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Use of the Iron Chelator Deferiprone to Restore
Function in BAL Fluid Macrophages in Smoking and
Chronic Obstructive Pulmonary Disease

To the Editor:

Alveolar macrophages (AMs) from individuals with chronic
obstructive pulmonary disease (COPD) have impaired function, a
phenomenon that may be closely linked to mitochondrial
dysfunction in these cells (1–3). The trigger for this mitochondrial
dysfunction is unknown.We have previously demonstrated a
mechanistic role for mitochondrial iron overload in COPD and
showed that systemic administration of deferiprone, a membrane-
permeable iron chelator, slowed disease progression in a murine
cigarette smoke exposure model (4). Clinically, lung iron overload is a
well-recognized feature in individuals with COPD, with high levels of
iron and iron-binding proteins in the lung extracellular space and
within AMs (5–8). This iron accumulation is biologically relevant
andmay be connected to impaired AM function in COPD and
consequently contribute to the recurrent respiratory infections that
drive COPD exacerbation events (7). AM iron is therefore potentially
a novel therapeutic target in COPD, but whether an iron-directed
agent like deferiprone can relieve the iron burden in AMs and
improve their immune function is unknown.

In this study, we collected BAL fluid (BALF) macrophages
(hereafter referred to as AMs) from healthy nonsmoker study
participants (n=19), smokers (n=18), and study participants with
COPD (n=10) as previously described (3, 9) (Table 1). Smokers and
participants with COPDwere significantly older than nonsmoker
participants (P, 0.007 and P, 1026, respectively), and participants
with COPDwere older than smokers (P, 0.002). Smokers were
more likely to be current smokers than were participants with COPD
(P, 0.0005). Following an adherence purification step (95–98%
purity of AMs), as previously described (3, 9, 10), we measured the
amount of total elemental iron and total heme using graphite furnace
atomic absorption spectrometry (7) and a fluorescent heme assay
(11), respectively (Figure 1A). Iron levels in AMs from smokers and
participants with COPD trended toward being higher than those
from control participants, whereas AM heme levels did not differ
between any of the subgroups (Figures 1B and 1C and Table 1).
We tested AM iron levels for associations with mitochondrial
function (previously measured oxygen consumption rates) in AMs
frommatched study subjects (3) and found that higher AM total iron
was significantly associated with higher basal respiration (r2 = 0.34,
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P=0.022) and spare respiratory capacity (r2 = 0.27, P=0.045) in
smokers but not in participants with COPD (Figures 1D and 1E).

We next assessed if deferiprone could lower iron levels in AMs.
Deferiprone (300 μM for 24 h) significantly lowered iron levels in
AMs from smokers (9.47–1.67 μg/L/mg; P, 0.0001), but not in
control subjects or participants with COPD; deferiprone did not
change heme levels in any group (Figures 1B and 1C).We then
stimulated AMs with LPS (500 ng/ml) for 12 hours with and without
pretreatment with deferiprone (300 μM, 24 h) and quantified secreted

levels of IL-6 and TNF-a in the culture supernatant. IL-6 and TNF-a
levels were variable but did not differ among control participants,
smokers, and participants with COPD in any of the treatment
subgroups (Figures E1A and E1B in the data supplement). To
account for batch effect and individual variability, we normalized
supernatant cytokine levels from each study participant to their
baseline unstimulated levels. Using this fold change approach, we
uncovered a trend for AMs from smokers and individuals with
COPD producing lower IL-6 levels in response to LPS compared with

Table 1. Demographic Characteristics of the Study Population and Relevant Measured Parameters

Parameter Nonsmokers Smokers COPD

P Value*

S vs. NS COPD vs. NS COPD vs. S

No. of participants 23 17 12
Sex (M/F) 10/13 11/6 9/3 .0.3 .0.1 .0.8
Age 386 12 496 11 6267 ,0.007 ,1026 ,0.002
Ethnicity
Black 10 11 3 .0.7 .0.1 .0.1
European 4 2 7
Hispanic 0 1 1
Other 9 3 1

BMI, kg/m2 23 6 27 2764 28 6 5 .0.9 .0.6 .0.6
Smoking history
Pack-years NA 236 15 366 23 NA NA .0.06
Current smoking, n (%) NA 17 (100) 4 (25) ,0.0001 0.0004 ,0.02
Urine nicotine, ng/ml NA 7116 563 2726 452 NA NA ,0.04

