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Abstract

Patients with chronic obstructive pulmonary disease (COPD) have innate immune dysfunction in 

the lung largely due to defective macrophage phagocytosis. This deficiency results in periodic 

bacterial infections that cause acute exacerbations of COPD, a major source of morbidity and 

mortality. Recent studies indicate that a decrease in Nrf2 (nuclear erythroid–related factor 2) 

signaling in patients with COPD may hamper their ability to defend against oxidative stress, 

although the role of Nrf2 in COPD exacerbations has not been determined. Here, we test whether 

activation of Nrf2 by the phytochemical sulforaphane restores phagocytosis of clinical isolates of 

nontypeable Haemophilus influenza (NTHI) and Pseudomonas aeruginosa (PA) by alveolar 

macrophages from patients with COPD. Sulforaphane treatment restored bacteria recognition and 

phagocytosis in alveolar macrophages from COPD patients. Furthermore, sulforaphane treatment 
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enhanced pulmonary bacterial clearance by alveolar macrophages and reduced inflammation in 

wild-typemice but not in Nrf2-deficientmice exposed to cigarette smoke for 6 months. Gene 

expression and promoter analysis revealed that Nrf2 increased phagocytic ability of macrophages 

by direct transcriptional up-regulation of the scavenger receptor MARCO. Disruption of Nrf2 or 

MARCO abrogated sulforaphane-mediated bacterial phagocytosis by COPD alveolar 

macrophages. Our findings demonstrate the importance of Nrf2 and its downstream target 

MARCO in improving antibacterial defenses and provide a rationale for targeting this pathway, via 

pharmacological agents such as sulforaphane, to prevent exacerbations of COPD caused by 

bacterial infection.

 INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is characterized by a progressive decrease in 

lung function and comprises both chronic bronchitis and emphysema (1). COPD is the fifth 

leading cause of death worldwide, and tobacco exposure is the primary risk factor for 

development of COPD in industrialized countries. Patients with COPD have frequent 

symptomatic exacerbations, which are accompanied by acute and permanent decline in lung 

function. These exacerbations, which are a major cause of morbidity and mortality (2–4), are 

primarily due to bacterial and viral infections. The bacterial strain nontypeable Haemophilus 
influenzae (NTHI) is the most prevalent cause of these infections, but Pseudomonas 
aeruginosa (PA) is also important in severe COPD (5–7). Cigarette smoking causes 

disruption of innate immune defenses in the lung and impairs the phagocytic ability of 

alveolar macrophages, resulting in frequent bacterial infections and inflammation (8–10). 

Several clinical studies show bacterial colonization in the airways of patients with stable 

COPD, which is thought to promote persistent inflammation (11). However, infections with 

newly acquired bacterial strains are largely responsible for acute COPD exacerbations (6, 

12). Currently, there are no proven therapies that can inhibit bacterial colonization or prevent 

infectious COPD exacerbations.

The transcription factor nuclear erythroid–related factor 2 (Nrf2) is a key regulator of 

cytoprotective proteins including antioxidants, xenobiotic detoxification enzymes, and 

proteasomal pathways (13, 14). In response to oxidative stress, Nrf2 dissociates from its 

cytoplasmic inhibitor Keap1, translocates to the nucleus, and transactivates these target 

genes by binding to the antioxidant response element (ARE). Disruption of Nrf2 causes 

earlier-onset and more severe emphysema in mice after exposure to cigarette smoke (15, 16). 

Conversely, pharmacological activation of Nrf2 protects against cigarette smoke–induced 

emphysema in mice (17). Nrf2 and its transcriptional activity decline with increasing COPD 

severity in both lung tissue (14, 18, 19) and alveolar macrophages (20). Furthermore, 

disruption of Nrf2 augments inflammatory responses that cause mortality in mouse models 

of sepsis (21).

Patients with COPD exhibit defective bacterial phagocytosis by alveolar macrophages and 

monocyte-derived macrophages (9, 22). Although the underlying molecular mechanisms for 

this defect phagocytosis are unclear (6, 9), it is thought that oxidative stress plays a role (23, 

24). Therefore, we tested the hypothesis that increasing Nrf2-regulated antioxidants in 
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alveolar macrophages from COPD patients would restore phagocytic function by reducing 

oxidative stress.

 RESULTS

We recruited 43 patients with moderate COPD as described in Table 1. Our study 

participants had no concurrent lung infections or previous diagnosis for any underlying 

autoimmune disorders.

 Activation of Nrf2 by sulforaphane increases phagocytic ability of alveolar macrophages 
from patients with COPD

Sulforaphane is a potent pharmacological activator of Nrf2 and increases endogenous 

antioxidants (25–28). Nrf2 activity declines in macrophages isolated from COPD patients as 

a function of disease status, and it was unclear whether sulforaphane treatment could restore 

Nrf2 activity in these alveolar macrophages. Sulforaphane treatment (10 µM for 16 hours) 

resulted in more Nrf2 protein as measured by flow cytometry (fig. S1A) and subsequent up-

regulation of Nrf2-regulated target genes (NQO1 and GPX2) (fig. S1B) compared to 

vehicle-treated control cells. These results demonstrate the potency of sulforaphane to 

increase Nrf2 activity in COPD alveolar macrophages.

