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Abstract

Rationale: Despite the importance of inflammation in chronic
obstructive pulmonary disease (COPD), the immune cell
landscape in the lung tissue of patients with mild-moderate
disease has not been well characterized at the single-cell and
molecular level.

Objectives: To define the immune cell landscape in lung tissue

from patients with mild-moderate COPD at single-cell resolution.

Methods: We performed single-cell transcriptomic, proteomic,
and T-cell receptor repertoire analyses on lung tissue from
patients with mild-moderate COPD (n =5, Global Initiative for
Chronic Obstructive Lung Disease I or II), emphysema without
airflow obstruction (n =5), end-stage COPD (n = 2), control
(n=6), or donors (n=4). We validated in an independent patient
cohort (N =929) and integrated with the Hhip™'~ murine model
of COPD.

Measurements and Main Results: Mild-moderate COPD lungs
have increased abundance of two CD8 T cell subpopulations:
cytotoxic KLRG1 " TIGIT"CX3CR1" TEMRA (T effector memory
CD45RA™) cells, and DNAM-1"CCR5" T resident memory (Try)
cells. These CD8 " T cells interact with myeloid and alveolar type II
cells via IFNG and have hyperexpanded T-cell receptor clonotypes.
In an independent cohort, the CD8*KLRG1" TEMRA cells are
increased in mild-moderate COPD lung compared with control or
end-stage COPD lung. Human CD8 "KLRG1" TEMRA cells are
similar to CD8" T cells driving inflammation in an aging-related
murine model of COPD.

Conclusions: CD8" TEMRA cells are increased in mild-
moderate COPD lung and may contribute to inflammation that
precedes severe disease. Further study of these CD8 ™" T cells may
have therapeutic implications for preventing severe COPD.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Although CD8" T cells are
known to be increased in number in
chronic obstructive pulmonary disease
(COPD) lung, the immunophenotype
of CD8™ T cells and their association
with disease severity are incompletely
defined. Single-cell studies to date
have not used a multiomic approach
to immunophenotype T cells in
COPD lung.

What This Study Adds to the
Field: This study represents, to our
knowledge, the first study performing
multiomic single-cell analysis of lung
tissue from patients with COPD

and emphysema without airway
obstruction. This study identifies
increased abundance of a CD8 " T-cell
subpopulation (KLRG1™" T effector
memory CD45RA™ [TEMRA] cells)
in mild-moderate COPD lung. Our
approach highlights the need for
future studies comparing milder and
end-stage COPD lung via multiomic
approaches optimized for T cells.

Chronic obstructive pulmonary disease
(COPD) has a complex pathobiology,
including epithelial and endothelial injury
leading to airway inflammation and alveolar
destruction (i.e., emphysema) (1-3).
Progression from mild to severe disease is
highly variable and dependent on multiple
factors, including environmental toxins,
smoke inhalation, genetics, and the immune
response. Compared with asymptomatic
smokers, patients with COPD have amplified
inflammation, and evidence suggests

CD8™ T cells play a central role (4). After
antigen encounter, naive CD8™ T cells
undergo clonal expansion and differentiation
into effector cells. A fraction of effector cells
become memory T cells with specialized

functions, such as circulating effector
memory (Tgy) cells, tissue-resident memory
(Trwm) cells, and terminally differentiated
effector memory T cells expressing CD45RA
(TEMRA). Given the distinct functions of
CD8" T-cell subpopulations, understanding
the CD8" T-cell state in COPD may offer
insights into pathogenesis and therapeutic
targets. Conventional immunophenotyping
by flow cytometry shows shifts toward
CD8" effector memory phenotypes.
However, comprehensive and consistent
immunophenotyping of CD8 " T cells in
COPD has been challenging because of
variations in study design and patient
characteristics, such as disease severity.
Single-cell RNA-sequencing (scRNA-
seq) analysis of lungs explanted from patients
with end-stage COPD have identified a range
of cellular phenotypes, such as metabolic
shifts and tolerance to oxidative stress in
alveolar type IT (AT2) cells (5). Studies of
mild COPD have identified inflammatory
cellular phenotypes, particularly in
myeloid cells, and apoptosis among alveolar
epithelial cells (6). Notably, in-depth
characterization of CD8 " T cells, together
with their correlation with disease severity,
is limited. Studies combining single-cell
transcriptomics and proteomics have
identified lymphoid subsets in other lung
diseases (7-10) but have not been performed
in COPD. Here, we use a single-cell,
multiomic approach to characterize the
CD8™ T-cell phenotypes that distinguish
mild-moderate COPD lung (scheme,
Figure 1A). We found two CD8 " T-cell
subpopulations that were more abundant
in mild-moderate COPD lung tissue. We
then examined the gene signatures of these
CD8" T-cell subpopulations in a larger,
independent cohort of patients with COPD
and an experimental murine model of
COPD. Some of the results have been
previously reported in abstract form (11).

