cytometric detection of propidium iodide (y-636 

axis) and Annexin V (x-axis) cells treated with NUPR1 silencing RNA (siNUPR1) vs. silencing 637 

control RNA (siCTRL) and exposed to 0% or 8% cigarette smoke extract (CSE). (G) Percent cell 638 

death determined by flow cytometry for Annexin V/ Propidium iodide in cells treated with 639 

siNUPR1 vs. siCTRL and exposed to 0% or 8% CSE (n= 5/group). n.s. = non-significant, ** 640 

p<0.001, *** p<0.0001 using Wilcoxon rank sum test with Bonferroni correction (B,C), 641 

unadjusted Wilcoxon rank sum test (D), or one-way ANOVA with Tukey post-hoc test (G).  642 

 643 

Figure 4: COPD endothelial cell types demonstrate universal and cell type-specific 644 

transcriptional aberrations. (A) UMAPs of all vascular endothelial (VE) and lymphatic 645 

endothelial cells from control and COPD subjects. UMAPs are color labelled by cell type (top) 646 

and disease status (bottom). (B) UpSet plot visualizing the properties of intersecting and unique 647 

sets of differentially expressed (DE) genes between COPD and control amongst endothelial 648 

(Wilcoxon rank sum test, unadjusted p < 0.001, minimal fold change > 0.5).  (C) Heatmap of 649 

corresponding differentially expressed genes between COPD and control amongst six subtypes of 650 

endothelial cells. Each column represents expression values for an individual cell. Columns are 651 

hierarchically ordered by endothelial subtype, disease phenotype, and then subject. Grey row (top): 652 

expression values for marker genes are unity normalized between 0 and 1 across all endothelial 653 

subtypes. Orange row (middle): z-scores of differentially expressed genes in three or more 654 

endothelial cell types between control and COPD. Yellow row (middle): z-scores of differentially 655 

expressed genes in both aerocytes and gCaps between control and COPD. Blue and green row 656 

(bottom): z-scores of differentially expressed genes unique to aerocytes (blue) or gCaps (green).  657 

Unity normalization and z-score calculations were performed using all endothelial subtypes. 658 
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Figure 5: Alveolar niche networks and pathway centrality analyses. (A) Network plots of the 659 

alveolar niche in control (left) and COPD (right). Each node represents a cell population and each 660 

internodal edge reflects ligand-receptor interactions between cell types. The edge weight 661 

(thickness) between nodes reflects the sum of individual edge weights (non-directed) which are 662 

based on the product of ligand-receptor gene expression values, while the size of the node reflects 663 

measurements of Kleinberg centrality which prioritizes cell types responsible for incoming 664 

(authority)  and outgoing (hub) cell-cell signaling. Individual cell types are labelled by color and 665 

number. (B) Centrality analysis of the alveolar connectome for CXCL signaling between control 666 

and COPD. Dot size is proportional to the Kleinberg scores for each cell type within CXCL 667 

signaling. Panel shows outgoing edge weights and Kleinberg hub scores (left) and incoming edge 668 

weights and Kleinberg authority scores (right). Individual cell types are color labelled as in Figure 669 

5A, and numbers shown identify cell types with the largest Kleinberg centrality score. *** 670 

p<0.0001 using the Durbin test to compare control and COPD across cell types. (C) Differential 671 

circos plots for outgoing gCap CXCL signaling from human and mouse connectomes. Edge 672 

thickness is proportional to perturbation scores, defined as the product of the absolute values of 673 

the log-fold change for both the receptor and ligand. CXCL differential network analysis limited 674 

to edges in which both ligand and receptor expression are increased.  675 

 676 

Figure 6: Changes in alveolar macrophage population composition in COPD. (A) UMAPs of 677 

control and COPD alveolar macrophage cells, color labelled by Louvain cluster (left) and disease 678 

status (right). (B) Percent makeup of alveolar macrophage across all nine Louvain clusters per 679 

subject, grouped by disease state. Boxes represent interquartile ranges (IQRs); whiskers are 1.5 x 680 

IQR. The percent of cluster 0 and cluster 5 alveolar macrophages are different between control 681 

and COPD (Wilcoxon rank sum test, FDR <0.05). (C) Heatmap of the distribution of z-scores of 682 

marker genes for cluster 0 and cluster 5 alveolar macrophages. Columns represent expression 683 

values from individual cells and are hierarchically ordered by macrophages cluster, disease status, 684 

and subject. (D) Immunofluorescence images of MT2A (red) expression in CD68+ cells (green) 685 

in control and COPD lung tissue samples (arrows). Arrows point to colocalization of MT2A and 686 

