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Carbon nanotubes (CNT), with their applications in industry and

medicine,may lead tonewrisks tohumanhealth.CNT inducea robust

pulmonary inflammation and oxidative stress in rodents. Realistic

exposures to CNT may occur in conjunction with other pathogenic

impacts (microbial infections) and trigger enhanced responses. We

evaluated interactions between pharyngeal aspiration of single-

walled CNT (SWCNT) and bacterial pulmonary infection of C57BL/6

micewith Listeriamonocytogenes (LM).MiceweregivenSWCNT(0,10,

and40mg/mouse)and3days laterwereexposed toLM(103bacteria/

mouse). Sequential exposure to SWCNT/LM amplified lung inflam-

mation and collagen formation. Despite this robust inflammatory

response, SWCNT pre-exposure significantly decreased the pulmo-

nary clearance of LM-exposedmicemeasured 3 to 7 days aftermicro-

bial infection versus PBS/LM-treated mice. Decreased bacterial

clearance inSWCNT-pre-exposedmicewasassociatedwithdecreased

phagocytosis of bacteria by macrophages and a decrease in nitric

oxide production by these phagocytes. Pre-incubation of naı̈ve

alveolar macrophages with SWCNT in vitro also resulted in decreased

nitric oxidegenerationand suppressed phagocytizing activity toward

LM. Failure of SWCNT-exposed mice to clear LM led to a continued

elevation in nearly all major chemokines and acute phase cytokines

into the later course of infection. In SWCNT/LM-exposed mice,

bronchoalveolar lavage neutrophils, alveolar macrophages, and lym-

phocytes, as well as lactate dehydrogenase level, were increased

compared with mice exposed to SWCNT or LM alone. In conclusion,

enhanced acute inflammation and pulmonary injury with delayed

bacterial clearance after SWCNT exposure may lead to increased

susceptibility to lung infection in exposed populations.
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Nanotechnology, with its increasingly sophisticated ability to
manipulate matter at the nanoscale, has already yielded new
materials, products, and devices that demonstrate new and unusual
behavior and are believed to be beneficial for many industries, as
well as for medicine (1). Among different types of nanomaterials,
carbon nanotubes (CNT), particularly single-walled (SW)CNT,
have already found numerous industrial applications. There are
growing concerns, however, that the same attributes that make
nanomaterials technologically attractive may lead to new risks to

human health, particularly after their irrational or unjustified use
(2). The results of several in vivo studies on rodents demonstrated
that CNT are capable of inducing inflammation, granulomas,
fibrosis, and biochemical/toxicological changes in the lungs (3).
Moreover, there are complex interactions between the patho-
physiologic mechanisms—inflammatory response and oxidative
stress—that can synergistically amplify each other to cause en-
hanced pulmonary toxicity during exposure to SWCNT (4).

Inflammation may arise through multiple factors, the most
notable being a natural response to microbial infection. Therefore,
it is possible that toxic effects of SWCNT will modify or be
modified by microbial infection–induced inflammation. This po-
tential interaction will be important for occupational exposures to
nanoparticles as well as in nanomedicine, where development of
novel approaches for treatment of invasive infections encompasses
new delivery systems including nanoparticles/nanospheres that
can substantially modulate the pharmacokinetics of existing
compounds, and may also be useful to enhance the delivery of
agents to sites of infection (5). For example, adherence of micro-
organisms to cells represents the initial step in the establishment
of infection and, accordingly, modification of this step using
nanoparticles with bioadhesive properties represents a method
by which the incidence of infection may be manipulated (6).

The lung is the prime target for SWCNT toxicity, as they can
be inhaled during technologic processing and use (1). Therefore,
in the current work, we employed the model of pharyngeal
SWCNT aspiration and evaluated the effect of this exposure on
bacterial clearance, cytokine/chemokine production, and collagen
deposition in mice subsequently infected with Listeria monocy-
togenes (LM). We report that SWCNT significantly decreased the
pulmonary clearance of LM, resulting in a continued elevation in
nearly all major chemokines and acute phase cytokines into the
later course of infection. Significantly increased numbers of
neutrophils (PMNs), alveolar macrophages (AM), and lympho-
cytes, as well as elevated lactate dehydrogenase (LDH) activity,
were found in SWCNT and LM co-exposed mice as compared
with those mice exposed to either stimulus alone. Notably, the
SWCNT-dependent persistence of bacteria was accompanied by
enhanced adaptive immune responses as evidenced by increased
accumulation of lymphocytes, as well as lymphocyte-derived
cytokines such as IFN-g and IL-17. Decreased bacterial clearance
in SWCNT-pre-exposed mice was also associated with decreased
phagocytosis of bacteria by AMs and a decrease in nitric oxide
production by these phagocytes.