Methods

Study Cohorts
Patients undergoing video-assisted
thoracoscopic surgery for resection of

nonmetastatic lung masses from April 2017
to December 2020 were enrolled with
informed consent under protocols approved
by the Brigham and Women’s Hospital
Institutional Review Board (2011P002419,
2014P002558, and 2019P003592). Excess,
noncancerous lung parenchymal tissue was
taken >2 cm from the tumor margin.
Review of the electronic health record
classified patients as control (absence of
chronic lung disease), mild-moderate
COPD (Global Initiative for Chronic
Obstructive Lung Disease [GOLD)] criteria I
or II), or emphysema without airway
obstruction (chest computed tomography
imaging and histopathological evidence

of emphysema and spirometry without
airway obstruction) (Table 1 and

Figure 1A). Emphysema was determined
by the clinical reports by thoracic
radiologists, which were in concordance
with assessment in a blinded fashion by a
board-certified pulmonary physician.
These patients undergoing video-assisted
thoracoscopic surgery were compared with
lungs explanted from donors or patients
undergoing lung transplant for end-stage
COPD, of whom one subject had
concurrent pulmonary fibrosis.

scRNA-Seq, CITE-Seq, and T-Cell
Receptor Repertoire Analysis of

Lung Tissue

Live cells from cryopreserved lung tissue were
sorted by flow cytometry and stained with
cellular indexing of transcriptomes and
epitopes (CITE-seq) antibodies for single-cell
proteomic analysis (12). Sequencing,
demultiplexing, and quality control were
performed using standard pipelines (see
supplemental Methods and Figure E1 in the
online supplement). Principal component
analysis and uniform manifold approximation
and projection and place (UMAP) (13) were
used for dimensionality reduction, and
clusters were annotated per Adams and
colleagues (14), Travaglini and colleagues (15),
and Clustree (16). CITE-seq data were
generated from 197 proteins and 7 isotype
controls (Table E1). Our scRNA-seq dataset

Upon publication, deidentified expression data will be available indefinitely at GEO and code at a repository.
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Table 1. Patient Cohort Demographics

Control

N 6
Age, yr 68+9
Sex, % F 83
GOLD category

| J—

Il —

BMI, kg/m? 27+4.4
Spirometry

FEV,% predicted 92 +18

FEV,/FVC, % 72+ 4

Home oxygen None
Smoking status

Ever-smoker 2

Current smoker 1

Pack-years 9.3+22
Inhaled medications

Corticosteroid 1

Bronchodilator 2

Oral corticosteroids 0
Diagnosis of lung mass

Malignant 5

Benign 1

Mild-Moderate
COPD

71 =11
100

27+24
78 £16

60 +6
None

33*+12

oo OoON =

Emphysema without
Airway Obstruction

5
64+8
60

28+3.9

73 23
70+8
None

5
2
45+13

—_ N =

4
1

0.66

0.36
0.0014

0.012
0.33
0.038

0.99
0.97
0.31

0.59

Definition of abbreviations: BMI = body mass index; COPD = chronic obstructive pulmonary disease; GOLD = Global Initiative for Chronic

Obstructive Lung Disease.

Data are shown as mean = SD or n. Kruskal-Wallis testing for continuous variables (age, BMI, spirometry). Chi-square tests for categorical
variables (sex, smoking status, medications, diagnosis of lung mass). Comparisons with P value <0.05 are in boldface.

was integrated with two published scRNA-seq
datasets: human lung from patients with end-
stage COPD and donors published by Adams
and colleagues (14) and our published dataset
of murine lung from the Hhip™'~ model of
COPD (17). Single-cell dataset is available at
https://zenodo.org/record/8393742.

Validation in the Lung Tissue
Research Consortium

We used gene expression signatures for
CD8"KLRG1" TEMRA cells (163 genes)
and Try1 cells (178 genes) on 929 samples
from the Lung Tissue Research Consortium
(LTRC) (supplemental Methods) (18).

We used the HALLMARK IFNvy-response
gene set (200 genes). Genes that overlapped
with the CD8™" T-cell clusters were
removed. We used the gene set variation
analysis pipeline (19) in batch-adjusted,
normalized, length-scaled counts per million.

Results
T-Cell Populations in COPD Lung
We performed single-cell transcriptomic

(scRNA-seq) and proteomic (scCITE-seq, 197
targets; Table E1) analysis of lung tissue from

Villasenor-Altamirano, Jain, Jeong, et al.:

surgical resections of nonmetastatic lung
masses in patients with mild-moderate COPD
(GOLD I or II, n = 5), emphysema without
airway obstruction (n =5), or control subjects
(n =6), with comparison to lung explanted
from donors (1 =4) or patients with end-
stage COPD (n=2) (Figure 1A and Tables 1
and E2). In our scRNA-seq and CITE-seq
dataset, 109,361 cells passed quality control
(Figure E1). Our multiomic analysis (Figure
1B) included 71 high-resolution clusters: 7
endothelial, 11 epithelial, 35 lymphoid, 4
mesenchymal, and 14 myeloid (Figures E2
and E3 and Table E3). This multiomic study
with a large panel of antibodies against cell
surface markers demonstrated several
advantages over using only RNA-seq. We
identified markers for immune cell subsets
and their activation even if the corresponding
RNA was scarcely expressed or post-
transcriptionally modified. We identified 35
lymphoid cell subsets with high resolution,
such as TEMRA cells defined by protein
expression of CD45RA, a splice variant not
typically captured with scRNA-seq.

Lung tissue from surgical resection of
lung masses (i.e., control, mild-moderate
COPD, and emphysema without obstruction)
had increased relative abundance of
lymphoid cells and decreased myeloid cells

compared with lungs explanted for lung
transplantation (i.e., donor and end-stage
COPD) (Figure E4A). Resected lung tissue
was procured >2 cm from the tumor margin,
but the immune compartment may still be
affected. Alternatively, explanted lung
tissue (i.e., donor and end-stage COPD)
experienced mechanical ventilation and
longer postsurgical ischemic time. Hence,

“control” lung tissues were the key

comparison to mild-moderate COPD, as
both were taken during resection of lung

masses.