CD68 (yellow). Scale bar = 50 µm. (E) Violin plots of THBS1, PELI1, and CDC42 gene expression 687 

in alveolar macrophages in control and COPD subjects. *** p < 0.0001 using Wilcoxon rank sum 688 

test with Bonferroni correction.  689 
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Figure 1: Profiling of cell types in COPD using scRNAseq data. (A) Tissue from 17 lungs with advanced COPD and
15 control donor lungs were dissociated into single-cell suspensions for barcoding and sequencing. Similarly, lung tissue
from 2 male (M) and 2 female (F) mice exposed to 10 months of cigarette smoke (CS) and 2 M and 2 F mice exposed
only to room air (RA) was dissociated into single-cell suspensions for barcoding and sequencing. (B) Uniform Manifold
Approximation and Projection (UMAP) representation of 111,540 single cells grouped into 37 distinct cell types (left) with
identification of COPD and control cells (right). Violin plots of normalized expression values for canonical cell-specific
marker genes in (C) epithelial, (D) endothelial, and (E) stromal cells. AT1=alveolar epithelial type I, AT2=alveolar
epithelial type II, PNEC=pulmonary neuroendocrine cells, SMC=smooth muscle cells, gCap=general capillary,
cMonocyte=classical monocytes, ncMonocyte=non-classical monocyte, Macs.=macrophages, DC=dendritic cells,
cDC=conventional dendritic cells, pDC=plasmacytoid dendritic cells, NK = natural killer cells, ILC = innate lymphoid cells.



Figure 2: COPD Epithelial Cells. (A) UMAP of epithelial cells from COPD and control donor lungs. Samples are
color labelled by cell type (left) and disease category (right). Alveolar type II (AT2) cells can be distinguished as two
clusters denoted as AT2S and AT2B. (B) Distribution of subject-specific epithelial cell types as a fraction of the total
number of epithelial cells per disease category. Boxes represent interquartile ranges (IQRs); whiskers are 1.5 x IQR.
(C) Dot plot of z-scores for marker gene expression values. Dot size reflects percentage of cells with gene expression;
color corresponds to degree of regulon activity. (D) Number of differentially expressed genes between control and
COPD across epithelial cells types with p < 0.05 using Wilcoxon rank sum test with Bonferroni correction. (E) Plot of
negative log adjusted p-values for cell type-specific enrichment for GWAS-identified genes with polymorphisms
associated with lung function (continuous FEV1/FVC) (x-axis) and presence of COPD (FEV1/FVC < 70) (y-axis).
.



Figure 3: Aberrant AT2B Cellular Stress Response in COPD. (A) Heatmaps of z-scores for differentially expressed
genes (yellow/purple) between control and COPD for AT2B cells (Wilcoxon rank sum test, Bonferroni corrected p
<0.05). Each column represents expression values for an individual cell. Columns are hierarchically ordered by
disease phenotype and subject, in which disease category and individual subject are represented by unique colors. z-
scores were calculated across all epithelial cells. (B) NUPR1 in AT2B cells from human subjects from non-smokers
(n=11), former/current smokers without COPD (n=4), and former smokers with COPD (n=17). (C) Nupr1 in AT2 cells
from mice exposed to room air for 10 months vs. mice exposed to 10 months of cigarette smoke (CS). (D) NUPR1 in
isolated AT2 cells from control and COPD lung tissue. Boxes represent interquartile ranges (IQRs); whiskers are 1.5 x
IQR. (E) Spearman correlation of NUPR1 with the square root (sqrt) of radiographic emphysema in lung tissue
samples from the LGRC cohort (n=208). (F) Flow cytometric detection of propidium iodide (y-axis) and Annexin V (x-
axis) cells treated with NUPR1 silencing RNA (siNUPR1) vs. silencing control RNA (siCTRL) and exposed to 0% or
8% cigarette smoke extract (CSE). (G) Percent cell death determined by flow cytometry for Annexin V/ Propidium
iodide in cells treated with siNUPR1 vs. siCTRL and exposed to 0% or 8% CSE (n= 5/group). n.s. = non-significant, **
p<0.001, *** p<0.0001 using Wilcoxon rank sum test with Bonferroni correction (B,C), unadjusted Wilcoxon rank sum
test (D), or one-way ANOVA with Tukey post-hoc test (G).



Figure 4: COPD endothelial cell types demonstrate universal and cell type-specific transcriptional
aberrations. (A) UMAPs of all vascular endothelial (VE) and lymphatic endothelial cells from control and COPD
subjects. UMAPs are color labelled by cell type (top) and disease status (bottom). (B) UpSet plot visualizing the
properties of intersecting and unique sets of differentially expressed (DE) genes between COPD and control amongst
endothelial (Wilcoxon rank sum test, unadjusted p < 0.001, minimal fold change > 0.5). (C) Heatmap of
corresponding differentially expressed genes between COPD and control amongst six subtypes of endothelial cells.
Each column represents expression values for an individual cell. Columns are hierarchically ordered by endothelial
subtype, disease phenotype, and then subject. Grey row (top): expression values for marker genes are unity
normalized between 0 and 1 across all endothelial subtypes. Orange row (middle): z-scores of differentially expressed
genes in three or more endothelial cell types between control and COPD. Yellow row (middle): z-scores of
differentially expressed genes in both aerocytes and gCaps between control and COPD. Blue and green row (bottom):
z-scores of differentially expressed genes unique to aerocytes (blue) or gCaps (green). Unity normalization and z-
score calculations were performed using all endothelial subtypes.



