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Alveolar Macrophage Immunometabolism and Lung
Function Impairment in Smoking and Chronic
Obstructive Pulmonary Disease

To the Editor:

Metabolic plasticity involving shifts between mitochondrial
respiration and glycolysis is emerging as a crucial component of
innate immune cell function. The number of alveolar macrophages
(AMs), the most abundant antigen-presenting cells in the lung, is
increased in the lungs of individuals with chronic obstructive
pulmonary disease (COPD), associating with disease severity
and areas of lung destruction (1, 2). However, COPD AMs
exhibit dysfunctional responses to infection and have lower
phagocytic and bactericidal activity (3–5). Metabolism is a key
determinant of immune cell function and is a vital component
governing macrophage adaptation and responses. Metabolic
reprogramming involving a shift from ATP production via
the mitochondrial electron transport chain, toward anaerobic
respiration via glycolysis, is an important proinflammatory effector
function of macrophages (6). The presence and nature of any
functional shifts in AM metabolic activity in COPD has not been
determined.

In this study, healthy nonsmokers, smokers, and individuals
with COPD, all >8 weeks free of an acute exacerbation,
underwent bronchoscopy with BAL and collection of AMs, as
previously described (4). In BAL adherence-purified AMs, we
first assessed the mitochondrial-related transcriptomic profile of
AMs from 22 individuals with COPD, 42 smokers and 24 healthy
control individuals, by HG-U133 Plus 2.0 microarray (Affymetrix;
deposited as GSE130928, some of whom participated in a prior study
[4]), normalized using the Robust Multi-Array method and filtered
on the 1,938 mitochondrial-related probesets (Mitocarta2.0). Age-
corrected analysis of covariance with Benjamini-Hochberg–corrected
P, 0.05 considered significant, followed by grouping based on gene
ontology biological processes, revealed significant alterations in
mitochondria-related gene expression in response to cigarette smoke
exposure and in COPD. A total of 105 genes (9%) were significantly
differentially expressed in smokers versus nonsmoker control

individuals with an enrichment of genes related to glutathione
metabolism, mitochondrial transport, protein localization and
translation, pyruvate metabolism, the tricarboxylic acid cycle, the
electron transport chain, and fatty acid oxidation (false discovery
rate–adjusted P, 0.05). A total of 129 genes (11%) were significantly
altered in smokers with COPD versus nonsmoker control
individuals, whereas 149 genes (13%) were significantly differentially
expressed in smokers with COPD versus healthy smokers and were
enriched for processes related to intrinsic apoptotic signaling
pathways, mitochondrial fission, calcium transport, mitochondrial
biogenesis, the NLRP1 inflammasome, pyruvate metabolism,
complex I biogenesis, and fatty acid oxidation (false discovery rate–
adjusted P, 0.05; Figure 1A).

To assess function, we prospectively assessed mitochondrial
and glycolytic metabolic activity in the AMs of 12 individuals with
COPD, 18 smokers, and 23 healthy control individuals, using a
Seahorse Bioanalyzer. Basal oxygen consumption rates and
extracellular acidification rates (ECAR) of AMs were similar
among nonsmoker control individuals, smokers, and patients
with COPD; however, the coupling efficiency in AMs from
smokers and individuals with COPD was significantly lower when
compared with that of control individuals. Although ATP
production was similar between phenotypes, proton leak was
significantly higher in AMs from smokers and individuals with
COPD versus nonsmoker control individuals. Maximal
respiration and the spare respiratory capacity (reserve capacity)
were significantly lower in AMs from patients with COPD than
in those from smokers. The Bioenergetic Health Index
(representing the composite mitochondrial profile) of AMs
from both smokers and individuals with COPD was also
significantly lower than that of healthy control individuals
(Figure 1B and Table 1).

