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ORIGINAL ARTICLE
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Abstract

Rationale: Acute exacerbations of chronic obstructive pulmonary
disease (AE-COPDs) are associated with a significant disease burden.
Blood immune phenotyping may improve our understanding of a
COPD endotype at increased risk of exacerbations.

Objective: To determine the relationship between the
transcriptome of circulating leukocytes and COPD exacerbations.

Methods: Blood RNA sequencing data (n=3,618) from the
COPDGene (Genetic Epidemiology of COPD) study were analyzed.
Blood microarray data (n=646) from the ECLIPSE (Evaluation of
COPD Longitudinally to Identify Predictive Surrogate Endpoints)
study were used for validation. We tested the association between
blood gene expression and AE-COPDs. We imputed the abundance
of leukocyte subtypes and tested their association with prospective
AE-COPDs. Flow cytometry was performed on blood in
SPIROMICS (Subpopulations and Intermediate Outcomes in
COPD Study) (n=127), and activation markers for T cells were
tested for association with prospective AE-COPDs.

Measurements and Main Results: Exacerbations were
reported 4,030 and 2,368 times during follow-up in COPDGene
(5.36 1.7 yr) and ECLIPSE (3 yr), respectively. We identified 890,
675, and 3,217 genes associated with a history of AE-COPDs,
persistent exacerbations (at least one exacerbation per year), and
prospective exacerbation rate, respectively. In COPDGene, the
number of prospective exacerbations in patients with COPD
(Global Initiative for Chronic Obstructive Lung Disease stage
>2) was negatively associated with circulating CD81 T cells,
CD41 T cells, and resting natural killer cells. The negative
association with naive CD41 T cells was replicated in ECLIPSE.
In the flow-cytometry study, an increase in CTLA4 on CD41

T cells was positively associated with AE-COPDs.

Conclusions: Individuals with COPD with lower circulating
lymphocyte counts, particularly decreased CD41 T cells, are more
susceptible to AE-COPDs, including persistent exacerbations.

Keywords: chronic obstructive pulmonary disease; RNA
sequencing; immune phenotyping; circulating leukocytes; COPD
exacerbation
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Chronic obstructive pulmonary disease
(COPD) is a highly prevalent, often
progressive, and complex chronic disease of
the lungs with immune-mediated aspects (1).
Respiratory “flare-ups” accompanied by
acute worsening symptoms requiring
additional therapy, or acute exacerbations of
COPD (AE-COPDs), are associated with
increased morbidity, mortality, andmedical
costs (2–4). AE-COPDs are more frequent
andmore severe as the severity of COPD
increases (5) and are associated with
accelerated lung function loss in COPD,
particularly in those with early/mild COPD
(6). The frequency of AE-COPDs is variable
from year to year (7), but an increased rate
may represent an exacerbation-susceptible
endotype. The best predictor of future
exacerbations across all severities of COPD is
a history of exacerbations (5, 8). Defining and
understanding an exacerbation-susceptible

endotype is an active area of research because
it holds great potential to be translated into
tools for improving clinical trials for new
therapies and to be used in the long-term
management of COPD.

Omics-based investigation in large
longitudinal cohorts may provide important
molecular insight into COPD endotypes and
increase our understanding of susceptibility
factors for important clinical endpoints such
as AE-COPDs (9). Here, we report the
results from blood transcriptome analysis in
the COPDGene (Genetic Epidemiology of
COPD) study to investigate the association
between blood gene expression and
AE-COPDs. Using whole-blood RNA
sequencing (RNA-seq), we quantified
mRNAs expressed in whole blood from
former and current smokers with and
without COPD from 21 centers across the
United States. We provide further support to
our RNA-seq findings with replication using
the RNAmicroarray data from the ECLIPSE
(Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints)
study and the blood immune phenotyping
study in SPIROMICS (Subpopulations and
Intermediate Outcomes in COPD Study).
Therefore, our study provides robust data to
unveil the relationship of blood-based
molecular and cellular phenotypes with
COPD exacerbations. We hypothesized that
blood gene expression and abundance of
circulating leukocytes are associated with
prospective AE-COPDs.

Some of the results of these studies have
been previously reported in the form of an
abstract (10).