CLINICAL RELEVANCE

Exposure to carbon nanotubes and infection induces unusual
responses in which both mutually enhance inflammation and
depress bacterial clearance. Nanotubes may increase suscep-
tibility to lung infection in exposed populations.
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MATERIALS AND METHODS

Animals

Specific pathogen–free adult female C57BL/6 mice (7–8 wk old) were
supplied by Jackson Labs (Bar Harbor, ME) and weighed 20.36 0.21 g at
time of use. Animals were individually housed in the American Associ-
ation for Accreditation of Laboratory Animal Care–approved National
Institute for Occupational Safety and Health (NIOSH) animal facilities.
Mice were acclimated in microisolator cages for 1 wk before use.
Autoclaved Beta Chip bedding (Northeastern Products, Warrensburg,
NY) was changed weekly. Animals were supplied with water and food
(Harlan Teklad, 7913, NIH-31 Modified Mouse/Rat Diet, Irradiated;
Harlan Teklad, Madison, WI) and housed under controlled light, tem-
perature, and humidity conditions. Experiments were conducted under
a protocol approved by the Animal Care and Use Committee of NIOSH.

Experimental Design

Experimental protocol of pharyngeal aspiration of C57BL/6 mice with
SWCNT and/or LM is presented in Figure 1A. Animals were pre-treated
with SWCNT (10 mg/mouse or 40 mg/mouse; 60 ml) or PBS (60 ml) via
pharyngeal aspiration on Day 0. At Day 3, the animals were inoculated
by pharyngeal aspiration with LM (103 bacteria; 40 ml). Uninfected
animals in each treatment group received saline on Day 3. Animals were
killed on Days 3, 6, 8, and 10 of experiment. As a result, the six
experimental groups were: PBS/PBS—uninfected animals pre-exposed to
PBS; SWCNT (10 mg/mouse)/PBS—uninfected animals that had re-
ceived a low dose of SWCNT; SWCNT (40 mg/mouse)/PBS—uninfected
animals that had received a high dose of SWCNT; PBS/LM—infected
animals pre-exposed to PBS; SWCNT (10 mg/mouse)/LM—infected ani-
mals pre-exposed to a low dose of SWCNT; SWCNT (40 mg/mouse)/
LM—infected animals pre-exposed to a high dose of SWCNT. Inflam-
mation was evaluated by total cell counts, cell differentials, and accu-
mulation of cytokines (acute phase reactants, chemotactic factors, and
immune modulators) in the bronchoalveolar lavage (BAL) fluid. Pulmo-
nary toxicity was assessed by elevation of LDH level in acellular BAL
fluid. Fibrogenic responses to exposed materials were assessed by his-
topathologic evaluation of lung tissue and collagen deposition. Lung
defense responses were measured by decreased bacterial clearance (L.
monocytogenes) in lung of inoculated mice.

Particles

SWCNT (CNI, Houston, TX) produced by the high-pressure CO dis-
proportionation (HiPco) process (7), employing CO in a continuous-flow
gas phase as the carbon feedstock and Fe(CO)5 as the iron-containing
catalyst precursor and purified by acid treatment to remove metal con-
taminates (8), were used in the study. Chemical analysis of total ele-
mental carbon and trace metal (iron) in SWCNT was performed at
the Chemical Exposure and Monitoring Branch (Division of Applied
Research and Technology/NIOSH, Cincinnati, OH). Elemental carbon
in SWCNT (HiPco) was assessed according to the NIOSH Manual of
Analytical Methods (NMAM) (9), whereas metal content (iron) was
analyzed by nitric acid dissolution and inductively coupled plasma-
atomic emission spectrometry (ICP-AES). Analytical analysis performed
by NMAM 5040 and ICP-AES revealed that SWCNT comprises 99.7%
(wt) elemental carbon and 0.23% (wt) iron. For purity assessment of
HiPco SWCNT, we used several standard analytical techniques, in-
cluding thermo-gravimetric analysis with differential scanning colorime-
try (TGA-DSC), thermo-programming oxidation (TPO), and Raman
and near-infrared (NIR) spectroscopy (10, 11). Comparative analytical
data obtained by TGA-DSC, TPO, NIR, and Raman spectroscopy
revealed that more than 99% of carbon content in the SWCNT HiPco
product was accountable in a carbon nanotube morphology. Purified sus-
pended HiPco SWCNT (8) were used in the study (0.7 mg/ml). The mean
diameter and surface area of SWCNT were 1 to 4 nm and 1,040 m2/g,
respectively. The length of the individual SWCNT is approximately
1 to 3 mm. Surface area was determined by Brunauer, Emmett, and
Teller analysis, and diameter and length were measured by transmis-
sion electron microscopy (TEM).