If the spare respiratory capacity is decreased and the threshold
activity cannot be met, glycolysis may be stimulated to meet
cellular energetic needs. In this study, the rate of glycolysis-specific
proton efflux (GlycoPER) was significantly higher in AMs from
smokers versus those from healthy control individuals, and
smokers had significantly higher post-2G-GlycoPER (the
nonglycolytic, nonmitochondrial cellular ECAR) versus healthy
control individuals. In contrast, patients with COPD had
significantly lower compensatory glycolysis, post–2DG-GlycoPER,
and mitochondrial-specific glycolysis versus smokers (Figure 1C
and Table 1).

Finally, we examined whether the above AM characteristics
associated with clinical parameters including FEV1% predicted and
DLCO by implementing a linear model that also included age,
sex, and subject number. Maximal respiration, spare respiratory
capacity, Bioenergetic Health Index, compensatory glycolysis, and
post-2DG correlated with spirometric impairment, as defined by
FEV1% predicted (Figures 1D and 1E). In addition, the expression
of 219 (19%) mitochondrial-related genes significantly correlated
with FEV1% predicted in control individuals, healthy smokers, and
COPD smokers (Figure 1F). A low DLCO in individuals with
normal FEV1% predicted has been linked to the development of
COPD (7). Here, AM proton leak was numerically higher (mean,
7.38 vs. 4.44 pmol/min/ng DNA; P= 0.21), and coupling efficiency
was lower (0.82 vs. 0.87 pmol/min/ng DNA; P= 0.21), in smokers
with a low DLCO than in healthy smokers. Smokers with a low
DLCO also had significantly lower Bioenergetic Health Index when
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Figure 1. Mitochondrial gene expression and metabolic activity associate with FEV1% predicted decline in smokers and individuals with chronic
obstructive pulmonary disease (COPD). (A) Circos plot of changes in alveolar macrophage (AM) mitochondria-related gene expression (analysis of
covariance with Benjamini-Hochberg–corrected P,0.05 considered significant) grouped by gene ontology biological process; the height of the bars
corresponds to the log2 fold change (FC) (red bars =positive FC, blue bars = negative FC) between phenotype groups with smokers (n=42) versus
nonsmokers (n=24) in pink (outside circle), smokers with COPD (n=22) versus nonsmokers in green (middle circle), and smokers with COPD versus
smokers in orange (inner circle). (B) Oxygen consumption rates normalized to DNA in AMs from nonsmoker controls (n=23), smokers (n=18), and
subjects with COPD (n=12) when treated sequentially with oligomycin (1 mM), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (1.5 mM), and
rotenone/antimycin A (0.5 mM). (C) Total proton efflux rates and the proton efflux rates attributed to glycolysis normalized to DNA in AMs from nonsmoker
control individuals (n=20), smokers (n=16), and subjects with COPD (n=11) when treated sequentially with rotenone/antimycin A (0.5 mM) and 2-deoxy-
D-glucose (2DG; 50 mM). Data (B and C) are presented as the mean6SEM for control individuals, healthy smokers, and patients with COPD, based on six
technical replicates for each subject. (D and E) Seahorse parameters including maximal respiration (D), spare respiratory capacity (D), compensatory
glycolysis (E), and post-2DG acidification (E) of AMs from nonsmoker control individuals (n=20–21), smokers (n=16–18), and subjects with COPD
(n=11–12) and association with FEV1% predicted. In panels D and E, we present the estimated slope (b̂) from both a simple linear model as well as one
adjusted for age and sex to test for association. (F) Volcano plot of mitochondrial-related genes significantly associated with FEV1% predicted in AMs
of nonsmokers (n=24), healthy smokers (n=42), and individuals with COPD (n=22). The y-axis depicts the 2log10 of Benjamini-Hochberg–corrected
P value; the x-axis depicts the Spearman Correlation (R) between gene expression and FEV1% predicted; red, significantly upregulated; blue, significantly
downregulated; and gray, not significant. Adj =adjusted; FCCP=carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; OCR=oxygen consumption rate;
PE=proton efflux.
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compared with healthy control individuals (1.04 vs. 1.34 AU;
P= 0.013).