Methods

Study Populations
Whole-blood transcriptome and prospective
exacerbation data were collected in
COPDGene (clinicaltrials.gov ID
NCT00608764) and ECLIPSE (clinicaltrials.
gov ID NCT00292552). Detailed descriptions
of the study populations are provided in the
online supplement.

COPDGene is a multicenter prospective
study that enrolled 10,192 smokers with
and without COPD in phase 1 (11).

At enrollment, COPDGene participants were
between 45 and 80 years old and had
>10 pack-years of cigarette-smoking history.
Here, blood RNA-seq data from 3,618
former and current smokers collected at
phase 2 (5-yr follow-up visit) were analyzed.

ECLIPSE was a multicenter 3-year
longitudinal prospective study that enrolled
2,747 participants (12). Whole-blood RNA
microarray and 3-year prospective
AE-COPD data were obtained from 646
study subjects in the ECLIPSE study (5, 13).
ECLIPSE participants included in our
analysis had an FEV1/FVC ratio lower than
0.7 and FEV1, 80% predicted. All subjects
in ECLIPSE had>10 pack-years of cigarette-
smoking history.

Blood flow cytometry data from the
SPIROMICS bronchoscopy substudy were
analyzed. Details of this study were published
previously (7, 14, 15). All subjects included in
our SPIROMICS analysis had>20 pack-
years of cigarette-smoking history.

All studies were approved by the
institutional review boards at the
participating centers, and all participants
provided written informed consent.

Exacerbation Events
An acute exacerbation event was defined as
any health care use (office visit, hospital
admission, or emergency department visit)
for a respiratory flare-up that involved
treatment with antibiotics and/or systemic
corticosteroids (6, 16). History of
exacerbation (i.e., retrospective
exacerbations) during the 1 year before the
study visit was assessed by questionnaires.

Prospective exacerbations were
documented during longitudinal follow-up
for 5.36 1.7 years in COPDGene, 3 years in
ECLIPSE, and 1 year in SPIROMICS.
Persistent exacerbations were noted in those
with at least one prospective exacerbation per
year (7). Data from each cohort were
analyzed independently to account for
differences in follow-up duration.

Gene-Expression Analysis
Detailed methods are provided in the online
supplement. After quality control, RNA-seq
data from 3,618 COPDGene subjects were
available for analysis. ECLIPSE whole-blood

At a Glance Commentary

Current Scientific Knowledge on
the Subject: Acute exacerbations of
chronic obstructive pulmonary
disease (COPD) are associated with a
significant disease burden. Several
blood-based predictors of future
exacerbations have been identified,
and changes in cellular composition
in blood have been associated
with COPD exacerbation in
retrospective studies.

What This Study Adds to the
Field: This omics-based investigation
provides robust data unveiling the
relationship between blood-based
molecular and cellular phenotypes
with COPD exacerbations, an
important clinical endpoint. The work
highlights that individuals with
COPD who have lower circulating
lymphocytes, particularly decreased
CD41 T cells, are more susceptible to
acute exacerbation of COPD,
including persistent exacerbations.

Correspondence and requests for reprints should be addressed to Craig P. Hersh, M.D., M.P.H., Channing Division of Network Medicine,
Brigham and Women’s Hospital, 181 Longwood Avenue, Boston, MA 02115. Email: craig.hersh@channing.harvard.edu.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.
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samples were assayed using the Affymetrix
Human Gene 1.1 ST array, andmicroarray
processing details were reported previously
(13). Microarray data from 646 participants
were available. For differential gene
expression analysis, we used limma and
voom; this approach analyzes entire
experiments as an integrated whole with
linear models with covariate adjustment and
is computationally efficient in epidemiologic-
scale datasets (17). Adjustment for multiple
testing controlled for a false discovery rate
(FDR),5%.

Cellular Deconvolution
Cellular deconvolution is a computational
method that uses reference single-cell RNA-
seq data or bulk RNA-seq data from
purified cells to estimate the abundance of
specific cell types in bulk RNA-seq data.
Cellular deconvolution was performed
using CIBERSORTx with the LM22
reference (18). For the imputation of cell
fraction, we computed the abundance scores

of 22 hematopoietic populations (cells listed
in the online supplement). For the
imputation of cell type-specific gene
expression, we computed gene expression
of 10 major leukocyte types (eosinophils,
dendritic cells, mast cells, monocytes,
neutrophils, plasma cells, natural killer [NK]
cells, CD41 and CD81 T cells, and B cells).