Lung function†

FVC 102615 105610 826 18 .0.4 ,0.002 ,0.0002
FEV1 976 13 97 612 586 20 .0.9 ,1027 ,1026

FEV1/FVC 8065 75 6 5 556 12 ,0.008 ,1029 ,1026

TLC 946 13 986 12 996 32 .0.3 .0.5 .0.8
DLCO 936 12 806 16 706 24 ,0.006 ,0.0004 .0.1

GOLD stage (I/II/III) NA NA 426 NA NA NA
Total iron, mg/L/mg n=16 n= 15 n=9
Control 6.726 4.34 8.826 5.48 9.466 6.96 .0.4 .0.3 .0.9
Deferiprone 5.736 3.99 1.026 1.03 8.686 6.62 ,0.05 .0.3 ,0.001
P value: control vs. DFP .0.9 ,0.0001 .0.9 – – –

Heme iron, nM/mg n=14 n= 13 n=8
Control 24.266 10.50 19.0369.67 21.6366.14 .0.2 .0.8 .0.8
DFP 19.1167.81 16.5366.66 18.7666.82 .0.8 .0.9 .0.9
P value: control vs. DFP .0.2 .0.8 .0.6 – – –

IL-6, pg/mL n=10 n= 11 n=8
Control 348.56 439.1 543.56 729.6 595.06 740.0 .0.9 .0.9 .0.9
DFP 391.56 380.0 581.06 969.1 661.76 921.2 .0.9 .0.9 .0.9
LPS 16,2176 25,910 12,6576 23,951 10,0116 13,272 .0.8 .0.7 .0.9
LPS 1 DFP 17,0616 25,075 16,0446 25,117 14,7846 19,393 .0.9 .0.9 .0.9
P value: control vs. DFP .0.9 .0.9 .0.9 – – –
P value: LPS vs. LPS1 DFP .0.9 .0.9 .0.9 – – –

TNF-a, pg/mL n=14 n= 10 n=7
Control 377.36 553.3 451.96 516.2 299.46 360.6 .0.9 .0.9 .0.9
DFP 501.76 886.0 744.36 776.4 317.66 423.1 .0.9 .0.9 .0.9
LPS 3,5576 5,367 2,9246 3,135 1,4716 2,077 .0.8 .0.2 .0.5
LPS 1 DFP 3,0546 3,382 4,0156 3,297 1,5766 2,184 .0.6 .0.4 .0.1
P value: control vs. DFP .0.9 .0.9 .0.9 – – –
P value: LPS vs. LPS 1 DFP .0.9 .0.7 .0.9 – – –

Definition of abbreviations: COPD=chronic obstructive pulmonary disease; DFP=deferiprone; FEV1= forced expiratory volume in 1 second;
FVC= forced vital capacity; NA=not applicable; NS=nonsmokers, S= smokers; TLC= total lung capacity; TNF= tumor necrosis factor-a.
Data are presented as mean6standard deviation.
*In demographic section, numerical parameters were compared using a Student’s t test and categorical parameters were compared using a
x2 test (Yates correction applied when applicable); P, 0.05 was considered significant. Measured iron and cytokines were compared using
Tukey’s honestly significant difference test or two-way ANOVA with �S�ıd�ak’s multiple comparisons test as appropriate; P, 0.05 was considered
significant.
†Lung function parameters are presented as measurements before administration of bronchodilators and as percent predicted except the
FEV1/FVC ratio, which is presented as percent observed.
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Figure 1. Use of deferiprone (DFP) to modulate alveolar macrophage (AM) function in chronic obstructive pulmonary disease (COPD).
(A) Experimental schema. (B) Total elemental iron and (C) intracellular heme normalized to total protein in AMs treated with or without DFP for
24 hours from nonsmoker study participants (n=16 for total iron, n=14 for heme), smokers (n=15 for total iron, n=13 for heme), and participants
with COPD (n=9 for total iron, n=8 for heme). AM basal respiration (D) and spare respiratory capacity (E) in association with total in smokers
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healthy controls (14.3-fold for smokers vs. 54.5 for controls, P=0.03;
17.4 vs. 54.5 for COPD vs. controls, P=0.07; Figure 1F). A similar
nonsignificant trend was seen with TNF-a (Figure 1G). Deferiprone
did not significantly increase the amount of IL-6 and TNF-a
produced in response to LPS by AMs from nonsmoker participants,
smokers, and participants with COPD (Figures E1A and E1B).
However, there was a trend for the LPS response in AMs from
smokers and COPD participants pretreated with deferiprone to be
greater relative to that of LPS-exposed AMs without pretreatment
(Table 1). Specifically, there was a boost in TNF-a, but not IL-6,
production that was weakly associated with the extent to which
deferiprone lowered total iron levels in AMs from smokers and
participants with COPD (r2 = 0.22, P=0.079), an effect that was not
associated with baseline iron levels only (Figures 1H and 1I).

These data demonstrate that iron, but not heme, levels are
higher in isolated AMs from smokers and patients with COPD, and
only smoker AMs responded to iron reduction by deferiprone,
suggesting that the increase in iron observed in COPDAMsmay be
harder to chelate andmay not be heme-derived. Higher iron levels in
smoker AMs correlated with better mitochondrial function, an
observation that was not present in COPDAMs. Although
deferiprone (500 μM for 24 h) has been shown to improve glycolysis
and inhibit mitochondrial oxidative phosphorylation in bone
marrow–derived macrophages (12), whether deferiprone can alter
mitochondrial function in AMs requires further extensive
investigation.