In summary, we identified changes in the mitochondrial
gene signature and immunometabolic behavior of AMs from
smokers and individuals with COPD, with lower mitochondrial

respiration and defective compensatory glycolysis observed in
patients with COPD when compared with smokers, correlating
with a lower FEV1% predicted. Although understanding the
precise biological implications of these associations will require
further mechanistic studies, these findings support a hypothesis

Table 1. Demographics and Seahorse Parameters of Study Subjects

Parameter Nonsmokers Smokers* COPD†

Smokers vs.
Nonsmokers

P Value

COPD vs.
Nonsmokers

P Value
COPD vs. Smokers

P Value

Transcriptome cohort, n 24 42 22
Sex, M/F, n 18/6 29/13 18/4 0.6 (0.84‡) 0.5 (0.62‡) 0.2 (0.23‡)
Age, yr 4068 4368 5468 0.51 (0.52‡) ,0.001 (,0.001x) ,0.001 (,0.001x)
Race, B/W/H, n 15/6/3 23/13/6 5/13/4 0.8 (0.84‡) 0.05 (0.97‡) 0.05 (0.72‡)
Smoking, pack-years — 27617 43628 — — 0.002 (,0.001x)
FEV1 102612 105613 85623 0.79 (0.73x) 0.001 (,0.001x) ,0.001 (,0.001x)
DLCO 8166 8066 6268 0.99 (0.92x) ,0.001 (,0.001x) ,0.001 (,0.001x)
GOLD stage, I/II/III/IVk

— — 13/7/2/0 — — —
Medications:

ICS/LAMA/Statin, n
0/0/0 0/0/0 1/1/2 — — —

Seahorse cohort, n 23 18 12
Sex, M/F, n 10/13 12/6 9/3 0.1 (0.38‡) 0.07 (0.26‡) 0.9 (0.9‡)
Age, yr 38611 48611 6267 0.010 (0.001x) ,0.001 (,0.001xx) 0.002 (0.001x)
Race, B/W/H/O, n 11/4/3/5 11/2/5/0 3/7/1/1 0.3 (0.16‡) 0.2 (0.6‡) 0.1 (0.026‡)
Smoking, pack-years — 22615 36623 — — 0.05
FEV1 101613 102612 58620 0.99 (0.96x) ,0.001 (,0.001x) ,0.001 (,0.001x)
DLCO 94612 80615 71622 0.022 (0.027x) ,0.001 (0.008x) 0.28 (0.36x)
GOLD stage, I/II/III/IVk

— — 4/2/6/0 — — —
Medications:

ICS/LAMA/Statin, n
0/0/0 0/0/0 7/5/1 — — —

Seahorse parameters
Basal respiration,
pmol/min/ng DNA

3568 3768 35613 0.75 (0.81x) 0.97 (0.95x) 0.68 (0.67x)

Coupling efficiency, % 0.960.04 0.860.07 0.860.05 0.001 (0.001x) 0.004 (0.011x) 0.98 (0.91x)
ATP production,
pmol/min/ng DNA

3267 3166 2969 0.95 (0.91x) 0.48 (0.49x) 0.66 (0.58x)

Proton leak,
pmol/min/ng DNA

362 663 664 0.009 (0.008x) 0.08 (0.13x) 0.91 (0.98x)

Max respiration,
pmol/min/ng DNA

75622 83621 61629 0.53 (0.61x) 0.25 (0.36x) 0.045 (0.046x)

Reserve capacity,
pmol/min/ng DNA

40615 45615 26618 0.48 (0.56x) 0.08 (0.16x) 0.008 (0.008x)

Non-mito OCR,
pmol/min/ng DNA

1764 2065 1865 0.16 (0.48x) 0.96 (0.74x) 0.40 (0.16x)

Bioenergetic Health
Index, AU

1.360.2 1.160.2 0.960.3 0.02 (0.09x) ,0.001(0.004x) 0.027 (0.11x)

PER, % 39612 49623 35617 0.25 (0.10x) 0.79 (0.85x) 0.14 (0.56x)
Mito PER, pmol/min/ng
DNA

9658 5617 20.2628 0.95 (0.99x) 0.84 (0.99x) 0.96 (0.99x)