SPIROMICS Flow-Cytometry Data
Blood samples in the SPIROMICS
bronchoscopy substudy were analyzed by
flow cytometry to determine percentages of
CD41 and CD81 cells in CD451 cells and
their activation markers (i.e., CCR5, CCR7,
CTLA4, CXCR3, CD28, and ICOS) (15).

Statistical Analyses
Detailed methods for statistical analyses are
included in the online supplement. To test
the association between cell proportion scores
and prospective exacerbations, zero-inflated
Poisson regression analyses were performed

using covariates listed in the table legends. P
values were corrected for an FDR of 5%.

To test the association between cell
type–specific gene expression and
prospective exacerbation rate, we used linear
regression models adjusted for sex, age, race,
smoking status, smoking pack-years, FEV1%
predicted, exacerbation history, microarray
batch (only in ECLIPSE), and white blood
cell counts. P values were corrected for an
FDR of 5%.

Results

Exacerbation Events
Table 1 summarizes participant
characteristics and exacerbation events in
COPDGene and ECLIPSE. In COPDGene,
4,030 prospective exacerbations were
reported among 3,262 subjects with RNA-
seq data (excluding those with missing data
for phase 2 spirometry, complete blood
count [CBC] with differentials, or
longitudinal follow-up data). In ECLIPSE,
2,368 prospective exacerbations were
reported in the 3 years of follow-up among
646 participants. Table E1 summarizes the
SPIROMICS study subjects’ characteristics
and exacerbation variables.

Gene-Expression Associated with
Exacerbation Events
Whole-blood RNA-seq data from 3,618
subjects in the COPDGene study were
analyzed (Table 1 and Figure E1 in the online
supplement).We identified differentially
expressed genes (DEGs) associated with the
history of exacerbation (at least one
exacerbation in the 1yr before the study visit),
persistent exacerbator status (281 participants
with at least one exacerbation per year during
the longitudinal follow-up), and prospective
exacerbation rate (defined as log [total
number of exacerbations1 0.5]– log[years
followed1 1]) (Figure 1 and Tables E2–E4).
The prospective exacerbation rate was log-
transformed to account for varying follow-up
duration. Of the DEGs, 214 were associated
with all three exacerbation phenotypes
(Figure 2A and Table E5).

Enriched Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways were
identified in Signature Overrepresentation
Analysis (19). There were 20, 9, and 67
KEGG pathways overrepresented by the
DEGs associated with a history of
exacerbation, persistent exacerbations, and

Table 1. Study Subjects in Gene Expression Analyses

Characteristic
COPDGene
(N=3,618)

ECLIPSE
(N=646)

Age, yr 64.90 [58.20–71.80] 64.00 [59.00–69.00]
Female sex 1,767 (48.8) 222 (34.4)
Race
Non-Hispanic White 2,615 (72.3) 638 (98.8)
African American 1,003 (27.7) 8 (1.2)

BMI, kg/m2, median [IQR] 28.08 [24.57–32.28] 26.68 [23.36–29.98]
Current smoker 1,360 (37.6) 160 (24.8)
Smoking history, pack-years 40.00 [27.50–54.80] 41.00 [28.00–56.00]
COPD status
PRISm 473 (13.1) 0
Normal spirometry 1,571 (43.4) 0
GOLD stage

1 363 (10.0) 0
2 703 (19.4) 270 (46.1)
3 360 (10.0) 243 (41.5)
4 148 (4.1) 73 (12.5)

FEV1/FVC 0.72 [0.61–0.78] 0.46 [0.37–0.57]
FEV1% predicted after bronchodilation 82.00 [63.30–95.77] 50.25 [37.88–65.65]
History of exacerbation 616 (17.0) 256 (39.6)
History of severe exacerbation 328 (9.1) 83 (12.8)
Persistent exacerbators 291 (8.9)* 278 (43.0)
Prospective exacerbation rate per year 0.00 [0.00–0.25] 0.67 [0.00–2.00]

