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ORIGINAL RES

Lower PDL1, PDL2, and AXL Expression on Lung Myeloid Cells
Suggests Inflammatory Bias in Smoking and Chronic Obstructive

Pulmonary Disease

Sreelakshmi Vasudevan'?*, Joshua J. Vasquez®®*, Wenxuan Chen'-?3, Brandon Aguilar-Rodriguez®°,
Erene C. Niemi'*, Siyang Zeng'?, Whitney Tamaki®, Mary C. Nakamura'*, and Mehrdad Arjomandi'-?

"Medical Service, San Francisco Veterans Affairs Healthcare System, San Francisco, California; 2Division of Pulmonary, Critical Care,
Allergy, and Sleep Medicine, ®Division of Experimental Medicine, “Division of Rheumatology, and ®Division of Occupational and
Environmental Medicine, Department of Medicine, University of California at San Francisco, San Francisco, California

ORCID IDs: 0000-0002-7165-5739 (J.J.V.); 0000-0002-0116-9217 (M.A.).

Abstract

Lung myeloid cells are important in pulmonary immune homeostasis
and in the pathogenesis of chronic obstructive pulmonary disease
(COPD). Multiparameter immunophenotypic characterization of
these cells is challenging because of their autofluorescence and
diversity. We evaluated the immunophenotypic landscape of airway
myeloid cells in COPD using time of flight mass cytometry. Cells
from BAL, which were obtained from never-smokers (n = 8) and
smokers with (n=20) and without (n =4) spirometric COPD, were
examined using a 44-parameter time of flight mass cytometry panel.
Unsupervised cluster analysis was used to identify cellular subtypes
that were confirmed by manual gating. We identified major
populations of CD68" and CD68 ™~ cells with 22 distinct phenotypic
clusters, of which 18 were myeloid cells. We found a higher
abundance of putative recruited myeloid cells (CD68 * classical
monocytes) in BAL from patients with COPD. CD68 ™" classical

monocyte population had distinct responses to smoking and
COPD that were potentially related to their recruitment from the
interstitium and vasculature. We demonstrate that BAL cells from
smokers and subjects with COPD have lower AXL expression. Also,
among subjects with COPD, we relgort significant differences in the
abundance of PDL1"8" and PDL2"" clusters and in the expression
of PDL1 and PDL2 across several macrophage subtypes suggesting
modulation of inflammatory responses. In addition, several
phenotypic differences in BAL cells from subjects with history of
COPD exacerbation were identified that could inform potential
disease mechanisms. Overall, we report several changes to the
immunophenotypic landscape that occur with smoking, COPD, and
past exacerbations that are consistent with decreased regulation and
increased activation of inflammatory pathways.

Keywords: lung immunology; COPD; macrophages; mass
cytometry; COPD exacerbations
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ORIGINAL RESEARCH

Clinical Relevance

This study provides novel evidence
using mass cytometry for the impact of
smoking and chronic obstructive
pulmonary disease (COPD) on airway
myeloid cells, including decrease in
regulatory proteins such as PDLI,
PDL2, and AXL, which may contribute
to chronic inflammation in COPD.
These findings expand the field of
COPD and myeloid immunobiology by
establishing a framework to evaluate
airway myeloid subpopulations during
disease progression or response to
treatment.

Chronic obstructive pulmonary disease
(COPD) affects over 250 million people and
is a leading cause of death worldwide (1).
Pulmonary immune cells, including myeloid
cells, are believed to play an important role in
its homeostasis (2). In COPD, prolonged
exposure to tobacco smoke causes chronic
inflammation in airways and alters the
phenotype and function of lung myeloid cell
populations, which likely contributes to the
pathogenesis of COPD (3).

Previous in vitro and animal studies
have documented the diversity and
plasticity of lung myeloid cells. However,
the evaluation of myeloid phenotypes
in the lungs of individuals with COPD
has been limited, in part, because of
technical challenges including intense
autofluorescence, which restricts the use of
fluorescence-based immunological assays
such as flow cytometry and microscopy for
characterizing these cells, particularly
in active smokers (4, 5). Although
transcriptional characterization of lung
myeloid phenotypes has been performed,
multiparameter single-cell proteomic
analyses of these cells remain limited.

The goal of this study was to determine
the influence of smoking and COPD on the
composition of lung myeloid cells obtained
by BAL sampling of airways. We used time
of flight mass cytometry (CyTOF)-based
immunophenotypic analysis of a 39-
parameter myeloid cell-focused panel,
targeting markers that inform the potential
for cellular activation, inhibition, migration,
and/or functionality. We hypothesized that
myeloid cells obtained by BAL from patients
with COPD would express markers
suggestive of dysregulation, immune

Vasudevan, Vasquez, Chen, et al.: Mass Cytometry-based BAL Immune Profiling in COPD

inhibition, and recruitment from the
peripheral circulation. In addition, we
posited that dysregulated myeloid
phenotypes found in the BAL would be
more pronounced among those patients
with COPD with a history of moderate and
severe exacerbations. To address these
hypotheses, we used CyTOF-based immune
profiling of myeloid cells from the BAL of
subjects with and without a history of
smoking or COPD to identify specific
myeloid subtypes and immune expression
profiles associated with smoking and COPD.

Methods

Additional study methods are detailed in the
data supplement.