Particle or LM Instillation

Mouse pharyngeal aspiration was used for SWCNT or bacteria adminis-
tration. In brief, after anesthesia with a mixture of ketamine and xylazine

(Phoenix, St. Joseph, MO) (62.5 and 2.5 mg/kg subcutaneous in the
abdominal area), the mouse was placed on a board in a near-vertical
position, and the tongue was gently extended with lined forceps. A sus-
pension of SWCNT (0, 10, and 40 mg/mouse; 60 ml in saline) or LM (103

bacteria; 40 ml in saline) was placed posterior in the throat, and the tongue
was held until the suspension was aspirated into the lungs. Particles were
sterilized before administration. All mice in particle, bacteria, and PBS
groups survived this exposure procedure. This technique provides good
distribution of particles widely disseminated in a peribronchiolar pattern
within the alveolar region (12). All animals recovered easily after anes-
thesia with no behavioral or negative health outcomes.

Bronchoalveolar Lavage

Mice were weighed and killed with intraperitoneal injection of
pentobarbital sodium (. 100 mg/kg; Fort Dodge Animal Health, Fort
Dodge, IA). The trachea was cannulated with a blunted 22-gauge
needle, and BAL was performed with cold sterile Ca21 and Mg 21-free
PBS at a volume of 0.9 ml for first lavage (kept separate) and 1.0 ml for
subsequent lavages. Approximately 5 ml of BAL fluid per mouse were
collected and pooled in sterile centrifuge tubes. Pooled BAL cells were
washed in Ca21 and Mg21-free PBS by alternate centrifugation (800 3 g
for 10 min at 48C) and resuspension. Cell-free first-fraction BAL ali-
quots were frozen and kept until processed.

BAL Cell Counting and Differentials

The degree of inflammatory response induced by the pharyngeally
aspirated particles was estimated by the total cells, macrophages, PMNs,
and lymphocytes recruited into the mouse lungs and recovered in the
BAL fluid. Cell counts were performed with an electronic cell counter
equipped with a cell sizing attachment (Coulter model Multisizer II with
a 256C channelizer; Coulter Electronics, Hialeah, FL). Alveolar macro-
phages, neutrophils, and lymphocytes were identified by their character-
istic cell shape in cytospin preparations stained with a Hema-3 kit (Fisher
Scientific, Pittsburgh, PA), and differential counts of BAL cells were
performed. Three hundred cells per slide were counted.

Lung Fixation and Histopathology

Lung tissues were prepared for histologic analysis under standard con-
ditions. Preservation of the lung was achieved by vascular perfusion of a
fixative. This method of fixation was chosen to prevent possible distur-
bances of the airspace distribution of deposited materials while maintaining
physiologic inflation levels comparable to that of the end-expiratory
volume. This was performed using protocols previously employed to study
pulmonary effects of SWCNT (13, 14). Briefly, the animal was anesthetized
(ketamine/xylazine 50 and 2 mg/kg, respectively) by subcutaneous injection
in the abdomen, the trachea was cannulated, and laparotomy was per-
formed. Mice were then killed by exsanguination. The pulmonary artery
was cannulated via the ventricle and an outflow cannula inserted into the
left atrium. In quick succession, the tracheal cannula was connected to
a 5 cm H2O pressure source, and clearing solution (saline with 100 U/ml
heparin, 350 mosM sucrose) was perfused to clear blood from the lungs.
The perfusate was switched to fixative consisting of 2% glutaraldehyde and
1% formaldehyde and 1% tannic acid with sucrose as an osmotic buffer.
Tannic acid was included to produce an electron-dense staining of
connective tissue fibers and to assist in preservation of lipid structures in
the lungs. Fixed lung volume was measured by water displacement (15).
Coronal sections were cut from the lungs, and the lungs were embedded in
paraffin, sectioned at a thickness of 5 mm with an HM 320 rotary
microtome (Carl Zeiss, Thornwood, NY). Lung sections were stained with
hematoxylin and eosin. Airways, terminal bronchioles, and the lung
parenchyma were examined microscopically for the presence of cellular
changes and inflammation. To quantitatively determine the magnitude of
inflammatory response in the lungs of mice, 10 random sections of each
sample tissue were assessed for neutrophil influx.

