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Particulate air pollution is linked to increased pneumonia epidemio-
logically and diminished lung bacterial clearance experimentally.
We investigated the effect of concentrated ambient particles (CAPs,
� PM2.5) on the interaction of murine primary alveolar macrophages
(AMs) and the murine macrophage cell line, J774 A.1, with Strepto-
coccus pneumoniae. We found that CAPs increased binding of bacte-
ria by both primary AMs and J774 cells (66.7 � 10.6% and 58.9 �

4.0%, respectively, n � 4). In contrast to bacterial binding, CAPs
decreased internalization in both AMs and J774 (55.4 � 8.5% and
54.7 � 5.1%, respectively, n � 4). The rate of killing of internalized
bacteria was similar, but CAPs caused a decrease in the absolute
number of bacteria killed by macrophages, mainly due to decreased
internalization. Additional analyses showed that soluble compo-
nents of CAPs mediated the enhanced binding and decreased inter-
nalization of S. pneumoniae. Chelation of iron in soluble CAPs sub-
stantially reversed, while addition of iron as ferric ammonium citrate
restored inhibition of phagocytosis of S. pneumoniae in vitro. The
results identify phagocytic internalization as a specific target for
toxic effects of air pollution particles on AMs.
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Numerous epidemiologic studies have demonstrated a significant
association between elevated levels of air pollution and increased
risk of mortality and morbidity (1–4), especially in people with
pre-existing pulmonary disease (2, 3, 5). Infection, specifically
pneumonia, contributes substantially to morbidity among elderly
individuals exposed to ambient particulate matter (PM), as illus-
trated by the increased pneumonia hospital admissions associ-
ated with increased air particle levels (6, 7). These epidemiologic
findings suggest that airborne particulates may act as an immuno-
suppressive factor that can undermine the normal pulmonary
defenses. Since elderly individuals with chronic respiratory dis-
ease are not only at increased risk of pneumonia but also are
less likely to recover from infections (8), alterations in the lung
innate defenses may play a role in the observed increase in
mortality after PM episodes.

The mechanisms by which particles diminish resistance to
infection have not been fully elucidated (9), but are likely to
include an important role for the alveolar macrophage (AM).
The AM stands as the guardian of the alveolar–blood interface,
serving as the front line of cellular defense against respiratory

(Received in original form August 10, 2006 and in final form September 24, 2006 )

This work was supported by National Institutes of Health Grant ES011008 011903
00002 and Ruth K. Kirschstein National Research Service Awards (NRSA) grant
T32 HL007118-29.

Correspondence and requests for reprints should be addressed to Dr. Lester
Kobzik, Department of Environmental Health, Molecular and Integrative Physio-
logical Sciences Program, Harvard School of Public Health, 665 Huntington Ave,
BLDG 2, Rm. 221, Boston, MA 02115. E-mail: lkobzik@hsph.harvard.edu

Am J Respir Cell Mol Biol Vol 36. pp 460–465, 2007
Originally Published in Press as DOI: 10.1165/rcmb.2006-0293OC on November 1, 2006
Internet address: www.atsjournals.org

CLINICAL RELEVANCE

The data identify details of how air pollution particles re-
duce lung macrophage antibacterial function. This may lead
to therapies to protect people from the increased risk of
pneumonia that is linked to particulate air pollution.

pathogens (10). The AM is the primary cell responsible for
uptake and clearance of inhaled microorganisms and environ-
mental particles (11–13). AM interaction with air pollution parti-
cles results in particle phagocytosis, oxidant production (14),
and release of inflammatory mediators such as TNF-� (15) and
macrophage inflammatory protein (MIP)-2 (16).

Prior studies show that exposure to air pollution particles can
increase susceptibility to lung infection. For instance, Hatch and
coworkers tested various particles that increased susceptibility
to pulmonary bacterial infection in a mouse model (17). Diesel
exhaust particles (DEP) can impair the pulmonary clearance of
Listeria monocytogenes in rats (18), and increase the severity of
influenza virus infection in mice (19). Exposure of rats to residual
oil fly ash (ROFA) significantly enhanced lung injury and de-
layed the pulmonary clearance of L. monocytogenes along with
a reduction in nitric oxide production by AMs (20).