The relative abundance of CD8 " T cells
was increased in mild-moderate COPD lung
tissue compared with lung from other patient
subcohorts (Figure E4B). By annotating
clusters using both transcriptomic and
proteomic markers (Figures 1B and 1C),
we identified 10 CD8 " T-cell subclusters:
two TEMRA, five Trap, Ten, ¥0 T cell, and
mucosal-associated invariant T cells. The
five CD8 ™" Try clusters were distinguished
by levels of GZMB expression and by
transcriptional or protein expression of
these genes: CD8" Tru cluster 1 (IL7R™,
ANXAIT), Trm2 (IL7RT, XCL1T), Trm3
(CD94 ", CD56 "), Trp4 (IL7R([lo], CD5 ™),
and Try5 (IL7RT, CD417) (Figures 1C

and E3 and Table E3).
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Figure 1. CD8™ T effector memory CD45RA™* (TEMRA) and T resident memory (Trw) cells have increased abundance in mild-moderate chronic
obstructive pulmonary disease (COPD) lung. (A) Study approach. Lung tissues surgically resected from patients without chronic lung disease
(control), mild-moderate COPD, or emphysema without airway obstruction (emphysema w/o obsx) were compared with lungs from explanted
“donors” and patients undergoing lung transplantation for COPD (end-stage COPD). Single-cell transcriptomic and proteomic analyses of these
lung tissues were compared with independent patient cohorts and a murine model of COPD. (B-D) Single-cell RNA-sequencing (scRNA-seq)
and scCITE-seq analysis of lung tissue. (B) UMAP visualization of cell clusters; inset: CD8* T-cell clusters. (C) Transcriptional and protein
markers defining CD8™ T-cell clusters. Red indicates cell clusters enriched in mild-moderate COPD compared to other patient subcohorts. (D)
Relative abundance of cell clusters in pairwise comparison of patient subcohorts using the scCODA computational pipeline; red indicates cell
clusters enriched in the red subcohort compared with control or donor. (E) Relative abundance of cell clusters in mild-moderate COPD tested
by the MiloR computational pipeline; red indicates clusters enriched compared with control. AT2 = alveolar type II; CITE-seq = cellular indexing
of transcriptomes and epitopes; NK = natural killer.
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Figure 1. (Continued).
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We tested the relative abundance of the
71 cell clusters in a pairwise comparison of
patient subcohorts using the Bayesian
statistical approach of the scCODA
computational pipeline (Figure 1D).
We found three T-cell subclusters—
CD8"KLRG1" TEMRA cells, CD8" Tyl
cells, and CD4" TEMRA cells—were
increased in abundance in mild-moderate
COPD lung compared with control lung (red,
Figures 1D and 1E). A different statistical
approach, k-nearest neighbor in the miloR
computational pipeline, confirmed this result
(Figure 1E). Going forward, we focused on the
two most abundant CD8 T-cell populations,
CD8"KLRG1" TEMRA and CD8" Tyl
cells. In mild-moderate COPD lung,
KLRG1" TEMRA and Tgy1 CD8" T cells
comprised a median of 6.7% and 8.6% of total
cells, a significant difference compared with
other patient subcohorts (Kruskal-Wallis test,
adjusted [adj.] P=0.015 and 0.098,
respectively) (Tables 2 and E4). The relative
abundance of CD8 " KLRG1 " TEMRA cells
and CD8" Tyl in mild-moderate COPD
lung were increased 4.4-fold and 5.6-fold (adj.
P=0.017 and 0.095, respectively), compared
with control lung (Tables 2 and E4 and
Figure E4). CD4" TEMRA cells comprised
only 0.4% of total cells in mild-moderate
COPD lung tissue.

CD8* TEMRA and Tgy Cell
Immunophenotypes in Mild-Moderate
COPD

In the single-cell proteomic dataset,
expression of natural killer (NK) cell-related
markers distinguished CD8 " TEMRA
(KLRG1", CD57") from CD8" Trpl

cells (CD94 [KLRD1] ", NKG2D ")

(Figures 2A and 2B and Table E3). These
CD8" T-cell subpopulations also had distinct
immune checkpoint phenotypes, with
CD8"KLRGI1 " TEMRA cells expressing
TIGIT and CD8 " Tyl expressing DNAM-1
(CD226) and TACTILE (CD96). Similarly,
their chemokine receptors were distinct, with

CD8"KLRGI1 " TEMRA cells expressing
CX3CR1, whereas CD8" Tra1 cells were
CCR5™". As expected, CD8”" Tyl cells had
increased protein expression of markers of
tissue residency, such as CD103 (integrin
aE), CD49a (integrin 1) (20), and CD69
(Figures 2A and 2B and Table E3).

We next examined the global
transcriptome (RNA-seq) to gain insight into
candidate functions of these CD8 " T cells
(Figures 2C, 2D and E5). KLRG1 " TEMRA
cells upregulated expression of the
transcription factors ZEB2 (which cooperates
with t-bet to promote terminal differentiation
of cytotoxic T cells [21]) and KLF2, a
transcription factor that drives quiescence
(22-24). CD8"KLRG1" TEMRA cells
showed enriched expression of the gene set
for cytotoxicity (Figures 2E and E6), cytotoxic
genes such as GZMA, GZMB, GZMH (25),
GNLY, and PRF1, and cytotoxicity-related
genes, such as EOMES (26, 27), KLRC4,
and KLRDI (Figures 2C, 2D, and E5).
KLRG1" TEMRA cells also had enriched
expression of ADGRGI (alias GPR56) (28)
and CST7 (cystatin F), possible negative
regulators of cytotoxic cells (29)

(Figure E5 and Table E3). In contrast to
KLRG1" TEMRA cells, Trpl cells had
increased expression of genes associated with
inflammation (e.g,, ANXA1I, XCLI), and
long-term memory-related gene set

(Figure 2E) and genes like IL7R, FOXOI,
and PARPS (30) (Figures 2C, 2D, and E5).