To determine whether sulforaphane enhances bacterial phagocytosis, we isolated alveolar 

macrophages from 18 patients with COPD via bronchoalveolar lavage (BAL). The purity of 

the isolated macrophages was >95% as assessed by morphology with Wright-Giemsa stain 

and confirmed by flow cytometry for the initial clinical samples. Two representative 

cytograms are presented in fig. S1C. These macrophages were pretreated with sulforaphane 

(10 µM) for 16 hours and then infected with clinical (COPD) isolates of either PA or NTHI. 
Sulforaphane treatment markedly enhanced the clearance (40 to 95%) of PA and NTHI from 

the culture medium by alveolar macrophages from all COPD patients compared to treatment 

with vehicle. The improvement in bacterial clearance was independent of smoking status as 

evident from the decrease in bacterial colony-forming units (CFUs) in all samples (Fig. 1A). 

Sulforaphane treatment also enhanced PA clearance by alveolar macrophages from healthy 

subjects (fig. S1D). Cell-free medium with sulforaphane alone showed no bactericidal 

activity toward PA or NTHI, indicating that sulforaphane does not directly cause bacterial 

killing (fig. S1E). Next, we investigated whether the decrease in bacterial CFUs in the 

culture medium of alveolar macrophages after sulforaphane treatment was due to increased 

bacterial phagocytosis. To assess phagocytic ability, we incubated alveolar macrophages 

with attenuated fluorescein isothiocyanate (FITC)–labeled PA and NTHI, and analyzed 

phagocytosed bacteria by flow cytometry. Sulforaphane significantly enhanced phagocytosis 

of PA and/or NTHI by alveolar macrophages compared to vehicle alone by ~300% (Fig. 

1B).

To determine whether the effect of sulforaphane on bacterial phagocytosis was mediated by 

Nrf2, we transfected alveolar macrophages with Nrf2 small interfering RNA (siRNA) and/or 

control single-stranded RNA (ssRNA). Nrf2 siRNA transfection caused ~70 to 80% 

knockdown of the Nrf2 gene and repressed induction of Nrf2-regulated antioxidant genes 

after sulforaphane treatment when compared to control ssRNA (fig. S1F). Sulforaphane 
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treatment enhanced bacterial phagocytosis of alveolar macrophages transfected with control 

ssRNA but failed to do so in Nrf2 siRNA–transfected macrophages (Fig. 1C). To examine 

whether the improvement in bacterial clearance by alveolar macrophages after sulforaphane 

treatment was dependent on Nrf2-regulated antioxidant function, we treated alveolar 

macrophages with the exogenous antioxidants N-acetylcysteine (NAC) or glutathione ethyl 

ester (GSH ester). NAC or GSH ester increased intracellular glutathione concentrations (fig. 

S1G) but failed to improve bacterial clearance (Fig. 1D) by alveolar macrophages. Together, 

these data suggest that sulforaphane improves bacterial phagocytosis and clearance by 

COPD alveolar macrophages by activating Nrf2 through a mechanism that is independent of 

the intracellular antioxidant glutathione.

 Nrf2 mediates transcriptional regulation of the scavenger receptor MARCO

The above data collectively indicate that the activation of Nrf2 improves bacterial 

phagocytosis and clearance by COPD macrophages; however, the underlying mechanisms 

are not clear. To address this, we investigated the dependence of bacterial phagocytosis on 

Nrf2 in macrophages isolated from mice. In vitro sulforaphane treatment significantly 

increased bacterial phagocytosis of FITC-PA in bone marrow–derived macrophages 

(BMDMs) of wild-type (Nrf2+/+) but not of Nrf2-deficient (Nrf2−/−) mice (Fig. 2A). Similar 

results were obtained with alveolar macrophages from Nrf2+/+ and Nrf2−/− mice (fig. S2A). 

Alveolar macrophages with high endogenous Nrf2 activity, which were isolated from mice 

that contain a deletion of the Nrf2 inhibitor Keap1 specifically in myeloid cells (Lyzm-

Keap1−/− mice), showed greater bacterial uptake when compared to Keap1 flox/flox 

(Keap1f/f) mice (Fig. 2B). Next, we measured bacterial binding by macrophages in the 

presence of cytochalasin D. Cytochalasin D specifically inhibits polymerization of actin and 

prevents phagocytosis but does not prevent extracellular binding of bacteria to macrophages 

(29). We determined in cytochalasin D–treated macrophages that activation of Nrf2, via 

either sulforaphane treatment or genetic activation in macrophages obtained from Lyzm-

Keap1−/− mice, resulted in greater binding of FITC-PA compared to respective vehicle-

treated controls (fig. S2B), suggesting that activation of Nrf2 increases binding of bacteria to 

macrophages. These two observations confirmed Nrf2-dependent modulation of bacterial 

binding and phagocytosis.

To determine the mechanisms by which Nrf2 regulates phagocytosis, we used microarray 

analysis of macrophages exposed to the bacterial cell wall component, lipopolysaccharide 

(LPS). Due to limitations in harvesting sufficient numbers of alveolar macrophages from 

mice, we used BMDMs for microarray studies. Microarray analysis and quantitative reverse 

transcription–polymerase chain reaction (qRT-PCR) validation revealed (i) higher expression 

(about six-fold) of the class A scavenger receptor MARCO after LPS stimulation in 

BMDMs of Nrf2+/+ mice compared to vehicle treatment, whereas no induction was observed 

in Nrf2−/− BMDMs (Fig. 2C), and (ii) higher basal gene expression of MARCO in BMDMs 

of Lyzm-Keap1−/− mice compared to Keap1f/f mice (Fig. 2D). qRT-PCR analysis also 

confirmed higher expression of MARCO mRNA in alveolar macrophages of Nrf2+/+ mice 

but not in Nrf2−/− mice after sulforaphane (Fig. 2E) or bacterial treatment (fig. S2C).