While epidemiologic data reveal increased hospital admis-
sions and so on related to lung infection, which organism(s)
causes the increase is unknown. One likely candidate is Strepto-
coccus pneumoniae, the most frequent bacterial pathogen caus-
ing pneumonia in humans (21). Host defenses against pneumo-
coccal pneumonia are complex and remarkably efficient, given
the much greater rate of colonization of upper airways by pneu-
mococci than pneumonic infection and the normal nocturnal
aspiration of small amounts of bacteria-laden nasopharyngeal
secretions (22, 23). The lung macrophage plays a critical role in
the initial host defense against bacterial infection (24, 25), and
is a likely target for air particle-mediated disruption of innate
resistance. Hence, the purpose of this study was to investigate
in vitro the effects of concentrated ambient particles (CAPs) on
macrophage phagocytosis and killing of S. pneumoniae.

We analyzed AM binding, ingestion, and killing of S. pneu-
moniae. Because our previous studies found that activated or
“primed” AMs showed enhanced responses to air particles (26),
we compared the effects of CAPs on IFN-�–primed and normal
AMs, as well as the macrophage cell line J774A.1. We also
investigated which components of CAPs samples altered macro-
phage function, and studied the contribution of oxidant mecha-
nisms by use of antioxidants and metal chelation. The results
show that soluble metals in CAPs cause oxidant-dependent and
specific inhibition of macrophage internalization of bacteria,
which results in overall diminished bacterial killing.
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MATERIALS AND METHODS

Mice

Male BALB/c mice (age 6–8 wk) were purchased from the Charles
River Laboratories Inc. (Wilmington, MA) and maintained under spe-
cific pathogen–free conditions. All protocols used in these experiments
were approved by Harvard University’s animal care and use committee.
The mice were killed with an intraperitoneal injection of a lethal dose of
sodium pentobarbital (FatalPlus; Vortech Pharmaceuticals, Dearborn, MI).

Cell Isolation and Culture

AMs were isolated by repeated bronchoalveolar lavage (BAL) with
PBS. For primed AMs, mice were pretreated with 20,000 U/ml of IFN-�
(PeproTech Inc., Rocky Hill, NJ) or PBS by aerosol administration for
15 min. After 3 h treatment, AMs were isolated by BAL. AMs were
centrifuged at 250 � g and resuspended in a balanced salt solution
(BSS�) containing NaCl (124 mM), KCl (5.8 mM), dextrose (10 mM),
and HEPES (20 mM), adding CaCl2 (0.3 mM) and MgCl2 (1.0 mM).
Cells were cytocentrifuged onto glass slides and stained with Diff-Quik
(Baxter, Miami, FL), a modified Wright-Giemsa stain for differential
counts. The normal samples used were routinely comprised of 	 95%
AMs.

The murine macrophage cell line J774A.1 (American Type Culture
Collection [ATCC], Manassas, VA) was grown in RPMI 1640 medium
(BioWhittaker, Walkersville, MD) supplemented with 10% fetal bovine
serum, L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin
(100 
g/ml). The cells were cultured in a 6-well ultra-low adherent
plate (Corning Inc., Corning, NY) at 2 � 105/ml for 24�48 h before
the assay. Cell counts and viability were determined using a hemocytom-
eter and trypan blue dye exclusion. Cells were then adjusted to 1 �
106 cells/ml in BSS� for experimental use.

Bacteria

Encapsulated virulent S. pneumoniae strain ATCC6303 (Serotype 3) was
grown for 4 h to midlogarithmic phase (OD600 reaches ca. 0.3–0.4) at 37�C
using Todd Hewitt Broth supplemented with 0.5% yeast extract (Difco,
Detroit, MI). Bacteria were harvested by centrifugation at 2,000 � g for
5 min at 4�C and washed twice with sterile ice-cold PBS. Bacteria were
then resuspended in sterile PBS at a concentration of about 2.5–5 � 106

colony-forming units (cfu)/20 
l, which was confirmed by plating out
10-fold series dilutions onto sheep blood-agar plates. Twenty microliters
of bacterial suspension was added to macrophages.