Figure 5: Alveolar niche networks and pathway centrality analyses. (A) Network plots of the alveolar niche in
control (left) and COPD (right). Each node represents a cell population and each internodal edge reflects ligand-
receptor interactions between cell types. The edge weight (thickness) between nodes reflects the sum of individual
edge weights (non-directed) which are based on the product of ligand-receptor gene expression values, while the size
of the node reflects measurements of Kleinberg centrality which prioritizes cell types responsible for incoming
(authority) and outgoing (hub) cell-cell signaling. Individual cell types are labelled by color and number. (B) Centrality
analysis of the alveolar connectome for CXCL signaling between control and COPD. Dot size is proportional to the
Kleinberg scores for each cell type within CXCL signaling. Panel shows outgoing edge weights and Kleinberg hub
scores (left) and incoming edge weights and Kleinberg authority scores (right). Individual cell types are color labelled
as in Figure 5A, and numbers shown identify cell types with the largest Kleinberg centrality score. *** p<0.0001 using
the Durbin test to compare control and COPD across cell types. (C) Differential circos plots for outgoing gCap CXCL
signaling from human and mouse connectomes. Edge thickness is proportional to perturbation scores, defined as the
product of the absolute values of the log-fold change for both the receptor and ligand. CXCL differential network
analysis limited to edges in which both ligand and receptor expression are increased.



Figure 6: Changes in alveolar macrophage population composition in COPD. (A) UMAPs of control and COPD
alveolar macrophage cells, color labelled by Louvain cluster (left) and disease status (right). (B) Percent makeup of
alveolar macrophage across all nine Louvain clusters per subject, grouped by disease state. Boxes represent
interquartile ranges (IQRs); whiskers are 1.5 x IQR. The percent of cluster 0 and cluster 5 alveolar macrophages are
significantly different between control and COPD (Wilcoxon rank sum test, FDR <0.05). (C) Heatmap of the
distribution of z-scores of marker genes for cluster 0 and cluster 5 alveolar macrophages. Columns represent
expression values from individual cells and are hierarchically ordered by macrophages cluster, disease status, and
subject. (D) Immunofluorescence images of MT2A (red) expression in CD68+ cells (green) in control and COPD lung
tissue samples (arrows). Arrows point to colocalization of MT2A and CD68 (yellow). Scale bar = 50 µm. (E) Violin
plots of THBS1, PELI1, and CDC42 gene expression in alveolar macrophages in control and COPD subjects. *** p <
0.0001 using Wilcoxon rank sum test with Bonferroni correction.
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COPD Epithelial Cells. (A) UMAP of epithelial cells from COPD and control donor lungs. Samples are color
labelled by cell type (left) and disease category (right). Alveolar type II (AT2) cells can be distinguished as
two clusters denoted as AT2S and AT2B. (B) Distribution of  subject-speci�c epithelial cell types as a
fraction of the total number of epithelial cells per disease category. Boxes represent interquartile ranges
(IQRs); whiskers are 1.5 x IQR. (C) Dot plot of z-scores for marker gene expression values. Dot size re�ects
percentage of cells with gene expression; color corresponds to degree of regulon activity. (D) Number of
differentially expressed genes between control and COPD across epithelial cells types with p < 0.05 using
Wilcoxon rank sum test with Bonferroni correction. (E) Plot of negative log adjusted p-values for cell type-
speci�c enrichment for GWAS-identi�ed genes with polymorphisms associated with lung function
(continuous FEV1/FVC) (x-axis) and presence of COPD (FEV1/FVC < 70) (y-axis).
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Aberrant AT2B Cellular Stress Response in COPD. (A) Heatmaps of z-scores for 625 differentially
expressed genes (yellow/purple) between control and COPD for AT2B cells(Wilcoxon rank sum test,
Bonferroni corrected p <0.05). Each column represents expression values for an individual cell. Columns
are hierarchically ordered by disease phenotype and subject, in which disease category and individual
subject are represented by unique colors. z-scores were calculated across all epithelial cells. (B) NUPR1 in
AT2B cells from human subjects from non- smokers (n=11), former/current smokers without COPD (n=4),
and former smokers with COPD (n=17). (C) Nupr1 in AT2 cells from mice exposed to room air for 10
months vs. mice exposed to 10 months of cigarette smoke (CS). (D) NUPR1 in isolated AT2 cells from
control and COPD lung tissue. Boxes represent interquartile ranges (IQRs); whiskers are 1.5 x IQR. (E)
Spearman correlation of NUPR1 with the square root (sqrt) of radiographic emphysema in lung tissue
samples from the LGRC cohort (n=208). (F) Flow cytometric detection of propidium iodide (y-axis) and
Annexin V (x-axis) cells treated with NUPR1 silencing RNA (siNUPR1) vs. silencing control RNA (siCTRL)
and exposed to 0% or 8% cigarette smoke extract (CSE). (G) Percent cell death determined by �ow
cytometry for Annexin V/ Propidium iodide in cells treated with siNUPR1 vs. siCTRL and exposed to 0% or
8% CSE (n= 5/group). n.s. = non-signi�cant, **  p<0.001, *** p<0.0001 using Wilcoxon rank sum test with
Bonferroni correction (B,C), unadjusted Wilcoxon rank sum test (D), or one-way ANOVA with Tukey post-
hoc test (G).