Harvey et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2016 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To further address whether sulforaphane-induced expression of MARCO mediates bacterial 

clearance, we used the human THP-1macrophage cell line. We analyzed bacterial clearance 

by sulforaphane-treated THP-1 macrophages after exposure with polyinosinic acid [poly(I)]. 

Poly(I) is a nonselective class A scavenger receptor blocker that inhibits MARCO-mediated 

bacterial uptake and clearance (29). Poly(I) significantly impaired the ability of sulforaphane 

to improve bacterial clearance by THP-1 macrophages (fig. S2D). Next, we inhibited 

MARCO by lentivirus-encoded short hairpin RNA (shRNA) (MARCO shRNA) in THP-1 

macrophages and examined phagocytosis of FITC-PA. Endogenous levels of MARCO (fig. 

S2E) and phagocytic activity (FITC-PA) were both suppressed in THP-1 macrophages 

infected with MARCO shRNA when compared to control luciferase shRNA (Fig. 2F). 

Sulforaphane treatment significantly elevated phagocytosis of FITC-PA in THP-1 

macrophages transfected with luciferase shRNA but not in MARCO shRNA (Fig. 2F). 

Together, these findings suggest that Nrf2 regulates bacterial phagocytosis by increasing 

MARCO in macrophages.

Because reactive oxygen species (ROS) formation is important for bactericidal activity in 

macrophages, we determined whether up-regulation of Nrf2-dependent antioxidants by 

sulforaphane interferes with bacterial killing after the bacteria have been internalized by 

THP-1 macrophages. The CFUs obtained from within macrophages as a function of time are 

reflective of intracellular killing ability. We found that efficiency for killing intracellular PA 

was similar in vehicle- and sulforaphane-treated macrophages, although there was a 

moderate increase in the kinetics of intracellular killing after sulforaphane treatment. These 

results rule out any detrimental effect of increasedNrf2-regulated antioxidants after 

sulforaphane treatment in the phagocytosis process (Fig. 2G).

Next, to examine whether the MARCO gene is a transcriptional target of Nrf2, we analyzed 

the mouse genomic sequence in the 5′ untranslated region (UTR) of MARCO. Genomics 

software analysis revealed the presence of two AREs, ARE1 and ARE2, which were −270 

and −1708 base pairs (bp) upstream of the transcription start site, respectively (Fig. 2H). To 

determine the functionality of both ARE1 and ARE2, we cloned the full-length promoter 

and fragments containing the individual AREs into pGL3 basic luciferase vectors. Specific 

AREs were also subjected to site-directed mutagenesis individually and in combination. 

Luciferase reporter activity was measured after transfecting the vectors into Keap1−/− 

(basally high Nrf2 activity), Nrf2+/+, and Nrf2−/− mouse embryonic fibroblasts (MEFs) (30, 

31). Due to poor transfection efficiency of macrophages, we used MEFs for the reporter 

assays. To activate Nrf2, we used Keap1-disrupted cells instead of sulforaphane because it 

provides specific and high basal Nrf2-dependent transcriptional activity (30–32). Reporter 

analysis of native constructs in Keap1−/−, Nrf2+/+, andNrf2−/− revealed an Nrf2-dependent 

increase in reporter activity of the full-length, ARE1, and ARE2 (Fig. 2I). Conversely, the 

mutated constructs revealed equal functionality of both ARE1 and ARE2, with dual 

mutation resulting in the complete loss of reporter activity (Fig. 2I). Next, we used 

macrophages from Lyzm-Keap1−/− and Keap1f/f mice for chromatin immunoprecipitation 

(ChIP) analysis. ChIP assay showed greater Nrf2 binding to ARE1 and ARE2 as well as 

binding of RNA polymerase II in the promoter of the MARCO gene in macrophages isolated 

from Lyzm-Keap1−/− mice compared to Keap1f/f mice, indicating active gene transcription 
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in the former group (Fig. 2, J and K). Together, these results suggest that Nrf2 mediates 

transcriptional regulation of MARCO.

 Sulforaphane enhances bacterial phagocytosis by increasing MARCO in COPD alveolar 
macrophages

Next, we investigated whether sulforaphane increased the expression of MARCO in alveolar 

macrophages from patients with COPD. Compared to vehicle treatment, sulforaphane 

treatment significantly elevated surface expression of MARCO protein, measured by flow 

cytometry, in alveolar macrophages from patients with COPD (two- to five-fold, P < 0.001) 

(Fig. 3A). However, sulforaphane failed to up-regulate the expression of MARCO mRNA in 

alveolar macrophages transfected with Nrf2 siRNA when compared to control ssRNA, 

indicating Nrf2-dependent regulation of MARCO (Fig. 3B).

To examine the contribution of MARCO in mediating bacterial phagocytosis by alveolar 

macrophages after sulforaphane treatment, we used an antibody depletion approach. We 

validated the specificity of anti-MARCO antibody by immunoblot analysis (fig. S3A). 

Incubation of alveolar macrophages after sulforaphane treatment with anti-MARCO 

antibody abrogated bacterial clearance (Fig. 3C) and phagocytosis of attenuated FITC-

labeled PA (Fig. 3D). To assess the effect of sulforaphane on the phenotype of macrophages, 

we analyzed CD80/86, MHC-II (major histocompatibility complex class II), CD14, and 

CD206 by flow cytometry. We noted moderate suppression of receptors CD80/86 and 

CD206 but no significant difference in the expression of other markers (fig. S3B). Together, 

sulforaphane restores bacterial phagocytosis and improves clearance in alveolar 

macrophages by Nrf2-dependent up-regulation of MARCO.