In summary, distinct immunophenotypes for
CD8™" T cells in COPD include cytotoxic,
CX3CRI1"TIGIT"KLRG1" TEMRA cells,
and inflammatory CCR5 " DNAM-

1" TACTILE" Tryl cells.

Expansion of CD8" T-Cell Receptor
Clonotypes in Mild-Moderate COPD
To better understand the dynamics of
CD8™ T-cell differentiation, we examined
the T-cell receptor (TCR) clonotypes in our
single-cell analysis. TCR clonotypes are the
unique TCR sequences generated by VD(J)

Table 2. Selected T-Cell Populations in Lung Tissue

recombination, which underlies the diversity
of antigen specificities for TCRs. Mild-
moderate COPD lung tissue had a trend for
the lowest diversity of unique TCR
clonotypes, as measured by the Shannon
index (Figure 2F) (Kruskal-Wallis, P = 0.029;
post hoc pairwise adj. P=0.075, compared
with control). In mild-moderate COPD lung
tissue, KLRG1" TEMRA cells shared TCR
clonotypes with CD8™" Tgy cells. Tral cells
shared clonotypes with several other resident
memory subpopulations (Figure 2G).

This reduced diversity of TCR sequences
measured by the Shannon index (Figure 2F)
is in line with the hyperexpansion of specific
TCR clonotypes in mild-moderate COPD
lung. Hyperexpanded TCR clonotypes shared
by at least 100 T cells comprised 10.4% of T
cells (588 cells) in mild-moderate COPD lung
(Figures 2H and E7 and Table E3). Only 5.0%
of T cells (122 cells) were hyperexpanded in
control lung, and no TCR clonotypes
were hyperexpanded in patients with
emphysema without airway obstruction.
Within mild-moderate COPD lung tissue,
the hyperexpanded TCR clonotypes were
in the KLRG1" TEMRA and Tgy]1 cells
(Figure 2I), and this hyperexpansion of a
minority of clonotypes contributed to their
increased abundance overall.

CD8™" T Cells and Inflammatory
Pathways in Mild-Moderate COPD

The CellChat computational pipeline (31)
identified the cell types interacting with

CD8™ T cells. In mild-moderate COPD lung,
CD8"KLRG1" TEMRA and Try1 cell
clusters had the strongest and most numerous
outgoing interactions, which can be the
production of secreted ligands like cytokines
(x-axis in Figure 3A, right). In contrast, these
CD8™ T cells were not among the top 25
clusters for outgoing interactions in control
lung (x-axis in Figure 3A, left). In mild-
moderate COPD lung, classical or
nonclassical monocytes/macrophages (cMono
or ncMono), classical dendritic cells (cDC2),

Emphysema without

Mild-Moderate

Donor Control Airway Obstruction COPD End-Stage COPD
CD8"KLRG1* TEMRA 1.9 (0.1-4.8) 1.4 (0.4-6.3) 1.4 (0.4-2) 6.7 (2.5-27) 1.8 (0.8-2.9)
CD8* Tgm1 1.9 (1.5-4.5) 0.9 (0.3-3.9) 0.9 (0.2-5.7) 8.6 (0.4—-11) 3.9 (1.5-6.4)
CD4" TEMRA 0 (0-0.1) 0.8 (0-1.9) 0.1 (0-0.3) 0.4 (0.1-10.9) 0.2 (0-0.4)
Definition of abbreviations: COPD = chronic obstructive pulmonary disease; TEMRA =T effector memory CD45RA™; Tpw1 =T resident memory 1.

Data are shown as median percentage of total cells (range).
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Figure 2. CD8"KLRG1" T effector memory CD45RA™* (TEMRA) and T resident memory 1 (Trm1) cells have distinct immunophenotypes in mild-
moderate chronic obstructive pulmonary disease (COPD) lung. CD8" T-cell clusters are examined in the multiomic integration of single-cell
RNA-seq, CITE-seq, and T-cell receptor (TCR) sequence repertoire analysis of lung tissue. (A-E) Lung tissue from mild-moderate COPD is
examined. (A and B) CITE-seq dataset of protein expression. (A) Heatmap of proteins differentially expressed in CD8*KLRG1* TEMRA and
Tru1 cells, by CD8™ T cell cluster. (B) UMAP visualization of differentially expressed proteins. (C-£) RNA-seq dataset of mRNA expression.

(C) Heatmap of transcripts differentially expressed in CD8"KLRG1* TEMRA and Tgu1 cells, by CD8" T cell cluster. (D) UMAP visualization of
differentially expressed genes. (E) UMAP visualization of differentially expressed pathways and associated genes. (F) Boxplot of clonotype
diversity measured by Shannon index by patient (dot) and grouped by subcohort. (G) The sharing of TCR clonotype among CD8™ T cell clusters
in mild-moderate COPD lungs. (H and /) Each CD8™ T cell is classified by its clonotypic expansion, ranging from single T cell with a specific
clonotype to hyperexpanded (>100T cells with same TCR clonotype). The proportion of CD8" T cells in each classification is shown by:

(H) patient subcohort; and (/) CD8™ T-cell cluster within mild-moderate COPD lung tissue. Emphysema w/o obsx = emphysema without airway
obstruction; NK = natural killer.
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Figure 2. (Continued).

and AT?2 cells were the four top clusters for
incoming interactions, such as receptors for
cytokines or chemokines (y-axis in Figure 34,
right). The main cellular targets for
CD8"KLRG1" TEMRA and Tgy,1 cells were
cMono, ncMono, cDC2 s1 (CD1c-prot ™,
FceRla-prot ", CD45RO-prot*, AREG™,
CLECI0A™, PLD4, CCL5 ), and AT2 s1
(LAMP1-prot ™, HHIP*, SERPINAI") cells
(Figure 3B). Compared with control lung,
KLRG1" TEMRA and Tgy,1 cells had