Lung Collagen Measurements

Total lung collagen content was determined by quantifying total soluble
collagen using the Sircol Collagen Assay kit (Accurate Chemical and
Scientific Corporation, Westbury, NY). Briefly, whole lungs were homog-
enized in 0.7 ml of 0.5 M acetic acid containing pepsin with 1:10 ratio of
pepsin/tissue wet weight. Each sample was stirred vigorously for 24 hours
at 48C, centrifuged, and 200 ml of supernatant was assayed according to
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the manufacturer’s instructions (Accurate Chemical and Scientific Cor-
poration, Westbury, NY).

Measurements of Cytokines

Multicytokine array analysis was performed using Luminex-based Bio-
plex system (Bio-Rad, Hercules, CA) according to the manufacturer’s

instructions. Briefly, anti-cytokine/chemokine conjugated beads were
added to individual wells of a 96-well filter plate and adhered using
vacuum filtration. After washing, 50 ml of prediluted standards or BAL
supernatants were added and incubated for 30 minutes at room
temperature with rotation at 300 rpm. Thereafter, the filter plate was
washed and 25 ml of pre-diluted multiplex detection antibody added

Figure 1. (A) Experimental protocol of pharyngeal aspiration of C57BL/6 mice with single-walled carbon nanotubes (SWCNT) and/or Listeria

monocytogenes (LM). (B) Differential weight gain of C57BL/6 mice pre-exposed to PBS (solid squares), 10 mg/mouse SWCNT (open squares), or

40 mg/mouse SWCNT (circles) 3 days before inoculation with LM. Data represent mean 6 SEM obtained from six mice per group. (C–F) Cell profile

of BAL samples from C57BL/6 mice after pharyngeal aspiration with SWCNT and/or LM: C, alveolar macrophages; D, PMNs; E, lymphocytes; F, total

cells. Open bars represent uninfected animals pre-exposed to PBS (PBS/PBS group); gray bars represent uninfected animals that had received a low

dose of SWCNT (SWCNT, 10 mg/mouse/PBS group); solid bars represent uninfected animals that had received a high dose of SWCNT (SWCNT,

40 mg/mouse/PBS group); dotted bars represent infected animals pre-treated with PBS (PBS/LM group); diagonal bars represent infected animals

that had received a low dose of SWCNT (SWCNT, 10 mg/mouse/LM group); brick bars represent infected animals that had received a high dose of

SWCNT (SWCNT, 40 mg/mouse/LM group). *P , 0.05 versus PBS/PBS control group; #P , 0.05 versus PBS/LM-treated animals; $P , 0.05 versus

SWCNT, 10 mg/mouse/PBS-treated mice; bP , 0.05 versus SWCNT, 40 mg/mouse/PBS-treated mice.
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and the filter plate again incubated as described above. After washing,
50 ml of pre-diluted streptavidin-conjugated phycoerythrin was added,
and the filter plate shaken at 300 rpm for 10 minutes. After washing,
125 ml of Bio-Plex assay buffer was added to each well and the filter
plate plate analyzed using the Bio-Plex Protein Array System. The
concentrations of each cytokine and chemokine were determined using
Bio-Plex Manager Version 3.0 software and data expressed as pg/ml.

LDH Activity in BAL Fluid

The activity of LDH in the BAL supernatant was assayed spectropho-
tometrically by monitoring the reduction of nicotinamide adenine
dinucleotide at 340 nm in the presence of lactate (Pointe Scientific,
Lincoln Park, MI).