Definition of abbreviations: COPD=chronic obstructive pulmonary disease;
COPDGene=Genetic Epidemiology of COPD; ECLIPSE=Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints; PRISm=preserved ratio impaired spirometry (FEV1/
FVC>0.70, FEV1% predicted ,80%); GOLD=Global Initiative for Chronic Obstructive Lung
Disease; NA=not available.
Values presented as number (percentage) or median [IQR]. History of exacerbation refers to
self-reported exacerbation during 1 yr before study visit. Severe exacerbation was defined as
any exacerbation requiring an emergency room visit or hospital admission. Persistent
exacerbators were defined as those who have at least one exacerbation per year in the follow-
up years.
*Excluding 356 subjects without longitudinal follow-up data.
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prospective exacerbation rate, respectively
(Figure 2B and Table E6).

The differential gene-expression
analyses indicated that the cell composition

of blood and COPD severity (as measured by
FEV1% predicted) accounted for a significant
portion of the association between blood
gene expression and the exacerbation

phenotypes. This is because, when we
additionally adjusted for FEV1% predicted
and blood leukocyte abundance and their
relative percentages in our statistical models,
a smaller number of DEGs remained
significant (see online supplement).

In ECLIPSE, there were 36 DEGs
associated with the prospective exacerbation
rate. Of the 36 DEGs, 16 genes were also
significantly associated with prospective
exacerbation rate in COPDGene (see online
supplement).

Persistent Exacerbators Were
Characterized by an Increase in
Plasma Cells and a Decrease in CD41

T-Cell Subtypes in the Blood
We optimized the cell-type deconvolution by
benchmarking imputed cell fraction to CBC
counts for neutrophils and monocytes
(see online supplement). Of the 22 mature
hematopoietic cell populations queried in
the COPDGene and ECLIPSE datasets,
10 immune cell populations (neutrophils,
monocytes, CD81 T cells, naive CD41

T cells, resting memory CD41 T cells,
activated memory CD41 T cells, resting
NK cells, naive B cells, memory B cells, and
plasma cells) were successfully imputed in
both COPDGene and ECLIPSE. Tables E7
and E8 summarize the mean imputed

Figure 1. Volcano plots for differentially expressed genes in COPDGene (Genetic Epidemiology
of COPD) whole-blood RNA-sequencing analysis. (A) History of exacerbation was defined as
having one or more exacerbations in the year before the study visit. (B) Prospective
exacerbation rate was defined as log(total number of exacerbation1 0.5) – log(years
followed11). (C) Persistent exacerbators were participants with at least one prospective
exacerbation per year in the follow-up years. For differential gene-expression analyses, linear
models were adjusted for age, race, sex, current smoking status, smoking pack-years, library
generation batch, and surrogate variables for technical variation.

Figure 2. Numbers of genes and pathways significantly associated with exacerbation measures. (A) Venn diagram showing overlap between
differentially expressed genes in the three separate analyses. Persistent exacerbators were participants with at least one prospective
exacerbation per year in the follow-up years. History of exacerbation was defined as having one or more exacerbations in the year prior to the
study visit. Prospective exacerbation rate was defined as log(total number of exacerbation10.5) – log(years followed1 1). For differential gene
expression analyses, linear models were adjusted for age, race, sex, current smoking status, smoking pack-years, library generation batch, and
surrogate variables for technical variation. (B) Venn diagram showing the number of overlaps between significantly enriched Kyoto Encyclopedia
of Genes and Genomes pathways identified in Signature Overrepresentation Analysis. DEG=differentially expressed gene.
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abundance scores stratified by having one
or more prospective exacerbations. In
COPDGene, persistent exacerbators were
characterized by an increase in plasma cells
(P, 0.001) and a decrease in naive CD41

T cells (P=0.006) and resting memory
CD41 T cells (P, 0.001) (see Table E7). In
the ECLIPSE study, persistent exacerbators
were characterized by increased plasma cells
(P=0.04) and decreased resting memory
CD41 T cells (P, 0.001) (see Table E8).