1184

TF
NOTCH1 RUNX3 PPARG
ZEB2 KLF2 TBX21
o
FOXO1 ZNF683 AHR

increased outgoing proinflammatory signals
in mild-moderate COPD (Figure 3C). Both
CD8" T-cell subpopulations had increased
inflammatory axes, such as ANNEXIN, IFNG,
TNF, and TWEAK (a pluripotent TNF-family
cytokine [32]), together with TGFB, in
mild-moderate COPD (Figure 3C). We
corroborated this interactome analysis with
the NicheNet algorithm (33), choosing

CD8" T-cell subpopulations as the “sending”
cells (Figure 3D). As with CellChat, this

CD8+ Tryb
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CD8+ Try3
CD8+y8 T

i

Expression
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KLRD1
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CD3E
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| LMNA
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E Cytotoxicity

approach highlighted IFNG and TNF axes
directed toward myeloid and AT2 cells
(Figures 3D and E8).

Our interactome analysis suggested
that CD8™ T cells communicate with
myeloid and AT2 cells via IFNvy. We next
identified the dominant sources of IFNG.
CD8"KLRG1" TEMRA and Ty cells
were the leading senders of IFNG signaling
in mild-moderate COPD lung (Figure 3E),
whereas myeloid and AT?2 cells were the
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Figure 2. (Continued).
major targets (“receivers”) of IENG and E9B). Myeloid cells send signals known  like IL-10 and TGFBI. Finally, we examined
signaling overall (Figure 3E) and from to drive production of IENG, such as ILI2B  candidate interactions between KLRG1™
CD8*KLRG1" TEMRA and Tyl cells and IL15, to KLRG1" TEMRA and Tgy1 TEMRA and Ty cells, which included
specifically (Figure 3F). We next examined cells (and IL-18 to Trp1 cells only). CCL5, FAS-FASL, IFNG, TNF, TGFBI,
the reverse direction signals sent by myeloid =~ Myeloid cells also had candidate and TNFSF14 (LIGHT) axes (Figures E9C
cells toward CD8™" T cells (Figures E9A interactions via noninflammatory axes and E9D).
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Figure 3. CD8™ T cells interact with myeloid and alveolar type Il (AT2) cells by inflammatory axes in mild-moderate chronic obstructive
pulmonary disease (COPD) lung. Interactome analyses were performed on the single-cell RNA-sequencing (scRNA-seq) dataset of lung tissue
from the control or mild-moderate COPD patient subcohorts. (A-C, E, and F) Statistically significant interactions determined by the CellChat
pipeline are shown. (A) Total strength of incoming (y-axis) and outgoing (x-axis) interactions for each cell cluster, by patient subcohort. (B) For
CD8"KLRG1™ T effector memory CD45RA™ (TEMRA) and T resident memory 1 (Tru1) cells (red), outgoing interactions in mild-moderate COPD
lung. Color density is proportional to interaction strength. Receiving cell color indicates lineage (lymphoid, purple; epithelial, green; myeloid,
blue). (C) For CD8"KLRG1"™ TEMRA and Trw1 cells, the strongest outgoing interactions (and their relative strength in control versus mild-
moderate COPD). *Unique in each cluster. (D) Interactions were tested by the Nichenet pipeline. Interactions increased in mild-moderate COPD
lung compared with control lung with adjusted P value < 0.05 are shown. Sending cells are CD8"KLRG1" TEMRA or Tgu1 cells. (Top) Receiving
cells are pooled myeloid cells: classical (c) Monos (monocyte/macrophages), nonclassical (hc)Monos, and dendritic cells (DC2 cluster 1).
(Bottom) Receiving cells are AT2 cluster 1. (E) For the IFNG signaling pathway in mild-moderate COPD lung, strength of incoming (y-axis) and
outgoing (x-axis) interactions for each cell cluster. (F) For the IFNG signaling pathway, visualization of outgoing interactions from

CD8"KLRG1* TEMRA or Teyw1 cells. Thickness of arrows and the size of receiving clusters are proportional to interaction strength. NK = natural
killer.
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(A) UMAP visualization of cell clusters with lineage indicated by color. Green dotted line denotes natural killer (NK) and T-cell clusters.

(B) Relative abundance of lymphoid clusters, by patient subcohort. *Indicates CD8* T1 (tan) and CD8"KLRG1™ (orange) T cells. (C) Relative
abundance of cell clusters in pairwise comparison of patient subcohorts using the scCODA computational pipeline; red indicates cell clusters
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Table 3. Lung Tissue Research Consortium Cohort Demographics

Control Mild-Moderate COPD Severe COPD P Value
n 346 327 256
Age, yr 61.6+125 67.8+9.4 60.7 =8.2 <0.001
Male 136 (39.3) 197 (60.2) 131 (51.2) <0.001
White race 312 (90.2) 303 (92.7) 230 (89.8) 0.54
Former smoker 199 (57.5) 254 (77.7) 222 (86.7) <0.001
Smoking pack-years 20.2 (27.4) 47.0 (35.7) 44.4 (27.5) <0.001
FEV% predicted 95.9 (12.6) 70.5 (16.3) 25 2 (9.1) <0.001
GOLD category 0 (0) 1.65 (0.5) 7 (0.5) <0.001

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; GOLD = Global Initiative for Chronic Obstructive Lung Disease.
Data show mean = SD or n (%). t test for continuous variables (age, smoking pack-years, FEV;). Chi-square tests for categorical variables

(sex, smoking status, GOLD).