Measurements of Reactive Oxygen Species

To estimate total lung oxidant burden, luminol-dependent chemilumi-
nescence (CL) was performed on BAL cells as a measure of the light
generated by the production of reactive oxygen species (ROS) using
a Berthold LB953 luminometer (Wallace Inc., Gaithersburg, MD)
as described previously (16). Phorbol 12-myristate 13-acetate (PMA)
(10 mM), a soluble stimulant of total BAL phagocytes, was added to
the assay immediately before CL measurement to determine the con-
tribution of BAL cells to the overall production of ROS in the lungs of
the mice. Measurement of CL was recorded for 15 minutes at 378C, and
the integral of counts per minute (cpm) per 105 cells versus time was
calculated. CL was calculated as the cpm of the stimulated cells minus
the cpm of the corresponding resting cells, and the value was nor-
malized to total number of BAL cells for PMA-stimulated CL.

Pulmonary Bacterial Inoculation and Clearance

L. monocytogenes (strain 10403S, serotype 1) was cultured overnight
in brain-heart infusion broth at 378C in a shaking incubator. After
incubation, the bacterial concentration was determined at an optical
density of 600 nm and diluted with sterile saline to a concentration of
1 3 103 LM in 40 ml of sterile saline. In a previous pilot study, this
bacterial dose gave a uniform infection, and did not have any effect on
mortality compared with naı̈ve C57BL/6 mice. At 3, 5, and 7 days after
LM inoculation, which corresponded to 6, 8, and 10 days after SWCNT
aspiration, the lungs were removed from the mice of each treatment
group. The excised whole lung tissues were suspended in 5 ml of sterile
water, homogenized, and cultured on brain-heart infusion agar plates.
The number of viable colony-forming units (CFU) was counted after
an overnight incubation at 378C.

Ex Vivo Experiment

Mice were pharyngeally aspirated with SWCNT (0, 10, or 40 mg/
mouse) and AMs were obtained on Day 3 after exposure. The
recovered AMs were allowed to adhere to an 8-well chamber slide
(0.5 3 105 cells/well) for 1 hour at 378C in RMPI 1640 media (Sigma
Chemical Co., St Louis, MO) with 10% fetal bovine serum (FBS).

In Vitro Experiment

AMs were isolated from naive C57BL/6 mice. The recovered AMs
were allowed to adhere to an 8-well chamber slide (0.53 105 cells/well)
for 1 hour at 378C in RMPI 1640 media (Sigma Chemical Co.) with
10% FBS. The adherent cells were pre-exposed to SWCNT (0, 90, or
240 mg/ml) for 1 hour at 378C.

Assay of Macrophage Phagocytizing Activity

To identify the ability of macrophages from SWCNT-exposed animals
to phagocytize LM, the adherent AMs (0.5 3 105 cells/well) in 8-well
chamber slides were exposed to L. monocytogenes (1 3 106 bacteria
per well) pre-stained with Cell Tracker Green (2 mM) as described
previously (17). Macrophages were fixed with 2% paraformaldehyde,
stained with Nile Red (62.8 mM) for 15 minutes, and analyzed using
fluorescence microscopy. Phagocytosis was measured by counting Cell
Tracker Green positive macrophages. Three hundred macrophages per
sample were counted.

NO Production by AMs

Intracellular production of nitric oxide was assessed using a 4,5-
diaminofluorescein diacetate (DAF-2DA; Calbiochem, San Diego,

CA) oxidation assay (18). 4,5-diaminofluoresceine (DAF-2) in the cells
specifically reacts with NO and yields fluorescent DAF-2–Triazole
(DAF-2T) (19). AMs (0.5 3 105/well) treated with SWCNT in vivo (10
and 40 mg/mouse) or in vitro (90 and 240 mg/ml, for 1 h), were pre-
incubated with DAF-2DA (2 mM for 1 h at 378C). The macrophages
were then incubated with LM (1 3 106 bacteria/well) for 1 hour at
378C. For fluorescence microscopy, cells were washed with PBS and
fixed/stained with Hoechst 33342 (2 mg/ml; Molecular Probes, Invitro-
gen, Carlsbad, CA) in 2% paraformaldehyde for 1 hour. Treated cells
were examined under a Nikon ECLIPSE TE 200 fluorescence micro-
scope (Tokyo, Japan) equipped with a digital Hamamatsu charge-
coupled device camera (C4742–95–12NBR) and analyzed using the
MetaImaging Series software version 4.6 (Universal Imaging Corp.,
Downingtown, PA). Three hundred macrophages per sample were
counted.