Study Design
This was an observational study of 32
subjects with and without a history
of smoking or spirometric COPD.
Eligible subjects were characterized using
health and symptom questionnaires and
spirometry before and after bronchodilator
administration followed by bronchoscopy
with BAL, as previously described (6). The
BAL return volume and cell characteristics
assessed by cytospin are provided in
Table 1. Cells from BAL were counted and
viably cryopreserved in liquid nitrogen.
Study subjects. Subjects aged 45-80
years were recruited between 2014 and 2018
and characterized on the basis of smoking
status and presence of spirometric COPD (see
Figure E1 in the data supplement). Never-
smokers had to have less than 1 pack-year
history of tobacco use with no smoking in the
past 20 years and normal spirometry
(FEV,/FVC=0.70 and FEV, > 80% of
predicted value by the Crapo reference
equation) (7). Smokers had to have =20
pack-years history of smoking. Subjects were
considered former smokers if they had not
smoked tobacco for more than 1 year or were
considered current smokers if they had
smoked at least one cigarette per day in the
preceding 3 months. Subjects who had not
smoked tobacco for 3 months or more and
less than 1 year were excluded. COPD was
defined by spirometry using the Global
Initiative on Obstructive Lung Disease
(GOLD) criteria as FEV,/FVC < 0.70.
Subjects with COPD GOLD stage 1 disease
(FEV, = 80% of predicted value) were
excluded to increase the likelihood of
identifying clinically meaningful differences

in marker expression. Subjects with COPD
were further categorized as exacerbators if
they had a history of at least one exacerbation
of moderate or greater severity within the 3
years preceding the enrollment, which was
quantified using a clinical exacerbation
questionnaire (data supplement) and detailed
medical chart review. The exacerbation
severity was categorized on the basis of
whether the subjects required ICU care (very
severe), hospitalization without ICU care
(severe), acute care or emergency room visits
without hospitalization (moderate), or no in-
person healthcare visits (mild).

Individuals with the following histories
or conditions were excluded: asthma,
systemic chemotherapy, radiation therapy
to the chest, autoimmune diseases,
hereditary or acquired immune system
disorders, active hepatitis B or C,
intravenous drug use for more than 1 year or
within 30 years, and inhaled marijuana,
crack, or methamphetamine use. All
subjects were interviewed and examined by
a pulmonologist to evaluate their safety for
undergoing bronchoscopy.

The institutional review board at the
University of California, San Francisco
(UCSF) and the San Francisco Veterans
Affairs Healthcare System Research and
Development Committee approved the
protocols and performance of this study.
Written informed consent was obtained
from all subjects.

Mass Cytometry

Sample preparation and staining.
Cryopreserved cells were thawed and
counted, and samples with less than 50%
viability were excluded. The mean viability
of included samples was 82.3% with 10.3%
SD. The qualified samples were live-dead
stained with Cell-ID Cisplatin (201064;
Fluidigm) at a dilution of 1:2,000 for 5
minutes. Cells were quenched, washed with
CyPBS (MB-008; Rockland) containing
0.1% BSA (CyFACS) and fixed with 1.6%
paraformaldehyde for 10 minutes. Cells
were barcoded with 10-plex Palladium
barcoding kit (UCSF core facility) according
to manufacturer’s instructions, pooled
together, and blocked with a serum cocktail
containing human, rat, and mouse serums.
One aliquot of the blocked sample was kept
aside as an unstained sample for quality
control. The remaining cells were labeled
with surface antibodies for 45 minutes.
Cells were subsequently permeabilized with
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Table 1. Demographics and Clinical Characteristics*

All Subjects

Basic characteristics
Subjects, n (%) 32

Age, yr, mean + SD 64.4 +6.1
Sex, F, n (%) 7 (22)
Height, cm, mean + SD 176 £ 8
BMI, kg/m?, mean + SD 27.4+6.8

Smoking status, n (%)

Never-smokers 8 (25)
Former smokers 9 (28)
Current smokers 15 (47)
Smoking history, pack-years, median (IQR) 40.0 (24.8 t0 47.8)
Had history of moderate or severe exacerbations,* n (%) 7 (21.8)
Severity of exacerbations,* n (%) 10 (31.3)
Mild 3 (9.4)
Moderate 6 (18.8)
Severe 3 (9.4)
Very severe 1@3.1)
Number of exacerbations,* mean = SD 1.0+1.8
Median (IQR) 0 (0to 1.3)
Mild 03*x1.2
0 (0 to 0)
Moderate 05+1.2
0 (0 to 0)
Severe 0.1+04
0 (0to 0)
Very severe 0.083+0.2
0 (0 to 0)
Airflow indices, mean + SD
FEV1% predicted 7323
FVC% predicted 87 +19
FEV4/FVC, % 65+12
FEV+/FVC% predicted 84 +16
Reversibility in FEV4, ml 95 +125
100 (18 to 170)
Reversibility in FEV4, % 5.8+8.3
41 (0.61t07.7)
Reversibility in FEV+, n (%) 4 (12.5)
Clinical characteristics
GOLD stage, n (%)
0 12 (37.5)
1 0 (0)
2 16 (50.0)
3 4 (12.5)
4 0 (0)
Medications, n (%)
ICS 4 (12.5)
LABA 1@3.1)
LAMA 4 (12.5)
SABA 7 (21.9)
SAMA 4 (12.5)
Oral steroid 0 (0)
Antihistamine 2 (6.3)
SABA + SAMA 13.1)
ICS + LABA 2 (6.3)
BAL characteristics, mean = SD
Return volume, ml 111.9+53
Total immune cells, 10%/ml 29.83 = 4.41
Total macrophages, 10%/ml 22.41 +=4.08
Total neutrophils, 10%/ml 0.89 = 0.41
Total eosinophils, 10%/ml 0.23 = 0.09
Total lymphocytes, 10%/ml 1.17 £0.32