Preparation of Particle Suspensions

Concentrated air particles (CAPs, 0.1�2.5 
M diameter, PM2.5) were
collected from Boston air using the Harvard concentrator (27). At least

Figure 1. Protocols used to analyze macrophage interac-
tion with S. pneumoniae. (A ) Main protocol used to measure
in vitro binding, internalization, and killing of S. pneumon-
iae: AMs were pre-incubated with 100 
g/ml of CAPs for
1 h at 37�C before addition of S. pneumoniae, followed
by analysis of binding and killing as shown. (B ) Protocol
designed to focus on the internalization phase of bacteria
uptake. Macrophages were allowed to bind bacteria for
1 h at 4�C (binding only). After washing away unbound
bacteria with ice cold BSS�, CAPs (100 
g/ml) were added
and incubated for 1 h at 37�C, followed by analysis of
internalization and killing as shown.

three different CAPs samples collected on different days were studied.
Urban air particle sample SRM 1649 (UAP) was collected in Washing-
ton, D.C. and was purchased from the National Bureau of Standards
(Washington, D.C.). Titanium dioxide (TiO2) was obtained from Baker
Chemicals (Phillipsburg, NJ). Carbon black (CB) was obtained from
Sigma (St. Louis, MO). Suspensions of CAPs, UAP, TiO2, and CB were
prepared in H2O at 1 mg/ml and were probe-sonicated for 1 min (Model
W-p200, setting 4; Ultrasonics, Plainview, NY) immediately before use.

CAPs Treatment

To isolate soluble and insoluble fractions of CAPs, the particle suspen-
sion was centrifuged at 8,000 rpm for 5 min at 4�C to pellet particulates.
The supernatant (soluble fraction) was recovered and the pellet was
resuspended in equal volume of H2O (and is referred to as the insoluble
fraction). Both fractions were assayed together with the original CAPs
particle suspension (referred to as whole CAPs). In some experiments
the soluble CAPs sample was treated with the chelating resin, Chelex
100 (Sigma) (100 mg chelex/0.1 mg CAPs). A control sample comprising
an identical volume of sterile deionized distilled water was also treated
with resin. The samples were mixed well and incubated on a rotor for
2–3 h at room temperature, centrifuged at 8,000 rpm for 5 min to
pellet the chelex beads, and the chelated supernatant was recovered
(designated as sCAPs�chelex or H2O�chelex).

Binding, Phagocytosis, and Killing Assay

A standard bacterial uptake and killing assay was used to evaluate the
effect of pretreatment of macrophages (500 k cells/0.5 ml in BSS�)
with CAPs (100 
g/ml). After incubation with CAPs for 1 h at 37�C,
macrophages were interacted with S. pneumoniae for 1 h at 37�C (bacte-
ria to macrophage ratio � 10:1), unbound bacteria were washed away
by PBS for three times. To measure total uptake bacteria at this time
point, the cells were lysed by cold water (pH 10.5) and vortexed vigor-
ously for 1 min, then sat for 20–30 min at room temperature. The
lysates were diluted in PBS and plated onto sheep-blood agar plate
(BD Diagnostic Systems, Sparks, MD) and incubated at 37�C in 5%
CO2. Colony-forming units were counted after 16 h incubation. The
total bound bacteria were calculated by subtracting the cfu total inside
after gentamycin treatment from the total cfu (bound and inside) (see
Figure 1A). To evaluate phagocytosis, 100 
g/ml of gentamycin (Sigma)
was added to separate aliquots to kill extracellular bacteria for 15 min
at 37�C (28, 29). To study killing of ingested bacteria, the cells were
incubated for another hour at 37�C. Samples at each stage were lysed
and bacterial numbers measured by cfu assay. The number of bacteria
killed by the macrophages was determined by subtracting the number
of viable cfu counted from phagocytosis cfu. These three stages are
summarized in Figure 1A.
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To focus on the internalization phase of macrophage phagocytosis
of S. pneumoniae, we used a modified protocol as summarized in Figure
1B. In these experiments, we incubated macrophages with bacteria at
4�C to first allow binding without internalization. After washing away
unbound bacteria three times with ice cold BSS�, CAPs samples were
then added and incubated for 1 h at 37�C, and samples were subse-
quently evaluated for internalization of bacteria by cfu counting of
lysed samples as above.