Statistical Analysis

Resultswerecomparedbyone-wayANOVAusing theall pairwisemultiple
comparison procedures (Holm-Sidak method) or Dunnett’s Multiple
Comparisons to Control, and Student’s unpaired t test with Welch’s
correction for unequal variances. All results are presented as means 6

SE. P values of, 0.05 were considered to be statistically significant.

RESULTS

Body Weight

Body weight was assessed throughout the experimental sched-
ule to monitor the general health of the animals exposed to
SWCNT and/or LM (Figure 1B). Pharyngeal aspiration of
SWCNT at the dose of 40 mg/mouse caused significant reduction
of weight compared with PBS-treated controls 3 days after the
exposure. The significant differences in decreased body weight
were also observed on Days 8 and 10 of the experiment after the
combined exposure to SWCNT (high dose) plus LM. At a lower
dose of SWCNT (10 mg/mouse) followed by LM inoculation, no
significant changes in body weight were detected compared with
infected mice pre-treated with PBS.

Characterization of Inflammatory Response

Inflammatory cells. SWCNTs exposure alone increased the
number of PMNs and AMs on Day 3 of the experiment and
the total number of BAL cells on Exposure Days 6 and 10
(Figures 1C and 1D). Exposure to LM alone increased the BAL
content of PMNs and AMs by Day 6 and lymphocytes by Day
10. Co-exposure to SWCNT and LM resulted in robust total
accumulation of AMs and PMNs by Day 6 and PMNs and
lymphocytes by Day 10 of the experiment compared with
separate exposures of LM or SWCNT.

Cytotoxicity. In agreement with our previous results,
SWCNT induced cell damage in the lung of exposed C57BL/6
mice. On Day 3, the exposure to nanotubes caused substantial
release of LDH, which tended to return toward normal 10 days
after exposure (Figure 2A). LM alone did not cause cytotoxicity.
However, the cytotoxic effects were enhanced in the SWCNT/
LM groups on Day 6 of the experiment. By Day 10, this
augmented LDH release was observed only at the higher
SWCNT dose combined with LM.

Histopathologic evaluation. Histopathologic analysis was
performed on lungs from the treatment groups, and represen-
tative micrographs from each group at Day 10 after SWCNT
aspiration are depicted in Figures 2C–2F). Pneumonitis, char-
acterized by a peribronchiolar accumulation of PMNs and the
appearance of granulomatous lesions, was observed throughout
the lungs for the group treated with SWCNT alone (Figure 2D).
LM exposure alone (Figure 2E) showed characteristics of
pulmonary infection exhibited by a mixed inflammatory cell
infiltrate (mononuclear cells and PMNs). For the SWCNT
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groups treated with LM, edema, inflammation with significant
infiltration of PMNs, and multiple granulomatous lesions were
observed (Figure 2F). The lesions that were observed in the
infected mice pre-treated with SWCNT were more extensive
and more pronounced than those observed in the LM alone
group, as was assessed by PMNs influx (16.4 6 1.5% increase).

Collagen deposition. Collagen deposition and pulmonary
fibrosis are typical features of inflammatory response to various
injuries to the lung, including infections and particles (20). The
resolution of a fibroproliferative response after lung injury is
key to survival. Exposure to either SWCNT or LM alone
significantly increased collagen deposition on Day 10 of the
experiment (Figure 2B). Importantly, co-exposure to SWCNT
(40 mg/mouse) and LM further increased collagen deposition,
reflecting a much stronger profibrotic response.

Cytokines. Cytokines and chemokines are major mediators
of the host defense response to microbial pathogens, as well as
the tissue reactions following environmental insult. Multiplex-
ing technology was used for simultaneous measurement of 23
cytokines to compare lung BAL cytokine profiles from un-
infected or infected mice pre-treated with SWCNT or PBS. The
graph in Figure 3 presents the BAL cytokine expression profiles
from uninfected animals 3 days after exposure to saline or
SWCNT (40 mg/mouse). Of the 23 cytokines measured, basal
control levels for most, with the exception of IL-12p40, were
either undetectable or relatively low. Significant elevations were
noted in several mediators upon exposure to SWCNT alone.
The most significant inductions were observed for granulocyte
colony-stimulating factor (G-CSF), monocyte chemotactic pro-
tein (MCP)-1, macrophage inflammatory protein (MIP)-1a, kera-

Figure 2. (A) Changes

in the level of lactate de-

hydrogenase activity in

the bronchoalveolar la-

vage (BAL) samples of

C57BL/6 mice after pha-

ryngeal aspiration with

SWCNT and/or LM.