 Cigarette smoke exposure impairs phagocytic ability of alveolar macrophages and 
enhances bacterial CFUs in the lungs, which was augmented in Nrf2−/− mice

We and others have shown that 6 months of cigarette smoke exposure causes emphysema in 

mouse models (15, 17). To address the in vivo role of Nrf2 on pulmonary bacterial 

clearance, we used mouse models exposed to cigarette smoke. We used 6-month (long-term) 

as well as 1-week (short-term) cigarette smoke exposure mouse models. We found that 

alveolar macrophages from mice exposed to cigarette smoke for 6 months showed 

significant impairment in bacterial (PA) uptake and clearance (Fig. 4, A and B) compared to 

filtered air. Notably, we found that even 1 week of exposure to cigarette smoke induced a 

significant defect in alveolar macrophage phagocytic ability (Fig. 4, A and B). We found no 

significant expression of MARCO in alveolar macrophages after cigarette smoke exposure 

compared to filtered air–exposed mice (fig. S4A). However, sulforaphane treatment 

increased MARCO expression in alveolar macrophages (fig. S4A) from cigarette smoke– 

and filtered air–exposed mice and enhanced bacterial phagocytic ability and clearance (fig. 

S4, B and C).

To assess the in vivo role of alveolar macrophages in bacterial clearance after acute 

respiratory infection, we first sought to discriminate macrophage- and neutrophil-mediated 

bacterial clearance. Neutrophil depletion by Ly6G-specific antibody administration did not 

affect bacterial clearance at 4 hours; however, it significantly increased bacterial burden in 
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lungs 24 hours after PA infection (fig. S4D). After PA infection, we found predominantly 

macrophages until 4 hours; however, later neutrophils infiltrated and became the 

predominant cell type by 24 hours in BAL fluid (fig. S4E). On the basis of these findings, to 

assess the role of alveolar macrophages in pulmonary bacterial clearance, we chose to 

analyze bacterial burden at 4 hours after bacterial infection for future studies. We found that 

mice exposed to 1 week or 6 months of cigarette smoke exposure showed greater pulmonary 

bacterial burden than did mice exposed to filtered air (Fig. 4C).

To investigate whether Nrf2 affects bacterial clearance in cigarette smoke–exposed mice, we 

used Nrf2+/+ and Nrf2−/− mice exposed to smoke for 1 week. After smoke exposure, mice 

were challenged intranasally with PA or NTHI, and lung bacterial burden and inflammation 

were analyzed in BAL fluid at 4 hours. Bacterial burden (NTHI or PA) was twice as high in 

BAL fluid of cigarette smoke–exposed Nrf2−/− mice than in Nrf2+/+ (Fig. 4, D and E). 

Furthermore, the total number of inflammatory cells was three times higher in BAL of 

cigarette smoke–exposed Nrf2−/− mice than in Nrf2+/+mice (Fig. 4, F and G). In the air-

exposed group, there was no significant difference in bacterial burden between genotypes; 

however, a significant increase in total inflammatory cells was observed in BAL of PA-

infected Nrf2−/− mice when compared to PA-infected Nrf2+/+ mice.

Next, we assessed bacterial phagocytosis ex vivo by incubating alveolar macrophages 

isolated from cigarette smoke– or air-exposed mice with FITC-PA and/or FITC-NTHI for 1 

hour. Cigarette smoke–exposed alveolar macrophages from Nrf2−/− mice showed a greater 

impairment in phagocytosis of FITC-PA and/or FITC-NTHI than from Nrf2+/+ mice (Fig. 4, 

H and I). In the air-exposed group, bacterial phagocytosis by alveolar macrophages was 

moderately higher in Nrf2+/+ mice when compared to Nrf2−/− mice. Consistent with the 

bacterial phagocytosis results, we found a four times higher surface expression of MARCO 

in alveolar macrophages from Nrf2+/+ mice than in Nrf2−/− mice after cigarette smoke 

exposure (Fig. 4J). Together, these results suggest that Nrf2 is critical for up-regulation of 

MARCO in alveolar macrophages and deficiency of Nrf2 impairs phagocytic ability of 

alveolar macrophages and reduces pulmonary bacterial clearance.

 Nebulizer administration of sulforaphane improves bacterial uptake and inflammation in 
Nrf2+/+ but not Nrf2−/− mice after cigarette smoke exposure

Finally, we investigated the efficacy of sulforaphane to improve bacterial phagocytosis and 

clearance in the lungs of mice exposed to cigarette smoke. After 6 months or 1 week of 

cigarette smoke or air exposure, mice (Nrf2+/+ and Nrf2−/−) were treated with sulforaphane 

or vehicle (0.5 mg per mouse per day) for 3 consecutive days with an Aeroneb nebulizer 

(Aerogen Inc.). Mice were challenged intranasally with PA 24 hours after the last dose of 

sulforaphane, and bacterial burden in BAL fluid was analyzed 4 hours later. Sulforaphane 

treatment significantly reduced bacterial burden in lungs of Nrf2+/+ mice exposed to 1 week 

(Fig. 5A) or 6 months (fig. S5A) of cigarette smoke compared to vehicle-treated animals, but 

did not restore bacterial phagocytic ability in alveolar macrophages isolated from cigarette 

smoke–exposed Nrf2−/−mice (Fig. 5C). Notably, we observed a significant impairment in 

lung bacterial clearance even 3 days after cigarette smoke exposure. A decrease in bacterial 

burden was also observed after sulforaphane treatment in neutrophil-depleted cigarette 
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smoke–exposed mice (fig. S5B). Consistent with the results on bacterial burden, 

sulforaphane treatment significantly reduced inflammation in the lungs of Nrf2+/+mice (Fig. 

