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Abstract

Background: Whole lung tissue transcriptomic profiling studies in chronic obstructive pulmonary disease (COPD)
have led to the identification of several genes associated with the severity of airflow limitation and/or the presence of
emphysema, however, the cell types driving these gene expression signatures remain unidentified.

Methods: To determine cell specific transcriptomic changes in severe COPD, we conducted single-cell RNA sequenc-
ing (scRNA seq) on n=29,961 cells from the peripheral lung parenchymal tissue of nonsmoking subjects without
underlying lung disease (n = 3) and patients with severe COPD (n=3). The cell type composition and cell specific
gene expression signature was assessed. Gene set enrichment analysis (GSEA) was used to identify the specific cell
types contributing to the previously reported transcriptomic signatures.

Results: T-distributed stochastic neighbor embedding and clustering of scRNA seq data revealed a total of 17
distinct populations. Among them, the populations with more differentially expressed genes in cases vs. controls

(log fold change >|0.4] and FDR = 0.05) were: monocytes (n = 1499); macrophages (n=868) and ciliated epithelial
cells (n=590), respectively. Using GSEA, we found that only ciliated and cytotoxic T cells manifested a trend towards
enrichment of the previously reported 127 regional emphysema gene signatures (normalized enrichment score
[NES]=1.28 and =1.33, FDR=0.085 and = 0.092 respectively). Among the significantly altered genes present in cili-
ated epithelial cells of the COPD lungs, QKI and IGFBP5 protein levels were also found to be altered in the COPD lungs.

Conclusions: scRNA seq is useful for identifying transcriptional changes and possibly individual protein levels that
may contribute to the development of emphysema in a cell-type specific manner.
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Background

Chronic obstructive pulmonary disease (COPD) is a

common respiratory disorder characterized by irreversi-

ble expiratory airflow limitation in response to inhalation
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COPD is a heterogeneous disorder that can manifest
with multiple clinical phenotypes, including emphy-
sema (destructive enlargement of the airspaces distal
to terminal bronchioles), chronic bronchitis, and small
airway disease [4—7]. Over the last few decades, sev-
eral lung homogenates and airway transcriptomic stud-
ies have been conducted in order to reveal molecular
pathways linked to the pathogenesis of smoking-related
airflow limitations and emphysema [8—12]. These stud-
ies have resulted in the identification of several bio-
logical processes, now believed to be associated with
smoking-related FEV1 decline [13-15], including (1)
chronic immune response and inflammation [16, 17]; (2)
imbalance of proteases/anti-proteases [18]; (3) oxidative
stress [19, 20]; (4) cellular senescence (permanent loss of
proliferative capacity) [21, 22]; and (5) lung epithelial cell
(LEC) apoptosis.

In one of the most comprehensive transcriptomic anal-
yses of smoking-related emphysema to date, Campbell,
et al. profiled gene expression in eight separate regions
(based on degree of emphysema) from six emphysema-
tous lungs and compare those transcriptomes with two
non-diseased lungs (8 regions x 8 lungs=64 samples).
They identified a total of 127 genes with expression lev-
els significantly correlating with the emphysema severity
[23]. Many genes upregulated with increased emphy-
sema severity were involved in inflammation (e.g., the
B-cell receptor signaling), while those downregulated
with increasing disease severity were implicated in tis-
sue repair (e.g., the transforming growth factor beta
(TGEB) pathway) [23]. This 127 gene emphysema signa-
ture was enriched in the transversal studies of lung tis-
sue of patients with severe COPD and emphysema [13,
15]. However, it remains to be elucidated which spe-
cific cell types contribute most to this smoking-related
emphysematous and small airflow damage transcriptome
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from lung tissue samples obtained from a representa-
tive selection of three ex-smokers with severe COPD/
emphysema and three nonsmokers without any history
of lung disease. We compared our findings with previ-
ously reported whole lung tissue homogenate airflow
limitation and emphysema signatures, and experimen-
tally validated the key associated genes.