No COPD

12 (37.5)
62.5+5.1
3 (25)
177+9
27.4+92

7391
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Definition of abbreviations: BMI =body mass index; COPD = chronic obstructive pulmonary disease; FEV, =forced expiratory volume in 1 second;
FVC =forced vital capacity; GOLD = Global Initiative on Obstructive Lung Disease; ICS =inhaled corticosteroid; IQR = interquartile range;

LABA =long-acting B-agonist; LAMA =long-acting muscarinic antagonist; SABA = short-acting B-agonist; SAMA = short-acting muscarinic antagonist.
Reference equations: measures of pulmonary function and percentage predicted of normal values were calculated using Crapo predicted formulas.
Reversibility was defined as =12% and =200 ml increase in FEV; after bronchodilators administration.
*Cumulative exacerbation episodes 3 years preceding enrollment. The exacerbation severity was categorized on the basis of whether the subjects
required ICU care (very severe), hospitalization without ICU care (severe), acute care or emergency room visits without hospitalization (moderate), or no

in-person healthcare visits (mild).

P value < 0.05 when compared with no COPD in case of COPD column and nonexacerbator in case of exacerbator column.
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MaxPar Perm-S Buffer (201066; Fluidigm)
and then blocked with serum cocktail for 20
minutes. Intracellular antibody labeling was
performed for 45 minutes. Cells (stained
and unstained) were then labeled with Cell-
ID Intercalator-Ir (201192A; Fluidigm)
overnight. Cells were analyzed on a CyTOF2
mass cytometer (UCSF single-cell analysis
core) after the addition EQ four element
calibration beads (1:10, 201078; Fluidigm),
and data were collected as flow cytometry
standard (FCS) files.

Data deconvolution and analysis.
Acquired data were normalized and
debarcoded using the Matlab-based
open access package (https://github.com/
nolanlab). High-dimensional data analysis
was performed on CD45" cells from all

Table 2. List of Mass Cytometry Antibodies and Channels

samples after the exclusion of dead cells
and debris. The data underwent Arcsinh
(cytofAsinh) transformation and tSNE

dimension reduction using default settings

(t-distributed stochastic neighbor

embedding [tSNE] perplexity, 30; tSNE max

iterations, 1,000; tSNE seed, 42) on the
cytofkit package (8). Clusters of CD45"
immune cells were identified by
unsupervised analysis of all other markers
(Table 2) using the Rphenograph (k = 30)
cytofkit package. Median signal intensities

for each marker within distinct clusters were

z normalized and then visualized in a
heatmap to identify and annotate cell
clusters. Unsupervised hierarchical
clustering of the heatmap was used to
annotate clusters on the basis of

Channel Target
8%y CD45
140ce CD8«
142Ng CD19
142Ng CD56
142Nd CD66b
145Nd CD16
149gm CD141
57Gd BDCA2
160Gq CD14
168y CD206 (MMR)
170g, CcD3
176y CD1c
143Nd CD91
1479m TLR8
148Nd CD274 (PD-L1)
1549m CD163
158Gd CD284 (TLR4)
162py CD172a (SIRPa)
163py Galectin-9
164Dy TLR7
166, CD200R
= AXL
72yp CD273 (PD-L2)
74yp HLA-DR
31 CD68
146N g CD64
1529m CD36
) CD11¢c
89T m CD169
7yp CD44
75y CD71
41pp CD196 (CCR®)
144Nd CD195 (CCRS5)
150Ng CD86
153gy CD192 (CCR2)
156Gd CXCR3
®1py CX3CR1
®5Ho CD40
73Yp CD184 (CXCR4)

Clone Designation

H130
RPA-T8
HIB19
My31.13
80H3
3G8

M80
201A
M5E2
15-2
UCHT1
L161
A2MR-A2
935166
29E.2A3
GHI/61
HTA125
602411
9M1-3
533707
Polyclonal
Polyclonal
24F.10C12
L243
Y1/82A
10.1
5-271
Bu15
7-239
IM7
OKY-9
11A9
NP-6G4
IT2.2
K036C2
GO025H7
2A9-1
5C3
12G5

Manufacturer

Fluidigm
BioLegend
Fluidigm

BD Biosciences
Bio-Rad
Fluidigm
BioLegend
BioLegend
Fluidigm
Fluidigm
Fluidigm
BioLegend
BD Biosciences
R&D Systems
Fluidigm
Fluidigm
Fluidigm

R&D Systems
Fluidigm

R&D Systems
R&D Systems
R&D Systems
Fluidigm
Fluidigm

BD Biosciences
Fluidigm
Fluidigm
Fluidigm
BioLegend
Fluidigm
Fluidigm
Fluidigm
Fluidigm
Fluidigm
Fluidigm
Fluidigm
BioLegend
Fluidigm
Fluidigm

Definition of abbreviations: BDCA2 =blood dendritic cell antigen 2; CX3CR1=CX3C chemokine

receptor 1; HLA-DR =human leukocyte antigen-DR isotype; MMR = macrophage mannose receptor;