Compensatory
glycolysis, %

71629 86631 53629 0.32 (0.26x) 0.30 (0.81x) 0.031 (0.12x)

Basal glycolysis,
pmol/min/ng DNA

869 14612 5611 0.26 (0.20x) 0.76 (0.99x) 0.13 (0.36x)

Post-2DGGlycoPER,% 964 1467 669 0.06 (0.050x) 0.45 (0.86x) 0.010 (0.036x)

Definition of abbreviations: 2DG=deoxyglucose; AU=arbitrary units; B =black; COPD=chronic obstructive pulmonary disease; GOLD=Global Initiative
for Chronic Obstructive Lung Disease; H=Hispanic; ICS= inhaled corticosteroid; LAMA= long-acting muscarinic antagonists; mito =mitochondrial;
O=other; OCR=oxygen consumption rate; PER=proton efflux rate; W=white.
Demographic data are presented as mean6SD unless otherwise specified.
*All smokers in the transcriptome cohort are healthy smokers with normal lung function; the seahorse cohort includes n=7 healthy smokers with normal
lung function and n=11 smokers with normal spirometry and low DLCO.
†All patients with COPD in the transcriptome cohort are current smokers; the seahorse cohort includes n=6 current smokers and n=6 ex-smokers
with COPD.
‡Adjustment for age and sex implemented with Cochran-Mantel-Haenszel chi-square test, dichotomizing age,50 years.
xAdjustment for age and sex implemented with a linear model using the Tukey correction.
kBased on GOLD criteria.
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that dysfunctional AM immunometabolic activities may impair
normal responses to respiratory pathogens, which may contribute
to chronic airway persistence of bacteria and lung function
decline in COPD. These findings may also provide insight into
the pathobiology underlying the increased rate of progression
observed in smokers with a low DLCO to the FEV1% predicted
impairment present in COPD.

Our findings are consistent with prior studies demonstrating
that BAL AMs in COPD have aberrant macrophage responses
associated with dysfunctional mitochondria and that smoker BAL
macrophages have lower respiratory capacities (8–10). Here, we find
that AMs from smokers have a higher basal glycolytic rate and
more nonglycolytic nonmitochondrial ECAR; however, smokers
with COPD have greatly reduced compensatory glycolysis and
nonglycolytic, nonmitochondrial ECAR, suggesting that AMs in
COPD have lost the ability to dynamically compensate for
mitochondrial dysfunction by increasing glycolysis. These
observations may be explained by lower total AM mitochondrial
numbers and mass. However, assessment of AM expression of
mitochondrial-encoded genes revealed comparable mitochondrial
DNA expression across all groups, suggesting that other factors
such as second messenger signaling, cell death, or the differential
availability of metabolites/nutrients in the microenvironment of the
COPD lung may also play a role.

Limitations of the current study include the relatively small
subject number and demographic differences between groups,
whereby patients with COPD were significantly older. However, the
statistically significant genes identified by our transcriptomic
analyses and the significant differences identified between
Seahorse parameters and disease stage, as well as the significant
differences between Seahorse parameters and FEV1% predicted,
were adjusted for age (Table 1), thus removing age as a
confounding factor in the interpretation. Furthermore, although
the protocol used for adherence purification of BAL macrophages
results in 88–98% purity in the phenotypes studied (11–18),
postadherence AM purity was not independently confirmed in
this cohort. In addition, AMs isolated by adherence from BAL
include both resident and monocyte-derived macrophages, and it
was not possible to assess whether immunometabolic changes
were driven by one or the other of these AM subtypes, whether
AM metabolic activity was influenced by ex vivo culture
conditions, or whether the uncoupler, carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone, used in the Seahorse assays,
induced cell death and influenced the total cell number at the end
of the assay.