Methods

Human lung tissue samples

For scRNA seq, fresh lung parenchymal tissue sam-
ples were obtained from the upper lobes of three non-
smoking subjects without underlying lung disease
who underwent warm autopsies and three patients
with severe COPD who received lung transplantation
(Table 1). For immunoblot analysis (Fig. 2a), frozen
lung parenchymal tissue was obtained from smok-
ers without any history of lung disease (n=5), or very
severe COPD (n=7); both were provided by the Uni-
versity of Pittsburgh, Lung Tissue Research Consortium
(LTRC), respectively (Table 2). Data from the Lung
Genomics Research Consortium (LGRC) Cohort was
used for gene expression analysis of QKI and IGFBP5
(Table 3). The COPD Specialized Center for Clini-
cally Oriented Research (SCCOR) cohort was utilized
for comparison of serum IGFBP5 levels between 40
patients with COPD and 40 smokers without clinically
evident COPD (Table 4).

Table 2 Clinical and demographics of the control and COPD
subjects (immunoblot analysis)

signature. Control COPD (GOLD Stage 4)
Il-llere, we us?fcil scRNA-seq te.chno}ogy to 1dent1fy‘lun§ Nurber of subjects s ;

cg I-ltypeﬂspec; c‘ gefle expzlesswn minatures associate Age, year, mean (SD) 62.0 (10.0) 62.0(28)

Wltd alllr ow llmltEIIIthIl an /or emp );serrllla. We lex‘am- Gender 3 M/2F 4 M/3F

ined the single-cell transcriptomes of cell populations Smoking (pack-years) 35(106) 507 (23.1)

Table 1 Three normal nonsmokers and three patients with severe COPD

D Age Sex Smoking (pack-years) FEV1/FVC FEV19% ref DLCO % ref

NL 1 57 F None NA NA NA

NL 2 18 M None NA NA NA

NL 3 23 F None NA NA NA

COPD 1 65 F 60 0.33 33 14

COPD 2 62 F 75 0.29 22 53

COPD 3 61 F 45 0.25 21 20
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Table 3 Clinical and demographics of the Lung Genomics
Research Consortium (LGRC) Cohort (used for QKI and IGFBP5
gene expression analysis)

Control COPD
Number of subjects 108 219
Age, year, mean (SD) 636(11.4) 64.7 (9.7)
Gender (% Female) 55% 43%
Smoking status, (%)
Never 30% 5.50%
Current 1.90% 6.40%
Ever 58% 86.70%
Unknown 10.10% 1.40%
Pulmonary function, mean (SD)
FEV1, % predicted 95 (12.6) 50.6 (24.0)
FVC, % predicted 944 (13.1) 73,8 (19.5)
DLCO, % predicted 84.1(16.7) 56.6 (23.1)
Emphysema, % mean (SD) 154 (17.1)

DLCOdiffusing capacity of the lung for carbon monoxide

Table 4 Clinical and demographics of the SCCOR Cohort (used
for IGFBP5 ELISA)

Control COPD

Number of subjects 40 40
Age, year, mean (SD) 66.7 (7.5) 67.5 (6.4)
Gender (% Female) 42.50% 42.50%
Current smoking (%) 47.50% 40%
Pack years (SD) 503 (30.5) 65.4(29.1)
Pulmonary function, mean (SD)

FEV1, % predicted 99.1£14.7% 70.74+18.8%

FEV1/FVC ratio 0.763+£0.037 0.535+0.104

Emphysema %F950° 0.005+£0.003 0.107£0.086

? % low-attenuation area defined as the fraction of voxels less than — 950
Houndsfield Unit of total voxels identified in regions of the lung

Preparation of single-cell libraries, sequencing,

and analysis

The whole lung tissue samples were processed as
described previously [24]. Briefly, lung tissue samples
were digested, cell suspensions laded into the Chro-
mium instrument (10x Genomics, Pleasanton, CA),
and the resulting barcoded cDNAs were used to con-
struct libraries. RNA-seq was conducted on all mixed
samples as a pool. The total number of reads for the
three single cell COPD samples was: 456,870,504 reads.
Cell-gene specific molecular identifier counting matri-
ces were generated and analyzed using Seurat [25] to
identify distinct cell populations [26] and hierarchically
clustered using Cluster 3.0 [27].
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Reagents and antibodies