TLR4 =Toll-like receptor 4.

dendrograms and marker expression.
Clusters or cluster-groups were confirmed
using manual gating of two-dimensional
scatter plots in Cytobank (Cytobank, Inc.).
The number of cells contained within

an individual cluster, termed “cluster
abundance,” was evaluated and expressed as
a percentage of the total CD45 " cells (Table
E1). The expression of markers on each
cluster are reported as median intensities.
Intercluster relationships were evaluated
using isometric feature mapping (ISOMAP)
(8) progression analysis (cytofkit) and
principal component analysis (PCA). For
ISOMAP, samples were down sampled by
the ceil method (n=500/sample) and the
global interrelatedness of clusters was
visualized by overlaying clusters into
ISOMAP dimensions. Subset relatedness was
then determined by proximity.

Data Analysis and Statistics

Clinical data. Distributions of subject
characteristics were computed and analyzed.
PCA was performed with cluster abundance
and marker expressions and was adjusted for
age and sex. Resulted principal components
were plotted to identify differences in the
cluster abundance and marker expression
(within clusters) between clinical groups of
interest (smoking status, COPD GOLD
stages, and history of moderate or severe
exacerbations). Regression modeling adjusted
for age was performed to examine differences
in 1) the abundance of each cluster and 2)
marker expressions within each cluster.
Differences in these parameters were then
evaluated between subjects by smoking status.
Similar analyses were performed to examine
differences by GOLD stage among subjects
with COPD compared with never-smokers
after adjustment for age and smoking status.
Those differences are displayed as parameter
estimates with confidence intervals from

the regression model for GOLD stages.
Differences in cluster abundances and marker
expressions were also evaluated among
subjects with COPD who had a history of
moderate or severe exacerbation, adjusting for
age, smoking status, and GOLD stages.
Differences by smoking status and exacerbation
history are displayed with the distribution

of raw data presented as the percentage of cells
in each cluster or median intensities with
interquartile range. Statistical significance was
corrected for multiple comparisons using the
Benjamini-Hochberg (BH) method. Results
were considered significant if the P values in

Vasudevan, Vasquez, Chen, et al.: Mass Cytometry-based BAL Immune Profiling in COPD 783
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the regression models were <0.1 after a BH subjects with COPD (nine former smokers BAL. The performance of metal-labeled

correction. R software (version 3.5.2; R and 11 current smokers). Seven of the antibodies was confirmed for individual
Foundation for Statistical Computing) was 20 subjects with COPD had history of markers in each sample on CD45" cells,
used for data management, analysis, and PCA  moderate or severe exacerbations within CD3" T cells, non-T cells, CD68" non-
plots. Figures were generated by GraphPad the 3 years preceding their enrollment T cells, and CD68 ™ non-T cells (Figure E2).
(Prism version 7.0). in the study and were classified as The distribution of marker expression
exacerbators. None of the subjects were across clusters were also evaluated by
Results on systen.lic corticost.eroid agd only four visualization in tSNE space (Figure E3).
were on inhaled corticosteroid. Prior studies have demonstrated high

concentrations of heavy metals in indoor
air with environmental tobacco smoke (9).
These heavy metals can be used as antibody

Characterization of Subject
The clinical characteristics of each cohort,  Cell-associated Heavy-Metal

including demographics, smoking status Contamination in Smokers Impacts the

and burden, medications, spirometry, and  Use of Lanthanum and Cerium Channels ~ conjugates in mass cytometry; therefore,
cell characteristics, are listed in Table 1. for Mass Cytometry of Lung Cells as a quality control measure, unstained
Overall, BAL cells were obtained from 12 A myeloid cell-focused mass cytometry samples were run from each subject
subjects without COPD (eight never- panel was designed and optimized to together with the stained sample. Unstained

smokers and four current smokers) and 20  evaluate the phenotype of immune cells in ~ samples revealed contamination with

S = ™
—>‘ l—» .0 ——>

°eo0® stained

Bronchoalveolar Single cells

Control ~ COPD Lavage Mass cytometer
n=12 n=20

Flow Cytometry Standard (.fcs) files generated
Normalized to each other

Debarcoded
4 4 4
10 No beads 10 Live ceIIs_ 10 CD45*
5 = 100 > 1034 P 103
s 5 5 5
$ T g2 S 102,  10%4
2 <] <) <]
< £ 10 £ 101 £ 10']
< k= = =
@) < .0 < 0] < 0
=z =z ] P4 i
Z 10°] Z 10 Z 10
-1 00 T T T T T —1 00 T T T T T -1 00 T T T T T -1 OO T T T T T
-10910% 10" 102 10% 10* -10910% 10" 102 10% 10* -10°10° 10' 102 10% 10* -10°10° 10' 102 10% 10*
DNA Intercalator Normalization Beads Dead stain CD45

High Dimensional Data Analysis with
unsupervised clustering (Rphenograph)