CD8™ T Cells in Mild-Moderate and
End-Stage COPD Lung

We next performed a more robust
comparison of mild-moderate COPD lung
and end-stage COPD lung. As published
data for scCITE-seq of lung tissue from
patients with COPD are not available, we
integrated only our scRNA-seq results with
165,759 cells from the Adams and colleagues
dataset (14) of explanted donor (n=15) and
end-stage COPD lung (n = 17) (Figure E10).
We selected the Adams and colleagues
dataset because the patients had been
enrolled at our institution with a similar
method, namely cryopreservation of samples
before single-cell analysis. Integration of our
and Adams and colleagues’ scRNA-seq
datasets demonstrated all major lineages and
53 clusters (Figures 4A, E11A, and E11B and
Table E5). Among the 12 lymphoid cell
subpopulations, CD8*KLRGI " and

CD8" T1 T cells were increased in mild-
moderate COPD compared with other
patient subcohorts (starred, Figure 4B). As in
our multiomic analysis, lung tissue procured
during surgical resection of a lung mass had
an increased abundance of lymphoid cells
compared with explanted lung, regardless

of disease state (Figure E11C). Hence,

when comparing multiple lineages, it was
important to compare mild-moderate
COPD and end-stage COPD to their
respective comparison groups, “control”
(from surgical resection of lung masses) or
“donor” explanted lung. CD8 "KLRG1™

T cells had increased relative abundance in

mild-moderate COPD (compared with
control), but CD8"KLRGI™ T cells were not
more abundant in end-stage COPD
compared with donors (scCODA algorithm,
red text in Figure 4C; Figure E11D). The
median percentage of CD8 "KLRGI " cells
(among total lung cells) were: donor (0.4%),
control (1.9%), mild-moderate COPD
(5.8%), emphysema without airway
obstruction (1.8%), and end-stage COPD
(0.8%) (Table E6). The CD8™ T1 cluster had
a greater abundance in mild-moderate
COPD (compared with control) than in end-
stage COPD explant (compared with donor
explant) (red in Figure 4C; Figure E11D).
The median percentage of CD8 " T1 cells
(among total lung cells) were: donor (1.8%),
control (8.3%), mild-moderate COPD
(15.8%), emphysema without airway
obstruction (9.4%), and end-stage COPD
explant (4.2%) (Table E6).

We next defined the relationship
between the cell clusters defined in our
multiomic analysis (Figures 1-3) and the
cell clusters defined in this analysis of
only scRNA-seq (Figure 4A). The
CD8"KLRGI™ T cells in the scRNA-
seq—only analysis mapped nearly entirely to
the CD8 " KLRG1" TEMRA cluster in the
multiomic analysis (Figure 4D). CD8" T1
cells mapped to the Trp1 cluster in the
multiomic analysis. However, CD8" T1 cells
also mapped to several other clusters in the
multiomic analysis, including Trys, Ty, and
the KLRG1 " TEMRA cluster. This finding
illustrated how multiomic analysis facilitated

more fine clustering than RNA-seq only.

In sum, the scRNA-seq-only analysis
supported the increased relative abundance
of CD8 "KLRG1" TEMRA cells in mild-
moderate COPD lung compared with end-
stage COPD. However, this RNA-seq—only
analysis was unable to separate CD8 " Tgy1
cells from other resident-memory T cells.

Validation of CD8" T Cell Gene
Signatures in an Independent

COPD Cohort

We validated our findings in a larger
(N=929) independent patient cohort, the
LTRC (Table 3) (34) using bulk RNA-seq
analysis of whole-lung tissue from patients
with mild-moderate COPD (GOLD I or II),
severe COPD (GOLD III or IV), or control.
We generated marker gene scores for
CD8"KLRG1" TEMRA and Try1 cells
using gene set variation analysis to

estimate the abundance of CD8 " T-cell
subpopulations. The KLRG1™ TEMRA score
was increased in mild-moderate COPD lung
compared with control (Kruskal-Wallis

test, P=0.00061; post hoc pairwise adj.
P=4X10"*). Although the mean TEMRA
score was increased in mild-moderate
compared with severe COPD lung, this
difference was not significant (Figure 5A
and Table E7). When divided by GOLD
criteria, lung tissue from GOLD I or GOLD
II patients had significantly increased
KLRG1" TEMRA gene signature scores
compared with control (Kruskal Wallis test,
P =0.0049; post hoc pairwise adj. P=0.014 or

Figure 4. (Continued). enriched in COPD compared with their respective control. Red text highlight CD8*KLRG1* and T1-cell clusters.

(D) On the left, CD8™ T cells in the scRNA-seg-only analysis (from Figure 4A) are mapped to themselves on the right in the multiomic
(scRNA-seq/CITE-seq) analysis (from Figure 1B). The cell cluster annotations for either the RNA-seq only (left) or multiomic (right) analyses are
shown. Cells in the KLRG1* T effector memory CD45RA™ (TEMRA) and T resident memory 1 (Tgw1) multiomic clusters are highlighted as pink

or green, respectively.
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Figure 5. CD8"KLRG1™ T effector memory CD45RA* (TEMRA) and T resident memory 1 (Tau1) cell gene signatures are increased in mild-
moderate chronic obstructive pulmonary disease (COPD) lung in an independent cohort. Gene set variation analysis (GSVA) signature scores
were generated for CD8™" T-cell clusters from the single-cell datasets and measured in a bulk RNA-seq dataset of lung tissue from an
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correlation with linear regression (blue line), 95% confidence interval (gray), correlation coefficient (R), and P values (p).