Chemicals were obtained from Sigma Chemical and
Calbiochem. Polyvinylidene difluoride membranes were
obtained from Bio-Rad. ECL Plus was obtained from
Amersham. Antibodies were obtained from various
sources: HPRT1 and EPAS1 antibodies were obtained
from Cell Signaling; QKI, RTN4, STOM, IGFBP5 and
secondary antibodies (horseradish peroxidase-conju-
gated anti-rabbit or anti-mouse Ig) were obtained from
Santa Cruz Biotechnology.

Immunoblot analysis

Human lung tissues (control and severe COPD groups)
were thawed and homogenized in RIPA buffer using
a Bullet Blender (next advance). Samples were centri-
fuged at 4 °C for 10 min at 12,000G and resuspended
in protein loading buffer. For western blot, about 30 ug
of proteins were separated by SDS-PAGE gel and trans-
ferred into a nitrocellulose membrane. Membranes
were blocked and incubated with primary antibodies
and the appropriated secondary antibody HRP conju-
gated. The signal was acquired with Chemi-Doc MP
(Bio-Rad) using WesternBright Sirius HRP substrate
(advansta).

ELISA for IGFBP5

The IGFBP5 Human ELISA Kit was purchased from
Thermal Fisher Scientific. Serum IGFBP5 levels were
measured from 40 control smokers and 40 smokers
with COPD according to the vendor’s instructions.

Gene Ontology enrichment and GSEA

Gene set enrichment analysis (GSEA) was used to
identify similarities with previously published emphy-
sema and severity signatures [28]. The gene ontology
biological process enrichment was done in R with the
ClusterProfiler package [29], and the ontologies were
summarized and visualized with the Revigo package
[30].

Results

1. Single cell RNA sequencing reveals 17 distinct cell
clusters from human lungs with severe COPD.

We conducted single cell transcriptomic analysis of
all cells obtained from the whole parenchymal lung
tissue of three nonsmokers without underlying lung
disease and three patients with severe COPD (demo-
graphic data: Table 1). Pathology with H&E stain-
ing confirmed the presence of moderate to severe
emphysematous changes in all three COPD patients
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(see Additional file 8: Figure S1). We examined a total
of 29,961 cells from six subjects (3914—5920 cells/
sample). All the samples were pooled and analyzed
together to gain the power to detect rare cell types
as previously described [24]. t-distributed stochas-
tic neighbor embedding (t-SNE) plots were gener-
ated using statistically significant principal com-
ponents and cells were clustered using an unbiased
graph-based clustering algorithm (smart local mov-
ing [SLM] clustering), which identified 17 distinct
types of cells (Fig. 1a). Cells from disease conditions
and the individual subjects were indicated in differ-
ent colors (Fig. 1b, c, respectively). SLM clustering
was performed according to the distinct gene expres-
sion patterns based on various cell types in the lung
(Fig. 1d). The cell clusters that cannot be reliably
classified due to fewer unique molecular identifiers
were referred as “low quality” cells. Cell clusters were
predominantly identified as: FABP4 as a cell cluster
of FABP4 macrophages (#0); SI00A8 as a cluster of
monocytes (#1); CD3D as cytotoxic T cells (#2);
GNLY as NK cells (#3); CLDN5 as endothelial cells
(#4); LTB as T cells (#5); IGKC as B cells (#6); CAPS
as ciliated epithelial cells (#7); SETPC as alveolar type
2 epithelial (AT2) cells (#8); MALAT1 as low quality
T cells (#9); RSPH1 as low quality cells (#10); DCN
as fibroblasts (#11); SCGB1A1 as club epithelial cells
(#12); AGER as alveolar type 1 epithelial (AT1) cells
(#13); CCL21 as lymphatic endothelial cells (#14);
TPSABI as mast cells (#15); KIAA0101 as prolifer-
ating macrophages (#16). These and other markers
provided strong transcriptome signatures for each
cell cluster (see Additional file 1: Table S1, shown
graphically in feature plots (Fig. le). The prevalence
of individual cell types between normal nonsmokers
and patients with COPD is shown in Table 5. None
of the differences in the abundance of individual
cell types between normal nonsmokers and COPD
patients reached statistical significance (Wilcoxon).
However, a trend existed for decreased percentages
of macrophages, endothelial cells, AT2 cells, and
fibroblasts in the COPD lungs.