Figure 1. Experimental design and data deconvolution. BAL was performed on subjects without chronic obstructive pulmonary disease (COPD) (control;
n=12) and with COPD (n=20), and BAL immune cells were isolated and made into single-cell suspensions. The cells were stained with metal
isotope-labeled antibodies and analyzed on a time of flight mass cytometry 2 mass cytometer. Data generated were normalized and debarcoded for data
deconvolution and quality control. Cells were identified using DNA intercalator, normalization beads were gated out, live cells were identified by gating out
cisplatin (live—dead)-positive cells, and immune cells were gated in using CD45 positivity. The CD45™ cells were used for downstream high-dimensional
analysis using Rphenograph.
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Figure 2. High-dimensional analysis of BAL cells revealed novel subtypes of myeloid cells. (4) CD45* immune cells from all subjects (n = 32 samples) were
analyzed using t-distributed stochastic neighbor embedding (tSNE) dimension reduction algorithm and were found to be composed of 22 different
clusters. (B) Heatmap of hierarchical clustering of the median intensities of markers (n = 35 markers) and Rphenograph-generated clusters (n = 22 clusters)
were grouped and annotated on the basis of dendrograms and marker expression. The clusters that are CD68* (macrophages) are highlighted within the
black box. ¢cDC = conventional dendritic cell; CM = classical monocyte; NK = natural killer; pDC = plasmacytoid dendritic cell; PMN = polymorphonuclear
neutrophil; RM = recruited macrophage; TRM = tissue-resident macrophage.
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cerium and lanthanum within BAL
immune cells, especially in smokers (Figure
E4). Channels with background signal from
these contaminants were consistently
identified as atomic mass 139, 140, and 142.
For the remainder of our studies, we did
not use channels 139 and 140 for analysis
and used channel 142 only to exclude
granulocytes (CD66b), natural killer (NK)
cells (CD56), and B cells (CD19). Our final
39-marker panel used for this study was
focused on cells of myeloid origin and is
detailed in Table 2. Data acquisition,
deconvolution, and manual gating
performed before high-dimensional
analysis are shown in Figure 1.

High-Dimensional Analysis of BAL
Cells Revealed Novel Subtypes of
Myeloid Cells

Previous work established phenograph as a
robust method for the high-dimensional
phenotypic clustering of tissue-myeloid cell
populations (10). Similarly, we used this
approach to analyze phenotypic data of
myeloid cells from human BAL. First,
tSNE-based dimension reduction of CD45 "
cells (Figure 2A) followed by unsupervised
clustering using phenograph identified

22 immune cell clusters (Figure 2B).
Expression of the tissue macrophage
marker CD68 divided the clusters into two
major populations consisting of 13 CD68™"
clusters and nine CD68""'~ clusters that
we then validated by manual gating
(Figure 3A) (11). The CD68™ clusters were
given letter annotations (A-I) and were
subdivided on the basis of dendrograms
of hierarchical clustering (Figure 2B).
They consisted of 11 tissue-resident
macrophage (TRM) (B-E and G-I)
clusters and two clusters highly expressing
CCR2, which were termed “recruited
macrophages” (RMs) (A and F). The

nine CD68"'~ clusters included

three subsets of dendritic cells (DCs)
(plasmacytoid DCs, conventional DC-2
[¢cDC-2], and conventional DC-1 [cDC-1])
based on the expression of BDCA-2,
CD-1c, and CD141, respectively; CCR2™*
classical monocytes (CMs) (CD68 CM);
and a unique subtype of background high
cells that stained positive only for CD206,
CDll1c, HLADR, and CXCR3, labeled as
“unknown,” resembling a recently
described and similarly labeled subset (12).
The CD68"Y~ clusters also included T cells
and a mixed NK/B/polymorphonuclear
neutrophil (PMN) population. The latter
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population identified by clustering was
negative for all myeloid and T-cell markers
and was considered true positive for
NK/B/PMN cells.

The unsupervised clusters were
then evaluated by manual gating of CD45 "
cells (Figure 3A). First, cells that were
negative for CD206 and positive for
CD56/CD19/CD66b were considered
NK/B/PMN cells and were excluded. The
remaining cells were divided into CD3™
T cells and non-T cells. Because T cells
should not express the majority of the
markers on this myeloid cell-focused panel,
they were used to determine the optimal
placement of manual gates. Non-T cells
were divided into CD68" and CD68 ™ cells
to identify DC, monocyte, RM, and TRM
populations.

To assess intercluster relationships, we
performed cellular progression analysis
using nonlinear dimension reduction by
ISOMAP, in which the distance between
clusters determines their relatedness (8).
Figure 3B demonstrates the overall
relatedness of T-cell clusters, DC clusters,
and CD68 " clusters. The NK/B/PMN
cluster was most closely related to the T-cell
clusters, whereas the CM subset was
situated between the DC and CD68™"
clusters. Intercluster relatedness was also
assessed using linear transformation
analysis by PCA, which reinforced the
observations made by ISOMAP, and the
cluster-groups established by hierarchical
clustering.

Smoking is Associated with Higher
Expression of Activation Markers and
Lower Expression of Regulatory
Proteins on Subtypes of Myeloid Cells
The impact of smoking on the phenotypic
landscape of pulmonary myeloid cells was
evaluated on samples from never-smokers
and smokers without evidence of COPD.
Clustered phenotypes were visualized in
tSNE dimensions, which displayed a

clear difference in cell density across
multiple clusters between the two groups
(Figure 4A). Furthermore, PCA that
included cluster abundance, median marker
expression within each cluster, age, and sex
suggested differences between smokers and
never-smokers.