The Number of Prospective
Exacerbations Was Associated with
the Abundance of Blood Lymphocyte
Subtypes
Table 2 summarizes the association between
the number of prospective exacerbations and
blood lymphocyte subsets. In COPDGene, the
number of prospective exacerbation events
was negatively associated with CD81 T cells
(incident risk ratio for each 1-SD increase
[95% CI], 0.87 [0.83–0.91]; P, 0.001),
activatedmemory CD41 T cells (0.82

[0.80–0.85]; P, 0.001), and resting NK cells
(0.70 [0.68–0.73]; P, 0.001). The number of
prospective exacerbation events was positively
associated with naive B cells (1.10 [1.05–1.14];
P, 0.001). Including only those with COPD
(Global Initiative for Chronic Obstructive
Lung Disease stage 2–4), the number of
prospective exacerbation events was
additionally associated with decreases in naive
CD41 T cells (0.91 [0.86–0.95]; P, 0.001)
andmemory B cells (0.83 [0.80–0.87];
P, 0.001). However, the association between
the number of prospective exacerbations and
naive B cells was no longer significant in the
COPD-only analysis.

In ECLIPSE, the number of prospective
exacerbations was positively associated with
plasma cells (1.08 [1.01–1.19]; P, 0.001)
and CD81 T cells (1.11 [1.04–1.18];
P, 0.001). The total number of
exacerbations was negatively associated
with naive CD41 T cells (0.91 [0.85–0.97];
P, 0.001) and resting memory CD41

T cells (0.89 [0.83–0.96]; P, 0.001).

In COPDGene, eosinophil and
neutrophil counts from CBCs were
associated with an increased risk of
prospective exacerbations, whereas
monocytes and lymphocytes were associated
with a decreased risk (Table E9). These four
cell types were all positively associated in
ECLIPSE, but the effects were smaller.

Cell Type–Specific Gene Expression in
Neutrophils and CD81 and CD41 T Cells
Were Associated with Prospective
Exacerbation Rate
Cell type–specific gene expression was
imputed for 10 major blood cell types:
neutrophils, eosinophils, CD41 and CD81

T cells, B cells, NK cells, monocytes,
dendritic cells, plasma cells, and mast cells.
Table 3 summarizes the variable genes in cell
type–specific transcriptome and cell
type–specific gene expression associated with
prospective exacerbation rates in COPDGene
and ECLIPSE. There were 32 neutrophil-
specific, 41 CD41 T cell–specific, 10 CD81

Table 2. Association of Blood Leukocyte Subsets and Prospective Exacerbations

IRR (95% CI) P Adjusted P

COPDGene (n=3,188)
CD81 T cells 0.87 (0.83–0.91) ,0.001 ,0.001
Naive CD41 T cells 1.00 (0.97–1.04) 0.91 0.91
Resting memory CD41 T cells 0.96 (0.92–1.00) 0.05 0.08
Activated memory CD41 T cells 0.82 (0.79–0.85) ,0.001 ,0.001
Resting NK cells 0.70 (0.68–0.73) ,0.001 ,0.001
Naive B cells 1.10 (1.05–1.14) ,0.001 ,0.001
Memory B cells 0.97 (0.93–1.00) 0.07 0.09
Plasma cells 0.98 (0.95–1.00) 0.10 0.12

COPDGene; GOLD 2–4 (n=1,066)
CD81 T cells 0.91 (0.86–0.96) 0.001 0.002
Naive CD41 T cells 0.91 (0.86–0.95) ,0.001 ,0.001
Resting memory CD41 T cells 1.06 (1.00–1.12) 0.04 0.05
Activated memory CD41 T cells 0.89 (0.85–0.92) ,0.001 ,0.001
Resting NK cells 0.70 (0.67–0.74) ,0.001 ,0.001
Naive B cells 1.01 (0.96–1.07) 0.69 0.69
Memory B cells 0.83 (0.80–0.87) ,0.001 ,0.001
Plasma cells 1.01 (0.98–1.04) 0.60 0.68

ECLIPSE (N = 646)
CD81 T cells 1.11 (1.04–1.18) ,0.001 ,0.001
Naive CD41 T cells 0.91 (0.85–0.97) ,0.001 ,0.001
Resting memory CD41 T cells 0.89 (0.83–0.96) ,0.001 ,0.001
Activated memory CD41 T cells 1.04 (0.96–1.11) 0.10 0.14
Resting NK cells 1.04 (0.98–1.14) 0.14 0.16
Naive B cells 0.96 (0.88–1.03) 0.11 0.14
Memory B cells 1.01 (0.95–1.06) 0.65 0.65
Plasma cells 1.08 (1.01–1.19) ,0.001 ,0.001