Our data show that AMs from smokers and patients with COPD
are hyporesponsive to LPS relative to those from healthy subjects and
that, in some cases, deferiprone may improve macrophage immune
function. These results are consistent with previous findings that AMs
in COPD have more iron, impaired phagocytosis of respiratory
bacteria, and have altered transcriptomic expression of cytokines
(2, 5, 6, 9, 13), but are in contrast to data that suggest that red blood
cell–derived heme may be the source of iron found in AMs in COPD
(14). Although deferiprone can reduce the iron content of human
monocyte–derived macrophages (12), this is the first study to show
that deferiprone reduces iron in tissue-derived macrophages in a
disease state.

Our study is limited by a small study population size, the batch
effect of stimulating cells with LPS/deferiprone in samples as they
were collected, and the possibility that, because COPDAMs are
heterogeneously iron-loaded, only a subpopulation will be targeted by
deferiprone (5, 6). In addition, such a small population size did not
allow for consideration of additional variables such as age in our

statistical analysis. Aging and accelerated senescence play an
important role in COPD pathogenesis (15), and we are unable to
conclude if our findings of higher iron levels inside AMs from
smokers and individuals with COPD is attributable to accelerated
senescence in these cells (“ferrosenescence”) (16, 17). However, in
prior studies, macrophage iron accumulation observed in smokers
and individuals with COPDwas not affected by age (5, 8), and age
was not a factor in our prior study of extracellular BALF iron levels in
COPD (7).

In this study, we used IL-6 and TNF-a production in
response to LPS as surrogates of immune function, leaving other
common infectious stimuli (such as Haemophilus influenzae and
Streptococcus pneumoniae) and immune function readouts (e.g.,
phagocytic ability) unexplored. Deferiprone was our choice of iron
chelator given its efficacy in our murine model (4, 5) and also its
pharmacologic advantage in being able to cross biological
membranes, but the optimal dose and duration of treatment are
not known, and higher doses have been used in other in vitro
studies (12). As such, we cannot confidently attribute our inability
to decrease iron levels in COPD AMs to a pharmacological issue
(i.e., higher concentrations needed) or to differences in
macrophage subpopulations between smokers and patients with
COPD (9, 18, 19). Deferiprone is not just an iron “chelator,”
but rather a shuttle that has the important pharmacokinetic
characteristics of being able to traverse biological membranes
and liberate intracellular iron (20). However, it is not clear if
deferiprone can access only free labile iron or whether it can “pull”
iron out of other biological constructs such as protein complexes
like ferritin or insoluble constructs like hemosiderin (8), both of
which are increased in COPD (7, 8, 21). From our previous work
in mice, we also know that deferiprone treatment reduces the
amount of iron inside mitochondria isolated from whole lung
tissue of mice exposed to chronic smoke exposure. Whether this
iron is “stuck” inside mitochondrial in COPD AMs remains to be
determined and is the subject of current investigation (4).

To conclude, this is a proof-of-concept study that an iron
chelator such as deferiprone may be used to lower iron levels in
primary human AMs and perhaps improve AM immune function in
smokers and individuals with COPD, supporting further exploratory
avenues to use deferiprone as a treatment to enhance macrophage
function in COPD. Additional appropriately powered studies will
be needed to validate our findings, but our results add further
evidence to the concept of AM iron overload as a possible targetable
COPD endotype.�

Figure 1. (Continued ). (n=15) and participants with COPD (n=9). Fold change in AM supernatant IL-6 (F) (n=10 for nonsmokers, n=11 for
smokers, n=8 for COPD) and TNF-a (G) (n=14 for nonsmokers, n=10 for smokers, n=7 for smokers) levels following LPS treatment
quantified by ELISA and normalized to control unstimulated cytokine levels in the same participant. LPS-induced cytokine response in AMs from
smokers (n=9) and participants with COPD (n=6) following DFP treatment relative to untreated response in association with baseline total
iron levels (H) (n=15 for IL-6 and TNF-a) and fractional iron reduction with DFP (I) (n=15 for IL6 and TNF-a) in matched study participants.
(B, C, F, and G) Data displayed as violin plots with a solid line indicating the median and dashed lines indicating first and third quartiles;
P values were calculated using two-way ANOVA with �S�ıd�ak’s multiple comparison test or Tukey’s honestly significant difference test as
appropriate (*P, 0.05, **P,0.01, ***P, 0.001, ****P, 0.0001). (D, E, H, and I) R2 and P values obtained using unadjusted simple linear
regression. OCR=oxygen consumption rate. ns=not significant.
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