Statistical Analysis

Experiments were conducted, at minimum, in triplicate and all data
are presented as mean � SD. All tests were performed using software
GraphPad Prism 3.0 (GraphPad Software, San Diego, CA). Student’s
t tests were run to determine P values when comparing two groups.
For three or more groups, differences among groups were evaluated
using ANOVA with a post hoc Bonferroni’s multiple comparison test.
For all analyses, a value of P  0.05 was considered statistically
significant.

RESULTS

Effects of CAPs on Macrophage Interactions
with S. pneumoniae

To investigate whether CAPs impair macrophage interactions
with Streptococcus pneumoniae, we measured the three compo-
nents of phagocytosis (binding, internalization and killing) in
primary alveolar macrophages (AMs) (with or without priming
by IFN-�) and the murine macrophage cell line J774A.1, using
the protocol summarized in Figure 1A. Results shown are from

Figure 2. CAPs effects on interaction
of macrophages (IFN-�–primed AMs,
primary AMs, and the J774A.1 macro-
phage cell line) with S. pneumoniae.
(A ) CAPs cause increased binding of
S. pneumoniae. The y-axis represents
the total bound cfu, calculated by sub-
tracting the cfu measured after incu-
bation with gentamycin from the total
cfu (bound and inside). (B ) CAPs cause
decreased internalization. The y-axis
label “% Internalization” represents the
percentage of bound bacteria that were
internalized. (C) CAPs cause decreased
total killing. CAPs used at 100 
g/ml;
all data are presented as mean � SD;
n � 4. �P  0.05 and ��P  0.01
compared with control (PBS-PBS);
*P  0.05 compared with control
(PBS); **P  0.01 compared with con-
trol (IFN-�–PBS).

one CAPs sample; similar results were seen with two other CAPs
samples collected on different days (data not shown).

Binding. Compared with the control group treated with buffer
only (PBS), CAPs caused increased binding of S. pneumoniae
bacteria by all three types of macrophages studied: IFN-�–
primed AMs, normal AMs, and J774A.1 cells showed increased
binding of 57.9 � 5.6%, 66.7 � 10.6%, and 58.9 � 4.0%, respec-
tively (n � 4) (Figure 2A).

Internalization. In contrast to the finding of increased binding,
analysis showed decreased internalization of bound bacteria by
all three types of macrophages, as shown in Figure 2B. Internal-
ization of S. pneumoniae was reduced in IFN-�–primed AMs,
normal AMs, and J774A.1 cells by 73.9 � 9.3%, 55.4 � 8.5%,
and 54.7 � 5.1% compared with no CAPs control groups, re-
spectively (n � 4).

Killing. The rate of killing of internalized bacteria was similar
in the presence or absence of CAPs. For primary AMs, the rate
of killing was 65.7 � 6.9% with CAPs compared with no CAPs
group 69.3 � 8.1%; for J774 macrophage cell line, the rate of
killing was 61.0 � 1.9% with CAPs versus 65.3 � 5.2% without
CAPs, but CAPs caused a decrease in the absolute number of
bacteria killed by all three types of macrophages studied (Figure
2C), due to the decrease in internalization.

Effects of Other Particles

To investigate the specificity of CAPs effects, we compared ef-
fects on macrophage interaction with bacteria by CAPs to those
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of a panel of other environmental particles or surrogates. In
contrast to CAPs, the inert particles titanium dioxide (TiO2) and
carbon black (CB) had no effect on J774 binding or internaliza-
tion of S. pneumoniae (Figures 3A and 3B). However, effects
similar to those observed with CAPs were found upon testing
another urban air particle sample (UAP), the SRM 1649 sample
of Washington, D.C. air particles (data not shown).

Soluble Components of CAPs Inhibit Macrophage
Internalization of S. pneumoniae

To focus on the internalization phase of macrophage ingestion
of S. pneumoniae, we used the modified protocol summarized
in Figure 1B. Macrophages were pre-loaded with bacteria by
binding at 4�C for 1 h, CAPs components were then added, and
effects on internalization of bacteria measured after 1 h at 37�C.
We first tested the effects of the soluble and insoluble fractions
of CAPs suspensions and compared them with the whole CAPs
sample. The results showed that the soluble fraction of CAPs
(sCAPs) is responsible for decreased internalization (while the
isolated insoluble fraction had minimal effect in the same assay)
(Figure 4). Hence, we next further analyzed the soluble CAPs
components.