Definition of abbreviations: CI = confidence interval; COPDGene=Genetic Epidemiology of COPD; ECLIPSE=Evaluation of COPD Longitudinally
to Identify Predictive Surrogate Endpoints; IRR= incident risk ratio; NK=natural killer.
IRR is shown for each 1-SD increase of each predictor (abundance score from CIBERSORTx). Zero-inflated Poisson models were adjusted for
sex, race, age, body mass index, smoking status, pack-years of smoking, FEV1% predicted, exacerbation history in the 1 yr before the study
visit, neutrophil count, and eosinophil count. For COPDGene, the number of surveys done in the longitudinal follow-up was used as an offset in
the zero-inflated models. For the ECLIPSE dataset, 95% CI represents bootstrap bias-corrected CI calculated using 1,200 replicates.
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T cell–specific, and 3 NK cell–specific gene-
expression levels associated with prospective
exacerbation in COPDGene that were
replicated in ECLIPSE (Table E10).

Upregulation of Cell-Surface Activation
Markers in CD41 and CD81 T Cells Was
Associated with Exacerbation Events
Blood-flow cytometry data from
SPIROMICS were analyzed to test the
association between T cells and prospective
exacerbations (during the 1 yr after the
sample collection). In this dataset, the
percentages of CD41 and CD81 cells within
the CD451 cell population were negatively
associated with prospective exacerbation
events, adjusting for sex, age, current
smoking status, and FEV1% predicted
(Table 4). This association was still
significant after additional adjustment for
exacerbation history (Table E11). There was
a trend toward significance for decreased
percent CD41 cells in COPD compared with
those without COPD (P=0.051).

Expression of CTLA4 (cytotoxic
T-lymphocyte antigen 4), as measured by
mean fluorescent intensity values, on CD41

and CD81 cells was positively associated
with the number of prospective
exacerbations. Mean fluorescent intensity for
CCR5 in CD81 T cells was positively
associated with prospective exacerbations.
These associations were still significant after
additional adjustments for exacerbation
history.

Discussion

We report in this multicenter, prospective
observational study the blood gene
expression and immune cell subtypes
associated with COPD exacerbations. In
COPDGene, we identified more than 3,500
unique genes in the blood transcriptome
associated with at least one of three
exacerbation measures: a history of
exacerbation, persistent exacerbations, and
prospective exacerbation rate. Among these
genes, 214 were associated with all three
exacerbation measures. Using signature
overrepresentation analysis, we identified 69
enriched KEGG pathways, and the NOD-like
receptor signaling pathway was associated
with all three exacerbation phenotypes. Using
cellular deconvolution of whole-blood bulk
RNA-seq, we determined the abundance of
eight immune cell subpopulations that were
not captured by clinical CBC differentials. WeT
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found that the number of prospective
exacerbations in subjects with COPD (Global
Initiative for Chronic Obstructive Lung
Disease stage>2) was negatively associated
with CD81 T cells, naive and activated
memory CD41 T cells, and resting NK cells
in COPDGene.

Our results extend the findings of
previous works associating frequent
exacerbations (at least two exacerbations per
year) with gene expression in ECLIPSE
(n=438) (20) and in our previous analysis in
the TESRA (Treatment of Emphysema with
a g-Selective Retinoid Agonist) study
(n=248) (21). Singh and colleagues found
B3GNT, LAF4, and ARHGEF10 to predict
frequent exacerbators in the ECLIPSE study
(20). In line with ECLIPSE, we found genes
in the b 3-glycosyltransferase family (i.e.,
B3GNT7, B3GNT9, B3GNT8, and B3GNT2)
associated with prospective exacerbation
rates (see Table E4), andARHGEF10was
associated with a history of exacerbation (see
Table E2) in COPDGene. However, LAF4
was not found to be associated with any one
of the three exacerbation measures in
COPDGene. Similar to KEGG pathways
associated with an exacerbation gene module
in the TERSA study (21), we found KEGG
pathways for B-cell receptor signaling and
allograft rejection to be enriched by genes
associated with AE-COPDs. Our findings
suggest that altered B-cell function and
autoimmunity may play a role in increasing
the risk of future exacerbations.