5B). Sulforaphane failed to reduce bacterial burden in the lungs of Nrf2−/− mice (fig. S5C). 

We also examined bacterial phagocytic ability of alveolar macrophages isolated from 

cigarette smoke–(1 week) or air-exposed mice after sulforaphane or vehicle treatment. As 

for phagocytic ability, sulforaphane treatment enhanced the expression of MARCO in 

alveolar macrophages from Nrf2+/+ mice but not in Nrf2−/− mice (Fig. 5D). These results 

demonstrate the efficacy of sulforaphane in vivo to decrease bacterial burden by improving 

bacterial phagocytosis and inflammation in an Nrf2-dependent manner in mice exposed 

chronically to cigarette smoke.

 Dietary consumption of sulforaphane-enriched broccoli sprout extract increases 
MARCO expression

Sulforaphane-enriched broccoli sprout extract (BSE) has been evaluated in human subjects 

for anticancer properties (26, 33) and shown to increase Nrf2-regulated antioxidants in upper 

airways (34). To determine whether sulforaphane increases the expression of MARCO in 

human subjects, we isolated peripheral blood mononuclear cells (PBMCs) from three 

healthy subjects before and after they consumed BSE for 2 weeks. Sulforaphane 

significantly increased the expression of MARCO (two- to five-fold) and other Nrf2-

regulated antioxidant (NQO1, GCLM, and HO-1) genes in PBMCs of healthy subjects (Fig. 

6). These results demonstrate the translational potential of sulforaphane to increase MARCO 

expression in humans.

 DISCUSSION

Cigarette smoking is believed to impair lung innate immunity by multiple mechanisms such 

as mucus hypersecretion, disruption of mucocillary clearance, and inhibition of 

antimicrobial peptides (9, 22). However, animal and clinical studies have established that 

impaired bacterial phagocytosis by alveolar macrophages in smokers with or without COPD 

is the main reason for increased risk of bacterial infection and colonization (35, 36). Here, 

we show that increasing expression of the scavenger receptor MARCO by targeting Nrf2 

with sulforaphane may be an effective approach to improve bacterial phagocytosis and 

clearance ex vivo by alveolar macrophages of patients with COPD. Furthermore, we 

illustrate that sulforaphane improves pulmonary antibacterial defenses, specifically increased 

phagocytic ability, increased bacterial clearance, and decreased acute bacterial infections, in 

mice exposed to chronic cigarette smoke through Nrf2-dependent MARCO expression in 

alveolar macrophages.

Alveolar macrophages are the first line of defense against inhaled bacteria and limit airway 

inflammation during subclinical infection by opportunistic bacteria such as PA or NTHI 
(37). Macrophages express a repertoire of receptors, specifically scavenger receptors, which 

help in recognition, binding, and uptake of bacteria. Alveolar macrophages obtained from 

healthy smokers and smokers with COPD show reduced bacterial phagocytic responses 

when compared to never smokers (9, 38). However, alveolar macrophages from never 

smokers with or without COPD exhibit no difference in the phagocytosis of latex beads (23), 
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and there is also no difference in intracellular killing (9). These observations suggest that 

smoke may affect the recognition or binding of the bacteria to macrophages rather than 

induce a general defect in phagocytic process (23, 38). The expression of surface receptors 

involved in phagocytosis, such as CD36, CD51, CD44, CD61, and mannose receptors, was 

similar between macrophages and peripheral blood monocytes obtained from never smokers 

and smokers with or without COPD (39). It has been suggested that cigarette smoke may 

impair bacterial interaction with host alveolar macrophages by altering the expression of 

Toll-like receptors (TLRs), although data on the role of cigarette smoke in modulating TLR 

expression are conflicting (6). MARCO is a class A scavenger receptor expressed on 

macrophages that mediates binding and uptake of Gram-positive and Gram-negative 

bacteria, oxidized low-density lipoprotein (LDL), and environmental particles but not yeast 

(40, 41). Ablation of MARCO impairs phagocytosis, whereas overexpression of MARCO 

enhances the binding of bacteria and phagocytosis (42). A recent report suggests that viral 

infections inhibit the expression of MARCO in alveolar macrophages via interferon-γ (IFN-

γ) signaling, which impedes phagocytic activity and predisposes to bacterial infection (43). 

The transcription of MARCO is highly elevated on macrophages upon bacterial infection or 

exposure to bacterial components (44); however, underlying mechanisms are unclear. Our 

study demonstrates that Nrf2 directly regulates transcriptional expression of MARCO, and 

we also demonstrate a direct correlation between sulforaphane-induced Nrf2-dependent 

expression of MARCO and bacterial phagocytic ability by alveolar macrophages isolated 

from patients with COPD and cigarette smoke–exposed mice. Recent studies suggest that 

cigarette smoke–induced oxidative activation of RhoA is an etiological factor in defective 

phagocytosis (24). We found that incubation with antioxidants such as NAC or GSH ester 

failed to improve the bacterial phagocytic ability of COPD alveolar macrophages, 

suggesting that inhibition of oxidative stress alone may not be sufficient to restore the 

phagocytosis. Sulforaphane treatment elevated antioxidants; however, this was not sufficient 

to restore phagocytosis, as indicated by the inability of sulforaphane to increase bacterial 

phagocytosis and clearance in COPD alveolar macrophages and human THP-1 macrophages 

when MARCO was disrupted. These results suggest that Nrf2-dependent regulation of 

phagocytosis is partly independent of its antioxidant function in normal macrophages. 