A regression analysis with adjustment
for age was performed to determine
statistical differences in cluster abundance
and marker expressions by smoking status.
A lower abundance of T-cell and ¢cDC-1

clusters were observed with smoking
(P < 0.05; Figure 4B). There was a higher
abundance of F, H, and I-2 clusters in
smokers (all P <0.001; Figure 4B).
Pulmonary myeloid cells from smokers
had lower expression of the chemokine
receptor CCR2 and a higher expression of
CD68 in the RM cluster F (all P <0.01;
Figure 4C). Among the TRM subsets, a
lower expression of AXL was seen in cluster
E-2 (P <0.01). A lower expression of PDL1
and CCR6 was observed on pulmonary
myeloid cells from all smokers on cluster G
(all P<0.01). Interestingly, smoking was
associated with changes in a number of
markers on cluster G that were also
observed on other myeloid cell clusters
(CCR6, CD36, CD11c, and CD44).

Lower Expression of PDL1, PDL2, and
AXL Observed on Macrophages in
COPD

We next evaluated the effect of COPD on
BAL myeloid cells on samples from subjects
with COPD GOLD stages 2 and 3 and
never-smoking control subjects without
COPD. Differences in the distribution of
myeloid cell clusters were visually apparent
in tSNE space (Figure 5A). PCA of samples
with cluster abundance, median marker
expressions within clusters, age, and sex
suggested differences between never-
smokers without COPD and subjects with
COPD. No separation was seen between
GOLD stages 2 and 3 on Diml and Dim2
dimensions.

The cluster abundance of the
unknown cluster and the RM cluster F
were higher in subjects with more severe
COPD compared with never-smokers
without COPD (P < 0.05; Figure 5B).

The B-2 cluster (P < 0.001) was found

in lower abundance in COPD, whereas
the B-1 cluster was higher in abundance
with COPD GOLD stage 2 (P < 0.05;
Figure 5B). The H and I-2 clusters were also
higher in COPD GOLD stage 2 after
adjustment for smoking status (P < 0.01;
Figure 5B).

Although the expression of some
markers was associated with COPD
in general, the expression of others
seems to be affected by the severity of
COPD, as determined by GOLD stage.
For example, lower expression of CCR6
was observed on pulmonary myeloid
cells in F and I-1 clusters with more
severe COPD (all P < 0.01; Figure 5C).
The expression of PDL1 and PDL2
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Figure 4. Smoking is associated with higher expression of activation markers and lower expression of regulatory proteins on subtypes of myeloid cells. (A)
Cell density in samples from never-smokers (n = 8) and current smokers (n = 4) among control subjects without COPD are shown in tSNE dimensions and
are separated on the basis of smoking status to show overall change in clusters. Distribution of samples based on smoking status using PCA for marker
expression, cluster abundance, age, and sex parameters in Dim1 (PC1) and Dim2 (PC2) dimensions are shown. (B) Percentage of CD45" cells in never-
smokers (circles; n = 8) and current smokers (squares; n = 4) among control subjects for significantly different clusters are shown. (C) Median intensities of
differentially expressed markers between never-smokers (circles; n=8) and current smokers (squares; n=4) among control subjects for significantly
different clusters are shown. For B and C, plots represent the median and interquartile range. Only statistically significant comparisons are shown.
Statistical significance was defined on the basis of regression modeling and after Benjamini-Hochberg correction for multiple comparisons. The P values
presented are from regression modeling without correction. *P < 0.05, **P<0.01, and **P =< 0.001.

within F and I-1 clusters was also

lower on cells from patients with

more severe COPD (all P<<0.01).
Similarly, the expression of the tyrosine
kinase receptor AXL was lower on clusters
E-2 and I-1 with more severe COPD

(all P<0.01). Moreover, PDL2 had a
lower expression in clusters cDC-2 and

I-2 in more severe COPD
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(all P<0.001).

In contrast, CCR6 had a lower expression

in cluster G in all patients with

COPD, and CD86 and TLR8 had higher
expressions in B-2 cluster in patients
with GOLD stage 2 (all P <0.01;
Figure 5C). Overall, RM cluster F, TRM
cluster I-1, and cDC-2 showed the most
evidence of COPD-associated immune

modulation.

To determine the effect of current
smoking, the abundance of clusters in
subjects with COPD was analyzed after
stratification by smoking status. This
analysis showed that D-2 cluster abundance
was higher in current smokers (P < 0.01;
Figure 6) after adjustment for covariates. In
addition, the use of inhaled corticosteroids
did not have an effect on immune cell
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Figure 5. Lower expression of PDL1, PDL2, and AXL observed on macrophages in COPD. (A) Cell density in samples from never-smokers without

COPD (n =8) and subjects with COPD (n =20) are shown in tSNE dimensions and are separated on the basis of COPD status to show overall change in
clusters. Distribution of samples based on COPD Global Initiative on Obstructive Lung Disease (GOLD) stages using PCA for marker expression, cluster
abundance, age and sex parameters in Dim1 (PC1) and Dim2 (PC2) dimensions are shown. (B) Change in cluster abundance from never-smokers without
COPD (reference) (circle; n=8) with GOLD stage 2 (triangle; n=16) and GOLD stage 3 (square; n=4) for significantly different clusters are shown. (C)

Change in median intensities of differentially expressed markers from never-smokers without COPD (reference) (circle; n = 8) with GOLD stage 2 (triangle;
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was defined on the basis of regression modeling and after Benjamini-Hochberg correction for multiple comparisons. The P values presented are from

regression modeling without correction. *P < 0.05, **P<0.01, and ***P <0.001.

abundances or marker expression among
subjects with COPD (Table E2).