. Gene expression in 17 individual types of cells in
severe emphysematous lungs.
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For each cluster, the differential gene expression
among the cells of the three COPD patients vs.
the controls was computed using a Wilcoxon test.
This analysis identified the number of differentially
expressed genes per cluster when applying the filter
of log fold change >|0.4| and FDR=0.05 (Additional
file 2: Table S2). Interestingly, the major populations
showing the largest differences in gene expression
were: monocytes, macrophages, low quality cells,
ciliated epithelial cells, T cells, AT2 cells, and NK
cells (Table 5). Most gene expression changes cor-
responded to an increased transcription (up-regula-
tion) in patients with COPD (Table 5).

. The Gene Ontology enrichment Gene expression in

17 individual types of cells from severe emphysema-
tous lungs.

Next, we performed the functional enrichment with
the upregulated or downregulated genes in COPD for
each population for GO biological processes (Addi-
tional file 3: Table S3 and Additional file 4: Table S4).
Results for the upregulated genes in COPD (i.e., mac-
rophages, monocytes, ciliated epithelial cells and NK
cells), have been summarized with Revigo and are
shown as Treemaps (Additional file 8: Figures S2—
S5). Of note, these four individual cell types shared
ontologies related to the activation of T cells, defense
response and three of them (not macrophages) also
presented ontologies related to the viral life cycle.

. Single cell contribution to the 127 emphysema-

related gene signatures.

Next, we identified how the transcriptomic
changes of each cell type contribute to the previ-
ously described 127 gene signatures of emphysema
reported by Campbell et al. [23]. We computed the
overlap using GSEA (Table 6). Three individual cell
types were enriched with a nominal p value<0.05
and an FDR<0.1 (ie., ciliated epithelial cells, cyto-
toxic T cells, and low quality T cells). The genes in
the core enrichment for these three individual cell
types and the values of differentially expressed genes
in Campbell’s data set are shown in Additional file 5:
Table S5. EPAS1, QKI and STOM were differentially
expressed core genes in all three-cell types (Addi-
tional file 1: Table S5).

(See figure on next page.)

Fig. 1 Single cell RNA sequencing reveals 17 distinct cell clusters from human lungs with severe COPD. a. scRNA sequencing was conducted using
lung parenchymal tissues obtained from three nonsmoking normal subjects and three patients with severe COPD. t-distributed stochastic neighbor
embedding (t-SNE) blots were shown using statistically significant principal components and cells were clustered using an unbiased graph-based
clustering algorithm (smart local moving [SLM] clustering, which in total identified 17 distinct types of cells, distinguished by color. b Cells from
disease conditions were indicated by different colors. ¢ Cells from individual subjects were indicated by different colors. d SLM clustering was made
according to distinct gene expression patterns based on various cell types in the lung. e SLM clustering is shown graphically in feature plots
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As a complementary analysis, we showed which
individual cell types differentially expressed the 127
emphysema related genes (Additional file 6: Table S6
and Additional file 8: Figure S6). FCN3, RTN4 and
CCR?7 were differentially expressed in a total of five
individual cell types, and EPAS1, QKI and STOM
in the four individual cell types. The individual cell
types with more differentially expressed genes were:
monocytes (n=10), AT2 cells (n=9), macrophages
(n=28), ciliated cells (n=5), and T cells (n=5).