Although Nrf2-dependent antioxidants are not sufficient to restore phagocytosis in COPD 

macrophages, they may still play a role in modifying phagocytic processes (45).

Peripheral lung tissue and alveolar macrophages from patients with COPD exhibit 

deficiencies in Nrf2 activity compared to non-COPD tissues (18–20). It is plausible that 

impaired Nrf2-directed expression of MARCO in alveolar macrophages is one potential 

mechanism responsible for defective bacterial clearance in COPD. To substantiate the in 

vivo role of Nrf2-dependent regulation of MARCO in alveolar macrophages, we used 

cigarette smoke–exposed mouse models. Chronic exposure to cigarette smoke for 6 months 

causes emphysema in mouse models (15, 17). Consistent with clinical samples, we found 

that alveolar macrophages from mice exposed to cigarette smoke for 1 week or 6 months 

displayed significant impairment in bacterial phagocytosis, enhanced bacterial growth, and 

greater lung inflammation. Consistent with impaired induction of MARCO in alveolar 

macrophages, Nrf2-deficent mice displayed greater bacterial burden of PA or NTHI and 

inflammation compared to wild-type mice exposed to cigarette smoke. We found that 
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nebulizer administration of sulforaphane increased bacterial (PA or NTHI) clearance and 

decreased inflammation in the lungs of Nrf2+/+ mice but not in Nrf2−/− exposed to cigarette 

smoke for 6 months or 1 week. Ex vivo analysis showed greater expression of MARCO and 

improved phagocytic ability in alveolar macrophages from mice treated with sulforaphane 

compared to vehicle. Enhanced inflammation in the lungs of Nrf2−/− mice may be partly due 

to greater bacterial burden as well as greater inflammatory response due to increased 

oxidative stress (21).

Currently, pharmacotherapy for COPD is directed toward limiting acute exacerbations. 

Antibiotics are effective in shortening the duration of exacerbations, but long-term use may 

predispose to drug-resistant bacterial strains. Thus, there are limited effective therapeutic 

strategies to counteract bacterial exacerbations in COPD. Sulforaphane is an active 

ingredient in broccoli sprouts that increases antioxidant, anti-inflammatory, and antibacterial 

defenses via the activation of Nrf2 (46). Sulforaphane-enriched BSE has been extensively 

studied in humans for its anticancer properties, has been shown to activate the Nrf2 pathway 

in upper airways, and is well tolerated by patients (25–28). Our finding that dietary 

consumption of sulforaphane-enriched BSE increases the expression of MARCO and other 

Nrf2-regulated antioxidant genes in PBMCs of normal human subjects underscores that the 

dietary intake of sulforaphane or other phytochemical activators of Nrf2 signaling, by 

smokers or COPD patients, may improve phagocytic ability of alveolar macrophages and 

protect from acute infections by opportunistic bacterial strains such as PA or NTHI. A 

National Heart, Lung, and Blood Institute (NHLBI) multicenter phase II clinical trial has 

recently been initiated to test whether sulforaphane from BSEs can improve antibacterial 

defenses in COPD patients.

 MATERIALS AND METHODS

 Recruitment of subjects

This study was approved by the institutional review board of Johns Hopkins University. 

Patients with COPD were asked to volunteer for a bronchoscopy for collection of alveolar 

macrophages by BAL at Johns Hopkins Hospital and Johns Hopkins Bayview Medical 

Center. These patients had an FEV1/FVC (forced expiratory volume in 1 s/forced vital 

capacity) of <0.70, an FEV1 of 40 to 80% predicted, and a >10 pack-year smoking history 

(current and former smokers were included). Demographic data are presented in Table 1.

The Broccoli Sprout Extract (BSE) study was approved by the institutional review board of 

Johns Hopkins University to test whether sulforaphane protects from airway hyperreactivity 

in asthma. For our study, we used PBMCs isolated from healthy subjects.

 Cell culture

Human alveolar macrophages were purified from individual BAL samples, and purity was 

determined by nuclear and cytoplasmic DiffQuick staining and verified by flow cytometry. 

Murine alveolar macrophages and BMDMs were isolated from Nrf2+/+, Nrf2−/−, Keap1f/f, 

and LysM-Keap1−/− mice. BMDMs were isolated and derived as previously described (47). 

Mouse embryonic fibroblasts (MEFs) were isolated and cultured as previously described 
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(21). The human THP-1 cell line (American Type Culture Collection) was cultured as per 

the manufacturer’s instructions.

 Bacterial strains

Sputum isolates of nontypeable H. influenza (48) and P. aeruginosa were obtained and 

grown as previously described (49). For FITC labeling of bacteria, heat-inactivated PA and 

NTHI (109 CFU/ml) were resuspended in 1 ml of labeling buffer (0.1 M NaHCO3, pH 9.2) 

and incubated with FITC (Sigma) under constant stirring in the dark at room temperature for 

1 hour. Finally, bacteria were washed three times with phosphate-buffered saline (PBS) and 

dialyzed overnight against PBS. FITC-labeled bacteria were resuspended with PBS at a 

concentration of 109/ml.

 Animals and treatments

Nrf2+/+ and Nrf2−/− C57BL/6J mice were housed under controlled conditions for 

temperature and humidity using a 12-hour light/dark cycle. At 8 weeks of age, mice were 

exposed to cigarette smoke (2.5 hours per day for 5 days per week) for 1 week or 6 months 

as previously described (17). All animal protocols were conducted as approved by the Johns 

Hopkins University Institutional Animal Care and Use Committee.