Prior COPD Exacerbations Showed a
Trend toward Higher Expression of
CD169 on Multiple Myeloid Subtypes
We examined BAL cells obtained from
subjects with COPD that were categorized as
exacerbators or nonexacerbators on the
basis of a confirmed history of COPD
exacerbation in the preceding 3 years.

Vasudevan, Vasquez, Chen, et al.: Mass Cytometry—based BAL Immune Profiling in COPD

Although the abundance of clusters
was not different between exacerbators
and nonexacerbators, the distribution of
cells across the clusters was visually
different in tSNE space (Figure 7A),
and the expression of several markers
within those clusters differed in
unadjusted analysis. Within the CD68™
CM cluster, exacerbators had a
tendency for higher expression of
CD169 and PDL2 (all P <0.05 but

BH = 0.1; Figure 7B). A tendency for
higher expression of CD169 was also
observed in H and E-1 clusters

(all P<0.05 but BH=0.1). The
expression of TLR4 tended to be

higher within the A cluster (P <0.01
but BH = 0.1; Figure 7B). Within

the G cluster, a tendency for lower
expression of AXL and TLR7 expression
was observed (all P<<0.05 but BH=0.1;
Figure 7B).
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Figure 6. Effect of continued smoking on immune cells in BAL cells from patients with COPD. (A) Cell
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without correction. **P < 0.01.

Discussion

The aim of our study was to evaluate

the immunophenotypic changes on
pulmonary myeloid cells associated

with smoking and COPD. Using

mass cytometry, we assessed cells

from the BAL of smokers and nonsmokers
with or without COPD and patients with
COPD with or without a history of
exacerbations. We identified major
populations of CD68" and CD68 ™ cells
with 22 distinct phenotypic clusters, of
which 18 were myeloid cell subtypes
including 11 TRMs, three DCs, three
monocyte/possibly RMs, and one
CD206 " CD68 ™ unknown cluster. Smoking
and COPD were found to be associated
with higher abundance of RMs and with
phenotypic changes in TRMs, suggesting a
bias toward macrophage subtypes of
proinflammatory state.

There are limited CyTOF-based
studies examining changes in pulmonary
myeloid cells with disease. Interestingly,
the only other BAL CyTOF study in disease
that examined patients with acute
respiratory distress syndrome showed
similar myeloid cell diversity, such as
the expression of PDL1 among TRM
clusters that could be further stratified
by the expression of CD169 (12). We
identified three distinct subtypes of
PDL1"¢"/CD169"¢" cells (B1, B2, and C)
in patients with COPD. Cluster B1 was
increased and cluster B2 was decreased
with COPD severity. Also, we found that
PDL1'"/CD169'°"/CCR6" (cluster H) and
PDL1"™/CD169™/CCR6 " (cluster D-1)
cells were increased in BAL with smoking
and/or COPD. As prior observations of
PDL1'°¥/CD169'°"/CD206™" (such as
cluster H) cells have indicated that these
cells localize to the interstitium of healthy
donors (13), our findings reinforce the
idea that CCR6™ cells are recruited to
sites of epithelial inflammation mediated
by CCR6-CCL20 interactions (14).

The recruitment of pulmonary myeloid
cells is a hallmark of COPD (15). We
assessed populations of recruited myeloid
cells by evaluating the relative expression
of homing receptors (i.e., CC and CX
receptors) versus that of markers associated
with tissue residency (e.g., CD163, CD68,
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Figure 7. Prior COPD exacerbations showed a trend toward higher expression of CD169 on multiple myeloid subtypes. (A) Cell density in samples
from nonexacerbators (n = 13) and exacerbators (n=7) among subjects with COPD are shown in tSNE dimensions and are separated on the basis of
exacerbation status to show overall change in clusters. Distribution of samples based on exacerbation status using PCA for marker expression, cluster
abundance, age, and sex parameters in Dim1 (PC1) and Dim2 (PC2) dimensions are shown. (B) Median intensities of differentially expressed markers
between nonexacerbators (circles; n = 13) and exacerbators (squares; n = 7) among subjects with COPD for significantly different clusters (uncorrected for
multiple comparisons) are shown. The plots represent the median and interquartile range. The P values presented are from regression modeling without
Benjamini-Hochberg correction. ®*Uncorrected P < 0.05.

and CD206; Figure E5). It is known that
CCR2 is associated with migration across
vasculature (16), CXCR4 is associated with
egress from the bone marrow (17), and
CX3CR1, CCR5/6, and CXCR3 are
associated with migration across tissues (18,
19). Thus, we expected recent myeloid cell
arrivals to the lung from the vasculature to

Vasudevan, Vasquez, Chen, et al.: Mass Cytometry—based BAL Immune Profiling in COPD

be CCR2"8" with low concentrations of
tissue residency markers that would change
over time as cells established residency in
the lung.

Although the CD68" CM (cluster F)
subtype of RMs was higher in abundance in
both smokers without COPD and subjects
with severe COPD, CD68" CMs from these

two groups of patients showed distinct
differences in marker expression. Smokers
had lower CCR2 expression and higher
CD68 expression on this subtype compared
with never-smokers. This phenotype would
be expected on cells migrating from the
interstitium rather than cells recently
recruited from the blood. With increased
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severity of COPD, we observed decreased
expression of CCR5 and CCR6 on CD68"
CMs, which is consistent with cells
migrating from the vasculature. These
changes also correlated with lower
expression of CD169, suggesting recent
migration of cells to the airway (20). Thus,
COPD with or without smoking may lead
to increased CD68 " CMs, which are likely
recruited from the peripheral circulation,
whereas smoking, in the absence of COPD,
led to increased CD68" CMs, which are
likely recruited more locally from the
interstitium.