We examined the association between
the abundance of blood leukocytes and
exacerbation risk prospectively. Consistent
with previous studies (22, 23), blood
neutrophil and eosinophil counts were
positively associated with increased risk of

AE-COPD in COPDGene and ECLIPSE.
This finding was in contrast with previous
SPIROMICS findings that stratification only
by sputum eosinophil, and not by blood
eosinophil count, was significantly associated
with increased exacerbations (24). However,
the present study focused on prospective
exacerbation, rather than retrospective
exacerbation, which was evaluated in
SPIROMICS.

We found monocyte and lymphocyte
counts to be negatively associated with
AE-COPDs in COPDGene, but this
association was opposite in direction in
ECLIPSE. Monocyte and lymphocyte
abundances are composites of several
distinctive cell subtypes. Therefore, the
overall direction of association with
exacerbation may not be consistent when
considering these cell types in broader
categories. Nevertheless, a decrease in
circulating naive CD41 T cells was
associated with an increased risk of
exacerbations in COPDGene and ECLIPSE.

Our CD41 finding is in agreement with
a previous smaller study by Freeman and
colleagues in which participants with COPD
were immune-phenotyped in multiple stable
study visits and during AE-COPDs; AE-
COPDs were associated with decreased
CD41 and CD81 T cells in the blood (25).
Indeed, in our SPIROMICS flow-cytometry
analysis, subjects with a lower percentage of
CD41 T cells were associated with a higher
1-year prospective exacerbation risk. Lower
CD41 T-cell numbers were accompanied by
an increased activation marker, CTLA4,
which is also a negative regulator of T-cell
activation to balance the consequences of
T-cell activation (26). This observation is in
line with our finding that the majority of cell

type–specific gene expression in CD41

T cells was negatively associated with
prospective exacerbation rate. Our results
show that individuals with lower circulating
lymphocytes, particularly decreased CD41

T cells, are more susceptible to AE-COPDs,
including persistent exacerbations. These
results suggest that relative immunodeficiency
may contribute to this important endotype. It
would be informative to test if interventions
boosting T cells would decrease the risk of
AE-COPDs.

To date, several blood-based predictors
of future exacerbations have been identified.
In the ECLIPSE study, the exacerbation-
susceptible phenotype was associated with
increased white cell count (5). In addition to
leukocyte count, blood levels of surfactant
protein D, fetuin-A, adiponectin, CRP, and
fibrinogen were predictive of future
exacerbations (27–31). The increase in
neutrophil-to-lymphocyte ratio was
associated with AE-COPDs in numerous
retrospective studies (32), and the
neutrophil-to-lymphocyte ratio was a
predictor of AE-COPDs (33).

SPIROMICS participants with
consistent exacerbations (at least one
exacerbation every year during the 3 yr of
follow-up) had lower circulating levels of
IL-15, which regulates the activation and
proliferation of T cells (7). Increased IL-8, a
cytokine for neutrophil recruitment and
degranulation, was also associated with
consistent exacerbators in SPIROMICS. In
COPDGene and ECLIPSE, we found that
neutrophils and CD41 T cells had the most
cell type–specific genes associated with
prospective exacerbation rates, suggesting
that an exacerbation-susceptible endotype
may be defined by alterations in neutrophils
and CD41 T-cell abundance and functions.

We found that TLR2 expression in
neutrophils was positively associated with
exacerbation rates in COPDGene and
ECLIPSE, and TLR2 expression level in the
bulk RNA-seq was associated with all three
exacerbation measures in COPDGene. Toll-
like receptor 2, encoded by TLR2, is a
pattern-recognition molecule involved in
recognition of pathogen-associated
molecular patterns and is an important
regulator of neutrophil functions (34). The
exacerbation-susceptible endotype might be
characterized by the enhanced neutrophil
response to pathogen-associated molecular
patterns upon exposure to pathogens.