 Statistical analysis

Results are presented as the means ± SE. Statistical comparisons were performed by paired 

Student’s t tests. Statistical comparisons of treatment effects in human alveolar macrophages 

were performed by one way analysis of variance (ANOVA). A value of P < 0.05 was 

considered statistically significant.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Sulforaphane-induced activation of Nrf2 improves phagocytosis and clearance of PA and 

NTHI by COPD alveolar macrophages. (A) Sulforaphane- or vehicle-treated (16 hours) 

COPD alveolarmacrophageswere incubated with NTHI or PA. Bacterial load in the culture 

medium was quantified after 4 hours by serial dilution plating. Data are represented as 

percent of inoculated CFU remaining in the culture medium for individual patients after 

vehicle or sulforaphane treatment. (B) COPD alveolar macrophages were incubated with 

attenuated FITC-labeled NTHI or PA after sulforaphane or vehicle treatment, and 

phagocytosed bacteria were quantified by flow cytometry after 1 hour. Data are 

representative histograms from n = 5 patients. Insets: Representative flow cytometry 

histogram from individual patients. (C) COPD alveolar macrophages transfected with Nrf2 
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siRNA or ssRNA were treated with sulforaphane or vehicle for 16 hours. Subsequently, 

macrophages were incubated with FITC-labeled PA and phagocytosed bacteria were 

quantified by flow cytometry after 1 hour. Data are represented as means ± SEM of MFI 

(mean fluorescence intensity) (n = 3). (D) GSH ester, NAC, and sulforaphane (Sul)– or 

vehicle-treated alveolar macrophages isolated from patients with COPD were incubated with 

PA, and bacterial load in culture medium was quantified after 4 hours. Data are represented 

as CFU means ± SEM (n = 5 patients).
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Fig. 2. 
Nrf2 regulates scavenger receptor MARCO expression. (A) BMDMs were derived from 

Nrf2+/+ and Nrf2−/− mice and treated with vehicle or sulforaphane followed by incubation 

with FITC-PA. Uptake was quantified by flow cytometry. (B) Alveolar macrophages isolated 

from Keap1f/f and LysM-Keap1−/− mice were incubated with PA, and bacterial load in 

culture medium was quantified after 4 hours. Data are represented as CFU means ± SEM. 

(C) MARCO mRNA expression levels in BMDM isolated from Nrf2+/+ and Nrf2−/− 4 hours 

after lipopolysaccharide (LPS) or vehicle treatment as measured by microarray analysis. 
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Data are represented as relative fold change compared to vehicle treatment for each 

genotype. (D) Basal MARCO mRNA expression levels in BMDMs isolated from Keap1f/f 

and LysM-Keap1−/− as measured by microarray analysis. (E) MARCO mRNA expression 

levels in BMDMs isolated from Nrf2+/+ and Nrf2−/− 16 hours after sulforaphane or vehicle 

treatment as measured by qRT-PCR analysis. (F) Phagocytosis of FITC-PA in THP-1 

macrophages stably transfected with luciferase (Luc) shRNA or MARCO shRNA and 

treated with either vehicle or sulforaphane. (G) Intracellular PA (CFUs) in THP-1 

macrophage lysates. Lysates were prepared at varying time periods after sulforaphane or 

vehicle treatment. Data are from an experiment in triplicate. (H) In silico promoter analysis 

for identification of putative AREs in the 5′ upstream of the transcription start site (TSS) of 

MARCO gene. (I) Functionality of AREs was evaluated by transfection of luciferase 

reporter constructs containing ARE1, ARE2; ARE1, mutated (mu) ARE2; ARE2, muARE1; 

and muARE1, muARE2 into Keap1−/−, Nrf2+/+, and Nrf2−/− MEFs. Data are represented as 

means ± SEM from three independent experiments. (J) ChIP assay to determine Nrf2 

binding to the promoter region of MARCO gene in macrophages derived from LysM-

Keap1−/− and Keap1f/f mice. (K) ChIP assay to determine recruitment of RNA PolII 

(polymerase II) binding to MARCO promoter in macrophages derived from LysM-Keap1−/− 

and Keap1f/f mice. *P < 0.05.
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Fig. 3. 
Sulforaphane improves bacterial phagocytic function in COPD alveolar macrophages by 

Nrf2-dependent up-regulation of MARCO expression. (A) Surface expression of MARCO in 

COPD alveolar macrophages after sulforaphane or vehicle treatment by flow cytometry. 

Data are represented as MFI for individual patient with vehicle or sulforaphane treatment. 

(B) MARCO mRNA expression in COPD alveolar macrophages transfected with mock 

siRNA, Nrf2 siRNA, or no treatment (NT, untransfected) before sulforaphane treatment. 

Data are represented as mean percent change compared to vehicle-treated untransfected cells 

± SEM (n = 3). *P < 0.05. (C) Bacteria (PA) remaining in the culture medium after blocking 

MARCO receptor by anti-MARCO antibody in sulforaphane-treated alveolar macrophages. 