In addition to signatures of cellular
migration, we observed other changes
in myeloid cell subtypes from COPD.
Importantly, we observed that multiple
myeloid subtypes among patients with
COPD (I-1 and E-2) and those with past
COPD exacerbations (G) displayed lower
expression of AXL, a receptor known to play
a role in efferocytosis and the regulation
of the NLRP3 inflammasome (21, 22).
AXL has been the main apoptotic cell
recognition receptor found expressed on
human BAL macrophages (23). Reduced
AXL expression is suggested to perpetuate
chronic inflammation (23). For example,
the inhibition of AXL is associated with
the progression of asthma (23). AXL has
also been proposed to play a role in the
pathogenesis of COPD (23-25), although
evidence for that role in humans is
lacking. Our study provides new
information about the differential
expression of AXL on myeloid subsets in
the setting of COPD.

COPD was also associated with lower
expression of PDL1 and/or PDL2 on several
clusters of macrophages. Although a lower
abundance of one PDL1/2"8" cluster (B-2)
was seen, another smaller PDL1/2"8"
(B-1) cluster was found to have a higher
abundance in COPD. Within the B-2
cluster, activation markers (CD86 and
TLR8) were higher on cells from patients
with COPD, suggesting a more activated
myeloid subtype in COPD. In addition, we
found that COPD was associated with
lower expression of galectin-9 on T cells.
Because others have demonstrated that
inhibition of T-cell responses may be
mediated by galectin-9 expression, our
observations suggest a lower threshold for
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T-cell immune activation in COPD (26,
27). Finally, three myeloid cell clusters from
exacerbators were noted to have a tendency
for higher expression of CD169, a marker
believed to bind sialylated viruses and
bacteria (28). Thus, the tendency for
higher expression of CD169 on cells from
exacerbators may imply an increased
potential for activation and inflammation
upon exposure to invading pathogens,
which may then contribute to episodes of
exacerbation.

In addition to the TRM and RM subsets,
our work also clarifies prior CyTOF-based
studies of DC subsets in BAL (25, 28, 29) and
informs the origin and migration of DCs to
the lung. First, plasmacytoid DCs expressed
high concentrations of CXCR4 and CCR2,
confirming their established origin from
the bone marrow (30). Interestingly, the
¢DC-1 and cDC-2 subtypes we observed
corresponded with recently identified AXL"
DCs (31-34). In previous reports, well-
differentiated AXL" c¢DCs were gated on
CD141" cells (33). By contrast, our subtypes
were CD141", consistent with observations
that with maturation, AXL expression
decreases on both ¢DC-1 and cDC-2
subtypes, whereas CD141 expression
decreases along cDC-2 differentiation but
remains high on ¢cDC-1 cells (32, 34, 35).
Accordingly, we observed that the cDC-1
subtype had higher expression of CD141
compared with the cDC-2 subtype; however,
the ¢cDC-2 subtype displayed intermediate
expression of CD141 and intermediate/high
expression of CCR2, representing a
¢DC-2 population made up of immature
progenitors from the circulation. These
observations are summarized in Figure E6,
which describes a proposed model of marker
expression on the subsets of recruited
myeloid cells after their migration into lung
tissue and airways.

Our CyTOF-based immunophenotyping
study of myeloid cells provides a number of
useful observations about the impact of smoking
and COPD on airway immune cells; however,
limitations of this work should be noted.
Although CyTOF was able to bypass
autofluorescence, contamination of pulmonary
myeloid cells with heavy-metal isotopes of
cerium and lanthanum could produce spurious
results in certain channels. However, this
challenge was addressed by avoiding affected

channels, evaluating unstained control samples,
and using affected channels as dump channels
for excluded cells and controls for metal
contamination (e.g., channels 139, 140, and
142). The small sample size of the study
impacted our capacity to perform detailed
subgroup analysis across multiple clinical
phenotypes and treatment regimens.
Notably, some differences found in marker
expression associated with a history

of exacerbation were not significant

after adjusting for multiple comparisons.
Finally, the ability to identify differences
associated with severity of exacerbation
was limited because the subjects we
examined were not frequent exacerbators
(usually defined as =2 exacerbations

per year). Despite these limitations,

our findings highlight the strength of
CyTOF-based deep phenotyping

to evaluate the diverse myeloid cell
populations in a heterogenous disease such
as COPD.

To conclude, this study provides novel
evidence for the impact of smoking and
COPD on airway myeloid cells and
demonstrates that COPD is associated with
an increase in likely RMs in BAL and in an
increase in subtypes with decreased
regulation of inflammation together with an
increase in expression of proinflammatory
markers. Our data also suggest a decrease in
regulatory proteins (PDL1, PDL2, and AXL)
in myeloid cells, which may be contributing
to the chronic inflammation seen in COPD.
Importantly, this study expands the field of
COPD and myeloid immunobiology by
establishing a framework to evaluate airway
myeloid subpopulations for future studies
involving disease progression and treatment
response. Ml
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