Figure 4

COPD endothelial cell types demonstrate universal and cell type-speci�c transcriptional aberrations. (A)
UMAPs of all vascular endothelial (VE) and lymphatic endothelial cells from control and COPD subjects.
UMAPs are color labelled by cell type (top) and disease status (bottom). (B) UpSet plot visualizing the
properties of intersecting and unique sets of differentially expressed (DE) genes between COPD and
control amongst endothelial (Wilcoxon rank sum test, unadjusted p < 0.001, minimal fold change > 0.5).



(C) Heatmap of corresponding differentially expressed genes between COPD and control amongst six
subtypes of endothelial cells. Each column represents expression values for an individual cell. Columns
are hierarchically ordered by endothelial subtype, disease phenotype, and then subject. Grey row (top):
expression values for marker genes are unity normalized between 0 and 1 across all endothelial
subtypes. Orange row (middle): z-scores of differentially expressed genes in three or more endothelial cell
types between control and COPD. Yellow row (middle): z-scores of differentially expressed genes in both
aerocytes and gCaps between control and COPD. Blue and green row (bottom): z-scores of differentially
expressed genes unique to aerocytes (blue) or gCaps (green).  Unity normalization and z-score
calculations were performed using all endothelial subtypes.



Figure 5

Alveolar niche networks and pathway centrality analyses. (A) Network plots of the alveolar niche in
control (left) and COPD (right). Each node represents a cell population and each  internodal edge re�ects
ligand-receptor interactions between cell types. The edge weight (thickness) between nodes re�ects the
sum of individual edge weights (non-directed) which are based on the product of ligand-receptor gene
expression values, while the size of the node re�ects measurements of Kleinberg centrality which



prioritizes cell types responsible for incoming 664 (authority) and outgoing (hub) cell-cell signaling.
Individual cell types are labelled by color and  number. (B) Centrality analysis of the alveolar connectome
for CXCL signaling between control and COPD. Dot size is proportional to the Kleinberg scores for each
cell type within CXCL signaling. Panel shows outgoing edge weights and Kleinberg hub scores (left) and
incoming edge weights and Kleinberg authority scores (right). Individual cell types are color labelled as in
Figure 5A, and numbers shown identify cell types with the largest Kleinberg centrality score. ***  p<0.0001
using the Durbin test to compare control and COPD across cell types. (C) Differential circos plots for
outgoing gCap CXCL signaling from human and mouse connectomes. Edge thickness is proportional to
perturbation scores, de�ned as the product of the absolute values of the log-fold change for both the
receptor and ligand. CXCL differential network analysis limited to edges in which both ligand and receptor
expression are increased.



Figure 6

Changes in alveolar macrophage population composition in COPD. (A) UMAPs of 6control and COPD
alveolar macrophage cells, color labelled by Louvain cluster (left) and disease status (right). (B) Percent
makeup of alveolar macrophage across all nine Louvain clusters per subject, grouped by disease state.
Boxes represent interquartile ranges (IQRs); whiskers are 1.5 x  IQR. The percent of cluster 0 and cluster 5
alveolar macrophages are different between control and COPD (Wilcoxon rank sum test, FDR <0.05). (C)



Heatmap of the distribution of z-scores of 682 marker genes for cluster 0 and cluster 5 alveolar
macrophages. Columns represent expression values from individual cells and are hierarchically ordered
by macrophages cluster, disease status, and subject. (D) Immuno�uorescence images of MT2A (red)
expression in CD68+ cells (green) in control and COPD lung tissue samples (arrows). Arrows point to
colocalization of MT2A and CD68 (yellow). Scale bar = 50 μm. (E) Violin plots of THBS1, PELI1, and
CDC42 gene expression in alveolar macrophages in control and COPD subjects. *** p < 0.0001 using
Wilcoxon rank sum test with Bonferroni correction.
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