Soluble metals, especially iron, are released by air particle
samples in aqueous solution and are linked to cytotoxic and
biological effects (30–32). To determine the contribution of iron
and other metals in the effect of soluble CAPs on bacterial
ingestion, we used both chelation to remove metals from CAPs
samples and addition of soluble metals. Using the analysis of
internalization protocol (Figure 1B), we found that chelation
treatment of soluble CAPs substantially reversed the ability of
these samples to mediate inhibition of internalization of strep-
tococcus (Figure 5A).

Oxidant stress induced by soluble metals in CAPs samples
may mediate the damage to internalization machinery of the
macrophage. This postulate was supported by the observation
that the antioxidant dimethyl-thiourea (DMTU, 1 mM) partially
reversed CAPs-mediated inhibition of internalization of strep-
tococcus (Figure 5B); no increased effect was observed at 10
or 20 mM DMTU, and no effect at all was observed using
N-acetylcysteine (NAC) 10 mM (data not shown).

To further test the potential role of iron in the inhibition of
phagocytosis by soluble fraction of CAPs, we added back iron

Figure 3. CAPs, but not inert
particles, TiO2 or CB, increase
J774A.1 binding (A ) and de-
crease internalization (B ) of
S. pneumoniae. Final concentra-
tion of each particle is 50 
g/ml.
All data represent mean � SD;
n � 3. **P  0.01 versus control
PBS.

Figure 4. Soluble components
of CAPs mediate decreased
phagocytosis of S. pneumoniae
by macrophages. Whole CAPs:
100 
g/ml. All values are
mean � SD for three sepa-
rate experiments, each per-
formed in duplicate. *P 

0.05 compared with control
whole CAPs.

in the form of ferric ammonium citrate (FAC) to a soluble CAPs
sample which had been treated with chelation, and found the
addition of soluble iron restored the impairment of internaliza-
tion (Figure 6A). Moreover, this observation was also supported
by the ability of FAC by itself to cause impaired internalization
of bacteria when added to macrophage cultures (Figure 6B).

DISCUSSION

The study found that air pollution particles cause a functional
impairment of the antibacterial capacities of murine macro-
phages. A main finding is that concentrated air particles (CAPs)
cause a specific inhibition of the internalization phase of macro-
phage bacterial uptake. Although the killing rate was not af-
fected per se, the impaired internalization resulted in an overall
decrease in killing with more viable bacteria surviving. Similar
results were also observed with a standard reference material
sample of urban air particles collected in another city (data not
shown) but not with other inert particles, TiO2 and carbon black.

One intriguing aspect of the epidemiological data is that air
particle health effects are primarily seen in those people with

Figure 5. (A) Chelation of iron
in soluble CAPs (sCAPs) using
chelex beads substantially re-
versed CAPs-mediated inhibi-
tion of J774 phagocytosis of
S. pneumoniae. sCAPs� H2O,
soluble CAPs with chelex-
treated sterile deionized dis-
tilled H2O; sCAPs�chelex,
soluble CAPs were treated
with chelex beads. All values
are mean � SD for six sepa-
rate experiments, each per-
formed in duplicate. **P 

0.01 versus control group.
(B ) The antioxidant DMTU
partially reversed CAPs medi-
ated J774 inhibition of phago-
cytosis of S. pneumoniae.
DMTU: 1 mM/ml. All values
represent mean � SD (n � 3).
��P  0.01 versus control
(C); **P  0.01 versus CAPs
group.
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Figure 6. (A) FAC restores inhibition of internalization to soluble CAPs
treated with chelex (sCAPs�chelex).Different concentrations of FAC were
added to chelex-treated soluble CAPs (sCAPs�chelex�FAC), and effects
on internalization of bacteria measured. Bars represent means � SD of
five separate experiments (n � 5). �P  0.05, ��P  0.01 versus control;
**P  0.01 compared with group sCAPs�chelex. (B ) Addition of FAC to
J774 macrophages inhibits internalization of S. pneumoniae. Bars repre-
sent means � SD of three independent experiments (n � 3). *P  0.05
and **P  0.01 compared with control (C).