. Comparison with severe airflow limitation genes.
Next, we determined whether the gene expression
changes observed in the individual cell types rep-

resent the previously identified gene signatures in
whole lung tissue of patients with severe airflow limi-
tation. To achieve this, we assessed the enrichment
with GSEA of the individual cell types with the differ-
entially expressed genes between n=17 non-smok-
ers and n=30 patients with GOLD stage 4 obtained
from LTRC (GSE47460, GPL14550). Overall, the
enrichment in all individual cell types appeared to
be consistent with the genes differentially expressed
in whole lung tissue. However, the enrichment was
significant at a nominal p value for only four individ-
ual cell types (mast cells, proliferating macrophages,
monocytes, and FBPB4 macrophages) (Table 7). The
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Table 5 Identified clusters, number of differentially expressed genes in case vs. control, mean % of cells belonging to this cluster both
in cases and controls, fold change differences between cluster percentage and the p value of the comparison of the cluster frequency

in cases vs. controls both with t-test and Wilcoxon-test

Cluster  Population #DEgenes Up Down Control % of cells COPD % of cells Fold change p value (ttest) p value (Wilcox)
0 FABP4 Macrophages 868 620 248 2797+£10.74 515+1.57 543 0.02 0.057

1 Monocytes 1499 677 822 23.80£12.90 11.24+4.84 212 0.18 0.23

2 Cytotoxic T cells 539 165 374 11.18+6.48 21.86£9.80 —1.96 0.14 0.11

3 NK cells 431 233 198 3.85+2.89 221442741 —5.75 0.23 04

4 Endothelial 242 185 57 9.17£3.90 237+£0.52 3.87 0.03 0.057

5 T cells 213 64 149 211+£1.00 11.68+9.02 —554 0.08 0.23

6 B cells 153 30 123 0.99+£0.59 6.80£7.95 —6.84 0.19 023

7 Ciliated 590 433 157 1.84£0098 6.18+4.36 —335 0.10 023

8 AT2 476 34 442 4124252 0964032 —4.28 0.09 0.057

9 Low quality T cells 41 14 27 1.75+0.68 3.71£207 —2.12 0.13 0.11

10 Low quality cells 596 369 227 202+£095 283+£1.50 —140 041 063

11 Fibroblasts 96 87 9 3.17£1.62 0.27£0.07 11.60 0.03 0.057

12 Club cells 98 70 28 1.35+0.81 272+£2.16 —2.02 0.29 0.63

13 AT1 63 59 9 2604191 0461036 5.71 0.12 0.11

14 Lymphatic-endothelial 27 20 7 1.93+£1.10 033+£0.29 5.85 0.06 0.23

15 Mast cells 32 25 7 132+£0.79 091+£024 144 044 063

16 Proliferative macrophages 111 55 56 0844035 0.39+0.25 217 0.12 0.11
Table 6 GSEA enrichment of the different clusters with the 127 gene signature

Cluster ES NES NOM p-val FDR g-val FWER p-val
Ciliated 033 1.33 0.00 0.09 0.00
Cytotoxic T 0.33 1.29 0.00 0.09 0.00
Low quality T cells 047 129 0.00 0.11 0.00
AT2 039 1.27 0.09 0.18 0.04
Fibroblasts 040 131 0.10 0.18 0.05
T cells 0.31 117 0.10 0.21 0.05
Proliferative macrophages 037 1.23 0.10 0.22 0.05
B cells —0.24 —097 0.18 0.28 0.09
NK 031 1.05 0.29 037 0.14
AT1 033 1.00 043 0.52 0.22
Monocytes 0.20 0.84 0.68 0.77 0.36
Macrophages —-0.22 —0.92 0.70 0.83 0.37
Club —0.20 —0.82 0.76 0.88 0.39
Low quality —0.25 —0.78 0.88 1.00 043
Endothelial —-0.17 —0.53 0.89 1.00 0.44
Mast cells 0.28 0.77 0.92 1.00 047

full list of genes differentially expressed in the LTRC
and differentially expressed in the individual cell clus-
ters is shown in Additional file 7: Table S7.

Our analysis identified several genes expressed in a
distinct cell types that were previously reported to
be differentially expressed in lung tissue homogen-
ates according to the severity of airflow limitation
[14, 31]. These genes are FGG (AT2 cells), CCL19

(monocytes), PLA2G7 (macrophages), HP (mac-
rophages), TNFSF13B (monocytes) and FCRLA (B
cells). In addition, following genes were differentially
expressed in several individual cell types: SI00A10
(n=7), RPS10, GNG11, and CAV1 (n=6), SI00A6
(n=5), and AGER (n=4).