0.004, respectively) (Figure 5A). The
KLRG1" TEMRA gene signature score only
had a trend toward an increase in GOLD III
or IV compared with control (post hoc
pairwise comparison, adj. P=0.051). From a
multivariate linear regression analysis

1190

adjusted for age, sex, race, and smoking
status, we found the CD8 "KLRG1" TEMRA
gene signature was most strongly associated
with mild-moderate COPD (P = 0.009) but
also with severe COPD (P=0.014),
compared with control (Table E7). In

summary, a large validation cohort
confirmed that the CD8 "KLRG1* TEMRA
gene signature is increased in mild-moderate
COPD lung compared with control lung.
This analysis in the LTRC cohort does not
distinguish expression in mild-moderate
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COPD compared with severe COPD.
Because T cells corresponding to TEMRA
cells were increased in abundance in mild-
moderate COPD lung in our single-cell
analyses (Figures 1 and 4), our findings in the
LTRC cohort (Figure 5) may reflect the
technical limits of identifying

KLG1" TEMRA cells in whole-lung bulk
RNA-seq rather than at single-cell resolution.
Alternatively, the finding may reflect
underlying biological variability in the
association of KLRG1" TEMRA cells

with disease severity.

The CD8" Tgy1 gene signature showed
a significant positive association with COPD,
with the gene signature score peaking in
GOLD IV patients (Kruskal-Wallis test,
P=0.0013). Increased expression of the
CD8" Tyl signature genes in both mild-
moderate and severe COPD in this bulk
RNA-seq analysis may reflect our earlier
finding that the single-cell RNA-seq analysis
did not distinguish among the multiple
CD8" Ty cell subpopulations identified
by multiomic analysis (Figure 4D). In a
multivariate linear regression model, the
CD8™" Trul gene signature shows significant
positive association with age, race, and severe
COPD (GOLD III-1V) (Table E7).

Because CD8"KLRG1" TEMRA cells
and Try1 cells communicate with myeloid
and AT?2 cells via IFNG (Figure 3), we
measured the association of their cellular
gene signatures with an IFNG response score
(Table E7). We excluded genes overlapping
between the IFNG response score and the
CD8" T cell signatures. The gene signatures
for CD8 "KLRG1 " TEMRA (r=0.68, adj.
P=22X10"'°)and CD8" Try cells
(r=0.62,adj. P=2.2 X 10~ '®) were positively
associated with IFNG response (Figure 5B).

Cross-Species Analysis Identifies
Shared CD8" T Cytotoxic Cell
Signature

To support future mechanistic studies, we
turned to a murine model of COPD (17)
driven by Hhip heterozygosity, a locus
strongly associated with clinical COPD

(35, 36). In this murine model, aging without
smoke exposure results in emphysema

and elevated airway resistance (17, 37)
(Figure 6A). We assessed for similarities
between human and murine CD8™ T cells by
integrating our human COPD lung scRNA-
seq dataset with our previously published
murine lung scRNA-seq dataset from

the Hhip™'~ model. On the shared
human/mouse reference UMAP, we
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projected either the human CD8 " T cells
(Figure 6A, left) or murine CD8 ™" T cells
(Figure 6A, right). We annotated the human
cells as in Figure 1, and we annotated the
murine cells as in our previous publication
(17): CD8T (naive), CDSTE (effector
memory), and CD8TTE (terminal effector).
On UMAP, human CD8 " KLRG1" TEMRA
cells are adjacent and overlapping with
murine CD8TTE cells. To confirm the
transcriptional similarities between human
and murine CD8 ™ T cell subpopulations,

we compared the differentially expressed
genes in murine CD8 " T cell subpopulations
(y-axis, Figure 6B and Table E8) to the
differentially expressed genes in human
CD8"KLRG1" TEMRA cells (x-axis,

Figure 6B). Among murine CD8 ™" T cells,
only CD8TTE cells showed a positive
correlation of their global transcriptome
with that of human CD8 " KLRG1 " TEMRA
cells, with R= +0.84 (P< 2.2 X 10~ ).
Human CD8 "KLRG1" TEMRA and
murine CD8TTE cells share differentially
expressed genes associated with cytotoxicity
(Figure 6C) and marker genes that we had
identified for human KLRG1" TEMRA cells
(Figure 2), such as CX3CRI, KLF2, KLRGI,
and ZEB2 (Figure 6D, volcano plots in
Figure E12, and Table E8). In addition,
human CD8 " KLRG1" TEMRA and murine
CD8TTE cells share differential expression of
TBX21 (T-bet), the canonical transcription
factor for IFNG production.

Discussion

To our knowledge, this is the first study to
use single-cell multiomic analysis of lung
tissue to comprehensively characterize
CD8" T-cell states in COPD. We found
increased abundance of CD8™ T cells in lung
tissue from patients with mild-moderate
disease compared with control subjects and
patients with end-stage COPD. On deep
phenotyping, two subpopulations of

CD8™ cells, KLRG1" TEMRA and Typl,
drove the increased number of CD8 ™ T cells
in mild-moderate COPD. Our results
profiling CD8™" T cells across stages of
disease add to the myeloid and epithelial cell
focus of single-cell RNA-seq studies to date
(5, 6, 14, 38, 39). Our finding of increased
CD8" TEMRA cells from COPD lungs adds
to the previous investigations demonstrating
increased CD8" TEMRA cells from COPD
sputum, BAL, or blood. Findings in blood
have been mixed, with some studies

showing no differences, whereas recent
phenotyping of peripheral blood (40)
revealed CD8" TEMRA cells expressing
KLRG], similar to the CD8" TEMRA cells in
our study. The discrepancies in the literature
may stem from patient heterogeneity, such as
smoking status or disease severity.