preexisting inflammatory lung disease, while little or no effect
is seen in normal individuals with healthy lungs (2, 3, 5). Our
hypothesis is that in the inflammatory milieu of diseased lungs,
AMs may be primed for enhanced responses to inhaled air parti-
cles. In vitro, lipopolysaccharide priming substantially enhances
particle-mediated TNF release by AMs from both rat and human
sources (26). Moreover, we have observed that CAPs cause
decreased bacterial clearance and increased pneumonic inflam-
mation in mice in vivo, and that IFN-� priming of mice before
CAPs administration substantially enhances this effect (unpub-
lished data). In contrast, the in vitro data from the studies reported
here show similar results in primary AMs with and without priming.
The basis for the greater dysfunction after priming in vivo remains
to be determined. To further analyze the basis of the CAPs-
mediated defect in bacterial internalization shared by control or
primed AMs, we used the J744A.1 macrophage cell line for more
detailed analysis of CAPs components and mechanisms.

Our interpretation that the internalization phase is the major
defect in CAPs-exposed macrophage phagocytosis is based on
similar findings using a general uptake assay (Figures 1–3A) and

an internalization-specific protocol (Figures 3B-6). An alterna-
tive possibility is that CAPs increase binding but the internaliza-
tion mechanism is saturated. We consider this unlikely, since
the average number of bacteria per cell, even in the CAPs-
treated macrophages that show increased binding (e.g., Figure 2),
is � 1–2, and only a small number are internalized (as previously
reported for encapsulated S. pneumoniae type III [33]). It is
also more likely that decreased internalization would lead to
decreased bacterial clearance as observed epidemiologically and
experimentally (7, 18, 34). Nevertheless, pilot studies in our
laboratory show that the increased binding of pneumococci can
be partially blocked by antagonists of the platelet-activating
factor receptor (35) or scavenger receptors (36) (data not
shown). The possibility that CAPs cause increased surface ex-
pression or avidity of these receptors merits future exploration.

Oxygen radicals and their metabolites (ROS) have been re-
ported to play a major role in pulmonary toxicity caused by
the inhalation of different particles (37–39). In our study, the
antioxidant DMTU caused partial reversal of inhibition of
phagocytosis, suggesting that CAPs caused diminished macro-
phage internalization due to CAPs-mediated oxidant stress in
the cells. CAPs may also alter other cytokine production in
macrophages, which might in turn affect macrophage ingestion
of the intracellular pathogens.

The pulmonary toxicity of complex metal-containing particu-
lates can be associated with the soluble forms of transition metals
and the dose (32, 40–44). Particles containing easily solubilized
metals cause a more rapid onset and severity of acute lung injury
(42). Moreover, Antonini and colleagues (45) demonstrated that
the solubility of welding fumes influenced the viability and the
production of ROS in lung macrophages in vitro. Wilson and
coworkers (46) also showed that untrafine carbon particles in-
duced inflammation in the rat lung that was potentiated by the
addition of iron chloride. In our study, we separated whole CAPs
sample into soluble and insoluble fractions and compared their
role in macrophage binding and phagocytosis of S. pneumoniae.
Our results indicated that soluble components of CAPs appear
to contribute significantly to the increase of binding and decrease
of internalization.

We hypothesized that iron in the soluble components may
play a key role in the phagocytosis. To address this issue, the
soluble fraction of CAPs was treated with chelex beads (chelex-
100) to remove soluble metals. These beads have an especially
high affinity for iron (32, 47, 48). In contrast to the soluble CAPs,
the chelex-treated soluble fraction did not inhibit internalization.
Furthermore, adding FAC back to the chelex-treated fraction
restored inhibition of internalization. For the control macro-
phages (without CAPs treatment), the addition of FAC also
showed inhibition of internalization. These results indicate that
soluble metal, especially iron, in the CAPs plays an important
role in the inhibition of macrophage phagocytosis.

These data identify the macrophage internalization machin-
ery as a key target for particle toxic effects. Future studies using
a proteomics approach (49, 50) to identify oxidatively modified
proteins in CAPs-exposed macrophages may provide further
insights.
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