Data are represented as means ± SEM of CFUs in culture medium from each treatment 

(n=3subjects). (D) Flow analysis of FITC-PA phagocytosis after blocking MARCO receptor 

by anti-MARCO antibody in sulforaphane-treated alveolar macrophages. Data are 

represented as means ± SEM of MFI (n = 3 subjects). *P < 0.05, unless otherwise stated.
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Fig. 4. 
Cigarette smoke exposure impairs bacterial clearance and enhances inflammation in lungs of 

Nrf2−/− mice when compared to Nrf2+/+ mice. (A) Alveolar macrophages isolated from 

wild-type mice exposed to filtered air or cigarette smoke (CS) for 1 week or 6 months were 

incubated with FITC-PA, and uptake was assessed by flow cytometry. Data are represented 

as means ± SEM of MFI (n = 5 per group). *P < 0.05, compared to air. (B) CFUs in the 

culture medium of alveolar macrophages isolated from mice exposed to filtered air or 

cigarette smoke (1 week or 6 months) 4 hours after incubation with PA. Data are represented 
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as means ± SEM of CFUs (n = 5 per group). *P < 0.05, compared to air. (C) Bacterial 

burden in the lungs of mice exposed to filtered air or cigarette smoke (1 week or 6 months) 4 

hours after PA infection. Data are represented as means ± SE of CFUs (n = 5 per group). *P 
< 0.05, compared to air. (D and E) Bacterial burden in lungs of cigarette smoke (1 week)–or 

air-exposed Nrf2−/− and Nrf2+/+ mice after 4 hours of NTHI or PA infection. Data are 

represented as means ± SEM of CFUs (n = 5 per group). *P < 0.05, compared to air-exposed 

Nrf2+/+; †P < 0.05, compared to cigarette smoke–exposed Nrf2+/+. (F and G) Analysis of 

inflammatory cells in bronchoalveolar lavage (BAL) fluid of cigarette smoke (1 week)– or 

air-exposed Nrf2+/+ and Nrf2−/− mice 4 hours after NTHI or PA infection. *P < 0.05, 

compared to air-exposed Nrf2+/+; †P < 0.05, compared to cigarette smoke–exposed Nrf2+/+. 

(H and I) Flow cytometric analysis of FITC-labeled PA or NTHI in alveolar macrophages 

from Nrf2+/+ and Nrf2−/− mice after cigarette smoke (1 week) or air exposure. *P < 0.05, 

compared to air-exposed Nrf2+/+; †P < 0.05, compared to cigarette smoke–exposed Nrf2+/+. 

(J) Flow analysis of surface expression of MARCO in alveolar macrophages from Nrf2+/+ 

and Nrf2−/− mice after cigarette smoke exposure (1 week). Data are represented as means ± 

SEM of MFI. *P < 0.05, compared to cigarette smoke– exposed Nrf2+/+.
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Fig. 5. 
Sulforaphane treatment enhances bacterial clearance and reduces inflammation in Nrf2+/+ 

mice after cigarette smoke exposure. (A) Bacterial burden in lungs of cigarette smoke (1 

week) or air-exposed wild-type mice treated with sulforaphane or vehicle 4 hours after PA 
infection. Data are represented as means ± SEM of CFUs (n = 5 per group). *P < 0.05, 

compared to cigarette smoke alone. (B) Analysis of inflammatory cells contained in 

bronchoalveolar lavage (BAL) fluid of cigarette smoke (1 week) or air-exposed, 

sulforaphane-treated wild-type mice 4 hours after PA infection. Data are represented as 

means ± SEM (n=5per group). *P < 0.05, compared to cigarette smoke alone. (C) Flow 

analysis of FITC-labeled PA in alveolar macrophages isolated from sulforaphane (SUL)– or 

vehicle-treated Nrf2+/+ and Nrf2−/− mice after cigarette smoke (1 week) or air exposure. 

Data are represented as percent MFI relative to air-exposed Nrf2+/+. (D) Surface expression 

of MARCO in alveolar macrophages isolated from sulforaphane- or vehicle-treated Nrf2+/+ 

and Nrf2−/− mice after cigarette smoke (1week) or air exposure as measured by flow 

cytometry. *P < 0.05, compared to vehicle.
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Fig. 6. 
Dietary administration of sulforaphane-rich broccoli sprout extract (BSE) enhances 

MARCO expression in PBMCs. mRNA expression of Nrf2 target genes in PBMCs isolated 

from three healthy subjects at baseline (Pre) and immediately after 2 weeks (Post) of daily 

consumption of BSE containing 100 µM sulforaphane. Statistical analysis was conducted by 

a one-way ANOVA.
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Table 1

Patient characteristics.

Characteristic Patients with COPD
(n = 43)

Sex

  Male (n) 23

  Female (n) 20

Age 63.7 ± 2.3

Pack-year smoking 42.6 ± 4.9

FEV1 (% predicted) 50.3 ± 2.6

  Current smoker (n) 13

  Former smoker (n) 30

FEV1 (liter) 1.29 ± 0.1

FVC (% predicted) 61.7 ± 3.3

FVC (liter) 1.98 ± 0.1

FEV1/FVC (%) 67.4 ± 3.2

Concurrent bacterial infection (n) 0

Bronchoscopy for research study screening, n (%) 13 (30.2)

Bronchoscopy for lung cancer diagnosis (%) 46.5

  Non–small cell lung cancer (n) 4

  Squamous cell carcinoma (n) 4

  Metastatic breast cancer (n) 1

  Undiagnosed lung nodule (n) 11

Bronchoscopy for nondiagnostic purpose (%) 23.3

  Tumor excision/destruction (n) 1

  Tracheal stenosis (n) 2

  Stent removal placement (n) 4

  Obstructive sleep apnea 1

  Pre–lung transplant exam 1

  Post–chord transplant evaluation 1

Underlying autoimmune disorder (n) 0

Values are presented as means ± SEM. FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity.
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