. Quantifying protein levels of some genes significantly

altered between normal and COPD lungs.



Li et al. Respir Res (2021) 22:100

Page 8 of 13

Table 7 GSEA enrichment results of the different clusters with the differential gene expression of the LTRC (COPD Gold 4 vs. non-

smokers)
Size ES NES NOM p-value FDR g-value FWER p-value

Mast cells 70 —062 —-1.72 0.00 0.07 0.04
Proliferating macrophages 164 —0.56 —1.71 0.01 0.04 0.05
Monocytes 103 —063 —1.58 0.03 0.10 0.12
FBPB4 macrophages 27 —061 — 146 0.04 0.15 0.23
AT2 80 —0.56 —1.56 0.06 0.09 0.14
B cells 48 —047 —142 0.07 0.14 0.28
Club 83 —0.51 —1.38 0.09 0.16 032
Fibroblasts 245 —049 —145 0.12 0.13 0.24
Cytotoxic T cells 30 —054 —133 0.13 0.16 0.39
Low quality T cells 126 —045 —138 0.13 0.14 033
Ciliated 55 —048 —1.17 0.30 030 0.57
Tcells 36 —042 —1.14 032 0.30 0.60
Endothelial 94 —036 —093 0.53 051 0.76
AT1 221 —0.12 —0.56 0.97 0.99 0.92
NK cells 23 —021 —0.55 0.97 0.93 0.92

To determine whether significantly altered genes
between normal and COPD lungs also correlate with
the related protein levels, whole parenchymal lung
tissues from non-smokers without COPD (n=5
per group) and former-smokers with COPD GOLD
stage 3 or 4 (n=6 or 7 per group) were evaluated
for protein expression of QKI, STOM, and EPAS1
by immunoblot analysis. We also included IGFBP5
(insulin-like growth factor binding protein 5), which
was primarily expressed in three-cell types (ciliated
cells, fibroblasts, and lymphatic endothelial cells).
Although IGFBP5 was significantly upregulated in
only ciliated cells of COPD lungs relative to con-
trols (p=0.029), given a known genetic association
of IGFBP5 with COPD [32] and a potential applica-
tion as a serum biomarker in patients with COPD, we
added IGFBP5 to this analysis.

Consistent with altered gene expression, QKI and
IGFBP5 protein levels were significantly increased
in the COPD lungs relative to non-smokers (Fig. 2a,
b), but neither STOM nor EPAS1 protein levels were
altered (Additional file 8: Figure S7A). Further, we
determined whether QKI and IGFBP5 gene expres-
sions in whole lung tissue correlated with emphy-
sema severity. QKI expression appeared to decrease
according to % emphysema (n=208; p=0.0854),
whereas, IGFBP5 expression significantly increased
according to % emphysema (p=0.0150). Since
IGFBP5 is an excretory protein, we measured the
serum levels of IGFBP5 in smokers with or without
COPD (n=40, each group), but detected no signifi-
cant differences between the two group (Additional

file 8: Figure S7B). These results suggest that some of
the significantly altered genes in COPD lungs iden-
tified by scRNA seq indeed correlate with the indi-
vidual protein levels in the whole lung tissue.

Discussion

This study uses scRNA seq from human lung homogen-
ate in order to identify the specific cell types driving gene
expression changes found in bulk RNA sequencing of
patients with severe emphysema and airway obstruction.
We found that: (1) t-SNE and clustering of scRNA-seq
data identified a total of 17 distinct populations based on
predetermined markers per cell type. Monocytes, mac-
rophages, ciliated cells and low quality cells exhibited
more differentially expressed genes in cases vs. controls
relative to the other cell types; (2) GSEA revealed that the
populations contributing most to the previously reported
emphysema signature were ciliated cells, cytotoxic T
cells and low quality T cells. While in the severe COPD
LTRC signature, the populations enriched by GSEA were
proliferating macrophages, mast cells, AT2 cells and
monocytes; (3) key COPD associated genes were found
to be expressed by specific cell types:. FGG (AT2 cells),
CCL19/TNESF13B (monocytes) and PLA2G7 (mac-
rophages); (4) We verified the expression of some of the
specific scRNA seq differentially expressed genes at the
protein level as well (i.e. QKI and IGFBP5).