KLRGI is expressed by many terminally
differentiated cells and is classically an
inhibitory receptor (40, 41). The expression
of KLRG1 protein itself is not associated
with the severity of airway obstruction (42).
Because KLRG1 can be a marker of
senescence or resistance to apoptosis
(41,43,44), the hypothesis arises that the
increase of KLRG1 " TEMRA cells in
mild-moderate COPD lung is driven by
accumulation of longer-lived cells rather
than proliferation. Alternatively, the
hyperexpansion of a subset of TCR
clonotypes could suggest the chronic
antigenic stimulation seen in autoimmune
diseases like systemic lupus erythematosus
(45) and multiple sclerosis (46). The
sharing of some TCR clonotypes supports
the hypothesis that Ty differentiated
into TEMRA cells. The function of
KLRG1" TEMRA cells in COPD is unclear.
Given our immunophenotyping results,
pathogenic roles for KLRG1 " TEMRA cells
could include direct cytotoxicity or activation
of myeloid or AT2 cells to promote
inflammation and tissue destruction. A key
question is whether candidate inhibitory
receptors on the TEMRA cells, like
KLRG1" and the immune checkpoint
receptor TIGIT, can be targeted to regulate
the function of these cells. The cellular
dynamics of Try1 cells may be more
complex. The sharing of clonotypes among
Try subpopulations raises the question
whether different computational models
might better reflect the underlying
biology, or, alternatively, different local
microenvironments might affect the
transcriptomes and place a clonotype
in multiple Ty, cell clusters.

Our interactome analysis highlighted
IFN+ signaling axes for TEMRA and Try
cells. Previous literature in clinical COPD
demonstrated that CD8 ™ T cells secrete
IFNY (42, 47), and CD8™ T cells are enriched
in preterminal and terminal bronchioles in
COPD that upregulate IFNy responses (38).
In a series of elegant studies by Wang and
colleagues, Hhip deletion in murine lung
fibroblasts drives expansion in IFNy ™ tissue-
resident T cells, suppression of AT2 stem
cell renewal, and histological changes of
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emphysema. Ex vivo analysis demonstrated
IFNy secreted from explanted tissue-resident
T cells mediate AT2 stem cell suppression
(48). Without cigarette smoke exposure,
Hhip™'~ mice develop lung inflammation,
emphysema, and elevated airway resistance
with age (37). In the murine Hhip™'~ model,
KLRG1 " CDSTTE cells became more
abundant with aging, produced IFNv, and
associated with lung emphysema (17). In
our study, CD8 "KLRG1" TEMRA cells in
clinical COPD shared transcriptomic
similarity to these KLRG1" CDSTTE cells in
Hhip™'™ mice. These prior studies and our
comparative analysis support the Hhip ™/~
mouse as a tool to dissect the role of
CD8"KLRG1 " TEMRA cells and specific
genes (such as KLRG1 itself) in COPD.
More generally, because HHIP is strongly
associated with clinical COPD in genome-
wide association studies, combining
immunophenotyping of clinical COPD and
the Hhip ™'~ murine model could illustrate
how a genetic locus without an a priori
immune function can influence the immune
response.

There are limitations to our study. First,
we have a low number of subjects, a
reflection of the inherent difficulties in
procuring mild to moderate COPD lung
tissue. To gain new insights from a limited
patient subcohort, we compared emphysema
without airway obstruction and used a
multiomic approach. Hence, we arrived at
distinct conclusions from another scRNA-
seq study of mild-moderate COPD lung
tissue (39). Furthermore, we validated our
results in a much larger patient cohort. An
additional limitation is that we relied on
tissue from lung cancer resections. To
control for this, we compared both explanted
donor lung and “control” lung from surgical
cancer resections. Illustrating the need
for both comparisons, our analysis
demonstrated differences between donor
lung and control lung. Furthermore, we
selected highly robust findings that were
significantly different from both donor and
control lung. Second, we were not able to

validate whether the increase in Trys1 cells
was specific to mild-moderate disease.
Identification of Try1 cells required both
proteomic and transcriptomic markers, and
s0 Trm1 cells were not precisely identified in
published single-cell or bulk RNA-seq
datasets of COPD lung. Multiomic studies of
larger sample sizes, including end-stage
COPD lungs, could confirm whether

CD8™ T cell subpopulations correlate with
disease activity or severity.

An additional limitation is that we
lack information on spatial distribution of
CD8" T-cell subpopulations in different
stages of COPD lung, which would help
inform cell-cell interactions. In addition,
functional assessment of isolated
CD8™ T cells would further advance our
understanding of the role of CD8" T-cell
subpopulations in COPD pathogenesis.
Last, we acknowledge that our cross-
species comparison examined only one
murine model. Hhip™’~ mice do develop
inflammation and emphysema upon aging
and smoking exposure that model elements
of clinical COPD (49, 50). In addition, the
terminally differentiated KLRG1 " T cells
in mice are known to have similarities to
human TEMRA cells (51). Nevertheless,
future comparisons of multiomic analysis
of human COPD lung to other murine
models, including smoke exposure,
are merited.

Conclusions

In summary, our approach demonstrates
the value of single-cell, multiomic
immunophenotyping of COPD lung tissue.
We show that CD8" KLRG1" TEMRA cells
have increased relative abundance in mild-
moderate COPD lung, and they interact
with myeloid and AT2 cells via IFNvy.
Validation in a large cohort of patients and
cross-species analysis suggest that specific
CD8" T cell subpopulations may drive the
inflammation in COPD that precedes severe
disease, which may have therapeutic
implications for slowing the progression

of COPD.
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