To conclude, these findings imply that AM
immunometabolism is an important pathobiological phenomenon
and suggests that modification of AM cellular metabolism may be a
novel therapeutic approach to enhance the innate immune response
of the AM in COPD. n
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Lung Function Decline in Early HIV Infection: Impact of
Antiretroviral Drug Timing and Drug Regimen

To the Editor:

HIV infection is an independent risk factor for chronic obstructive
pulmonary disease (COPD) (odds ratio, 1.14; 95% confidence interval,
1.05–1.25) (1). Mechanisms remain unclear, but some observational
studies have suggested that HIV antiretroviral treatment (ART)
might lead to worse lung function and subsequent COPD (2, 3).

We addressed the effects of HIV treatment on lung function in
the START (Strategic Timing of Antiretroviral Treatment) Trial
Pulmonary Substudy. We previously published initial results from
this randomized trial in which 1,026 HIV-positive, ART-naive adults
(from 80 sites in 20 high- and low- to middle-income countries) with
CD41 T-cell counts .500 cells/mm3 were randomly assigned to
begin ART immediately or defer until CD41 T-cell counts were 350
cells/mm3 or AIDS developed (4). All participants provided

informed consent, and all site institutional review boards/ethics
committees approved the substudy (ClinicalTrials.gov identifiers:
NCT 01797367 and NCT 00867048).

The parent START trial demonstrated clear benefits of
immediate ART on reduction of AIDS and non-AIDS events (5), at
which time our primary substudy outcome of lung function decline
(slope of FEV1) did not differ between immediate and deferred
ART. When the primary outcome was analyzed in May 2015, there
were two major limitations in our results. First, the initial follow-up
time was relatively short, at a median of 2.0 years. Second, the
duration of ART exposures was limited by only 55% of participants
in the deferred treatment group having started ART, which
precluded adequately assessing difference by ART regimen on lung
function decline.

After the primary results of START demonstrated the benefits
of immediate treatment, ART initiation was recommended to all
participants in the deferred group, and all participants in the
Pulmonary Substudy continued to be followed through the end of
December 2016, at which point median follow-up time was 3.9
years, thereby improving our ability to investigate the effects of
differing ART regimens on lung function decline. We now present
the final results of the randomized comparisons and an
observational analysis comparing rate of longitudinal lung function
decline among differing ART regimens.

We collected postbronchodilator spirometry before
randomization and annually during follow-up. Blinded central
review of all spirometry data was performed by K.M.K. Our
primary outcome was rate of lung function decline, expressed
as FEV1 slope in milliliters per year. We compared FEV1 slope
using repeated measures mixed models (SAS 9.4), using only
good-quality spirometry data and strict intention to treat. We
additionally compared differing initial ART regimens to assess
for potential class-specific effects. This analysis included only
those who began ART before study completion and had at
least one good-quality FEV1 measurement both before ART
initiation and while receiving ART. All ART regimens in START
contained two nucleoside/nucleotide reverse-transcriptase
inhibitor (NRTI) drugs, and 90% of participants were
prescribed NRTI components of tenofovir disoproxil
fumarate and emtricitabine (or lamivudine), precluding
meaningful comparisons between individual NRTIs. Therefore,
we focused on comparisons between the nonnucleoside reverse-
transcriptase inhibitor (NNRTI), protease inhibitor, and integrase
strand transfer inhibitor (INSTI) classes of antiretroviral drugs.

A total of 1,026 participants were randomly assigned to
immediate ART (n = 518) or deferred ART (n = 508). Participants
were relatively young (median age, 36 yr), recently diagnosed with
HIV (median time since HIV diagnosis, 1.2 yr), with median
baseline CD41 T-cell count of 648 cells/mm3. Of the participants,
29.1% were female, 28.3% were current smokers, and baseline
lung function was generally good (median FEV1 of 96.2% of
predicted), with COPD prevalence at study entry of 6.8%. By the
end of follow-up, ART had been initiated in 98.9% of the
immediate ART group and 88.6% of the deferred group. In the
immediate ART group, median CD41 count at the time of ART
initiation was 648 cells/mm3, and 95.5% of follow-up time was
spent on ART. In the deferred ART group, median CD41 count at
the time of ART initiation was 482 cells/mm3, and 45.1% of
follow-up time was spent on ART.
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