Strengths of our study include the large,
multicenter sample and longitudinal study

Table 4. Association between Prospective Exacerbation and T Cells and Their
Activation Markers

Marker IRR (95% CI) Adjusted P

Percent CD41 cells in CD451 (n= 125)* 0.16 (0.06–0.46) 0.001
Percent CD81 cells in CD451 (n= 126)* 0.31 (0.13–0.70) 0.005
CD41 CCR5 MFI (n=127)† 3.02 (0.85–10.7) 0.087
CD41 CTLA4 MFI (n=127)† 3.45 (1.48–8.01) 0.004
CD81 CCR5 MFI (n=123)† 4.23 (1.06–16.9) 0.041
CD81 CTLA4 MFI (n=124)† 2.91 (1.04–8.11) 0.042

Definition of abbreviations: CI = confidence interval; IRR= incident risk ratio; MFI =mean
fluorescence intensity.
IRRs are shown for each 1-SD increase of each predictor.
*Zero-inflated Poisson model adjusted for sex, age, current smoking status, and FEV1%
predicted.
†Zero-inflated Poisson model adjusted for sex, age, and control fluorescent bead batch.
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design that captured exacerbation data over a
5-year period. Our study included large
numbers of women and Black participants,
which allows for adjustment for these
important groups, which may influence the
phenotypic expression of COPD (35). Our
definition of AE-COPDs was rigorous in
that we defined an exacerbation event as
any healthcare utilization that involved
additional treatment with antibiotics,
systemic corticosteroids, or both.
Moreover, we used the same definition for
COPDGene, ECLIPSE, and SPIROMICS.
Our cohorts included a large number of
healthy controls, participants with mild
COPD, and subjects with preserved-ratio
impaired lung function (36).

Therefore, we captured exacerbation
frequency in a wide range of spirometry
values. However, using our definition, we
might not have captured subjects with
milder exacerbation events that were left
untreated. Also, the severity of AE-COPDs
was not recorded based on the extent of
underlying physiological derangement,
limiting our ability to investigate the
relationship between blood gene expression
and the severity of AE-COPDs instead of
their frequency. Moreover, there is a
possibility that factors such as COPD
severity or socioeconomic status may have
impacted the health-seeking decision that
can impact the frequency of exacerbation
captured (37). We also cannot rule out that
some of our observations may have been the
result of differences in treatment for COPD,

such as the use of inhaled corticosteroids in
those with frequent exacerbation.

With respect to deconvolution
methodology, our method could not reliably
impute cell type–specific gene expression of
low-abundance cell types (e.g., eosinophils).
Rare cell types may play important roles in
the exacerbation-susceptible endotype, which
will be missed by our deconvolution-based
RNA-seq immune phenotyping. To
overcome this technical issue, it is advisable
to enrich these rare cell types in future studies
using fluorescence-activated cell sorting
(FACS) in combination with single-cell RNA-
seq. Nevertheless, at the present time,
immune phenotyping by computational
deconvolution of whole-blood RNA-seq is
advantageous over FACS or scRNA-seq
because FACS or scRNA-seq analyses of large
sample cohorts (N. 1,000) are not yet
practical, and the impact of sample
processing during FACS and scRNA-seq on
the transcriptome is not fully understood.

One potential reason for poor
replication of cell type–specific gene
expression between COPDGene and
ECLIPSE (Table 3) is the difference in gene-
expression assays. COPDGene used RNA-
seq, and ECLIPSE used microarrays. We
suspect that ECLIPSE deconvolution
overestimated CD81 T cells at the cost of
underestimating CD41 cells. This may have
been because CD81 T cells are
transcriptionally similar to CD41 T cells
(38), and deconvolution in microarray data
may not be as robust as in RNA-seq data.

This may explain the difference in the
number of variable genes in the cell
type–specific transcriptomes.

In conclusion, immune phenotyping
using blood RNA-seq data found that
individuals with lower circulating
lymphocytes, particularly decreased CD41

T cells, are more susceptible to AE-COPDs,
including persistent exacerbations. We
validated the key associations between
lymphocyte subtypes and exacerbation rate
in ECLIPSE. In the SPIROMICS flow-
cytometry study, alteration in the circulating
CD41 T cell population was associated with
an increased 1-year exacerbation risk.
Neutrophils and CD41 T cells had the most
cell type–specific genes associated with
prospective exacerbation rates. Our findings
support that circulating immune cells,
specifically neutrophils and CD41 T cells,
and their gene expression may be a potential
biomarker for AE-COPDs, but further
research and validation are needed.�
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