Previous studies
Although the scRNA seq methodology has been applied
to the profiling of lung tissue of patients with IPF [33-35],
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expression in whole lung parenchymal tissue obtained from subjects with various severities of emphysema

% Emphysema




Li et al. Respir Res (2021) 22:100

this is the first study to our knowledge which profiles the
lung tissue of patients with COPD. In relation to severe
COPD and emphysema, several studies have reported
the transcriptomic profile of lung tissue homogenates
[14, 31], but the scRNA seq has several advantages over
the previously used RNA seq methods. First, scRNA seq
can determine which cell types are responsible for the
significant transcriptomic changes in a disease process
(e.g., the emphysematous and/or airflow limitation sig-
nature). Second, scRNA seq can detect alteration of the
cell composition as opposed to the whole cell RNA-seq.
Third, scRNA seq may uncover an important molecular
pathway unique to a specific cell type that contributes to
the development of the disease.

Interpretation of novel findings

We identified 17 cell subtypes in the lung tissue of
patients with severe COPD and non-smoking controls. In
relation to cell composition, differences were not statisti-
cally significant, but in agreement with previous reports.
We observed an overall increase of immune cell types (T,
NK and B cells) and a decrease in structural cells (Fibro-
blasts, AT2 cells and endothelial cells) [36]. However,
the sampling effects inherent to scRNA seq may have
contributed to the skewed proportion of distinct cell
populations. Interestingly, we found that the genes up-
regulated in the cell types with more differential expres-
sion (monocytes, macrophages, ciliated cells, cytotoxic
T cells and AT2 cells) were related to T cell activation,
antigen presentation and signaling. The role of cytotoxic
T cells (CD87) in severe COPD has long been recognized
[36-38] and emphysema has been proposed to be associ-
ated with a Thl response activated by infiltrating ILC1,
NK, and LTi cells [39]. Here, we expand these findings
by showing that antigen presenting cells (macrophages,
monocytes and AT2 cells) are also involved in T cell acti-
vation. Interestingly, the viral related ontologies appeared
to be enriched in these cell types as well as in ciliated
epithelial cells and NK cells. Further work profiling the
virome in parallel with cellular phenotyping may comple-
ment these findings.

In relation to the previously described 127 emphysema
gene signature, our GSEA analysis showed an enrich-
ment of genes differentially expressed by ciliated and T
cells (cytotoxic and of low quality), suggesting an active
involvement of T cells in the emphysematous tissue
remodeling and accumulation of primary cilia [39, 40].
Some of the genes associated with the homing of B cells
and previously identified by homogenate tissue profiling
(i.e. CCL19, TNFSF13B) [23, 31] were found in the cur-
rent study to be expressed by macrophages and mono-
cytes. Yet in the current analysis, the increase in B cells
was observed in 2 of the 3 severe COPD samples, and
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the genes hyper expressed by the severe COPD B cells
were related to the T cell activation in concordance with
previous works [31]. Upregulation of gene expression
for fibrinogen (FGG) is a well-recognized biomarker in
COPD [41] and is produced by AT2 cells. Fibrinogen
has a well-known role in both innate and T cell mediated
adaptive immune responses to bacteria [42]. Similar to
these previous findings, our analysis showed an upregu-
lation of genes related to the antigen presentation in
AT2 cells, suggesting a role in the stimulation and per-
petuation of the observed immune response in the lung.
AGER, another well-known gene associated with COPD
[43], was upregulated in four cell types in our analysis
(macrophages, monocytes, low quality T cells and B cells)
that are associated with immune response, suggesting a
role of the RAGE axis in the chronic immune infiltrate
observed in severe COPD/emphysema. In our analysis,
club cells that express the COPD associated CC-16 pro-
tein, were found to have altered mRNA catabolism and
toxic substance response pathways. Further investigation
is warranted to determine the impact of these alterations
in cell functionality [44].

Finally, in this study, we attempted to verify whether
differences in gene expression correlated with differential
protein content in the cellular populations derived from
COPD and normal lungs. Among several common tar-
gets, we found that COPD lungs exhibit decreased pro-
tein levels of QKI and increased protein levels of IGFBP5.

Our scRNA seq data show that QKI is expressed abun-
dantly in myeloid cells, endothelial cells, and AT1 cells,
whereas IGFBP5 is expressed in ciliated cells, fibroblasts,
and lymphatic endothelial cells relative to the other types
of cells. QKI, a KH domain containing RNA binding pro-
tein, regulates versatile mRNA metabolism—splicing,
export, stability, and protein translation [45]. Loss-of-
function mutations in QKI disturb myelination and cause
embryonic lethality [46]. QKI has been implicated in
various disease processes, including atherosclerosis [47],
tumorigenesis [48], and fibrosis [49]. IGFBP5, insulin-like
growth factor binding protein 5, is one of the six proteins
of the IGFBP family [50]. IGFBP proteins bind IGF-I/II
and regulate their bioavailability and downstream signal-
ing. In addition, IGFBP proteins can regulate cell growth
and survival independent of IGF-I/II [50]. In particular,
IGFBP5 plays a causal role in the induction of cellular
senescence and inflammation [51], which may be linked
to pulmonary fibrosis [52]. Further, an intergenic SNP of
IGFBP5 (rs6435952) associates with airway obstruction
[32]. Although IGFBP5 is a secretory protein [53], there
was no significant change in the serum levels of IGFBP5
in COPD patients compared with control smokers. How-
ever, there may be excretory impairment of IGFBP5 pro-
tein in the COPD lung which remains to be determined
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in future studies. An in vivo animal study will be neces-
sary to elucidate causal roles for QKI and IGFBP5 in the
development of smoking-induced COPD.

Limitations

Several scRNA seq studies using the human lung tissue
were conducted and profiled approximately 3000 to 6000
per sample [35, 54, 55]. The range of cell number per
sample analyzed in this study are pretty comparable to
the previous studies. However, the main limitation of this
study is the sample size as we have analyzed three con-
trol subjects without underlying lung disease and three
patients with severe COPD. We used the nonsmoking
control libraries which were included in another dataset
we published [35]. Two and one of the control subjects
did not match with respect to age and sex with the COPD
subjects, respectively. The potential effects of age and sex
differences between the control and COPD subjects on
the data analysis could be substantial; however, it is diffi-
cult to determine as a result of the small sample size used
in this study.

Active cigarette smoke exposure has the major influ-
ence on gene expression [56]. Furthermore, it is known
that smoke dose exposure and duration and length of ces-
sation also affect gene expression. Accordingly, to control
for an active smoking effect, included in the three COPD
subjects are a former smoker who had stopped smoking
for at least 6 months. Due to this, there was no signifi-
cant increase either in the ALDH3A1 or CYP1A1 genes
(known transcriptional targets of the aryl hydrocarbon
receptor robustly upregulated by CS [56]) in the lungs
of COPD subjects relative to the controlled nonsmoking
subjects. In addition, our findings are not representative
of the COPD heterogeneity and we will need to increase
the sample size with appropriately controlled smoking
subjects (i.e., matching age, sex, smoking dose and time
and cessation period) to address this open issue in future
investigations. Notwithstanding this limitation, the main
focus of this work has been to use the generated data to
explore which cell types express the key genes previously
shown to be associated with COPD and emphysema.

Conclusions

We identified ciliated and CD8% T cells as prominent
cell types associated with the 127 gene signature associ-
ated with emphysema. Our findings support a prominent
role of the immune response in severe COPD, with the
implication of structural and antigen presenting cells in
its homing and perpetuation. Finally, QKI and IGFBP5
are identified as potential COPD biomarkers, whose both
gene and protein expression are significantly altered in
COPD lungs relative to normal lungs. The causal role of
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QKI and IGFBP5 in the development of COPD/emphy-
sema will need further investigation.
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