Open bars represent un-

infected animals pre-

treated with PBS (PBS/

PBS group); gray bars

represent uninfected ani-

mals that had received

a low dose of SWCNT

(SWCNT, 10 mg/mouse/

PBS group); solid bars

represent uninfected ani-

mals that had received

a high dose of SWCNT

(SWCNT, 40 mg/mouse/

PBS group); dotted bars

represent infected ani-

mals pre-treated with

PBS (PBS/LM group); di-

agonal bars represent

infected animals that

had received a low dose

of SWCNT (SWCNT,

10mg/mouse/LMgroup);

brick bars represent in-

fected animals that had

received a high dose of

SWCNT(SWCNT,40mg/

mouse/LM group). (B)

Level of collagen in the

lung of mice after pha-

ryngeal aspiration with

SWCNT (40 mg/mouse)

and/or LM (10 d after

SWCNT exposure). Data

represent mean 6 SEM

obtained from six mice

per group. *P, 0.05 ver-

sus PBS/PBS control

group; #P , 0.05 versus

PBS/LM-treated animals;
$P,0.05versusSWCNT,

10 mg/mouse/PBS-treated mice; bP , 0.05 versus SWCNT, 40 mg/mouse/PBS-treated mice. (C–F) Light micrographs of lung of C57BL/6 mice after

pharyngeal aspiration with high dose (40 mg/mouse) of SWCNT and/or LM stained with hematoxylin and eosin at Day 10 of the experiment: C, PBS/PBS

group; D, SWCNT/PBS group; E, PBS/LM group; F, SWCNT/LM group. Original magnification:3200.
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tinocyte chemoattractant (KC), IL-5, and IL-6. While SWCNT
increased IL-12p40 approximately 3.5-fold, the level of IL-12p70
was not detectable.

Infected animals pre-exposed to saline or SWCNT differen-
tially induced 13/23 cytokines relative to uninfected mice pre-
treated with saline. These could be broadly grouped into three
functional categories corresponding to their putative roles in
host defense and inflammation, including chemotactic factors
(CXCL1, CCL2, CCL3, CCL4, CCL5 [also known as KC, MCP-
1, MIP-1a, MIP-1b, and RANTES, respectively]), acute phase
reactants (IL-1a, IL-1b, IL-6, and G-CSF), and immune mod-
ulators (IL-12 p40 and p70 subunits, IL-17, and IFN-g).

Figure 4 shows the time course of 2 chemotactic factors,
MIP-1a and MCP-1, as well as the p40 and p70 forms of IL-12 in
BAL 3, 5, and 7 days after infection with LM (Experimental
Days 6, 8, and 10). The responses of the remaining nine
cytokines are shown in Table 1. Most of the chemotatic factors
and acute phase reactants were elevated at the earliest time
point after infection compared with uninfected animals pre-
treated with PBS (PBS/PBS group). The effects of SWCNT
alone were negligible over these times, since most cytokines
were undetectable or equivalent to those seen in PBS/PBS. LM
infection produced a robust induction of several cytokines,
including MIP-1a (Figure 4A) and MCP-1 (Figure 4B), among
others (Table 1), at the early 3-day time point after infection,
and there were little or no differences between SWCNT
exposure groups for LM induction. During the 7 days (Exper-
imental Day 10) after LM infection alone or with 10 mg/mouse
SWCNT pre-exposure, most factors fell to levels approximating

those seen in uninfected animals pre-treated with PBS. In
contrast, expression of most mediators were greatly elevated
after 7 days of infection with LM (Experimental Day 10) in
infected mice pre-treated with 40 mg/mouse of SWCNT relative
to both uninfected and infected mice pre-treated with PBS. The
exception was the level of CCL2 (Figure 4B), which fell
throughout the time course of infection, but was still significantly
higher in infected animals pre-exposed to high dose SWCNT.

The responses of the immune-modulating cytokines to co-
exposures were mixed (Figures 4C and 4D, and Table 1).
Mature IL-12 is a heterodimeric protein composed of two
subunits termed p40 and p35. LM infection alone induced the
IL-12p40 subunit-containing proteins (Figure 4C) and the ma-
ture IL-12p70 (Figure 4D) by Day 3 after inoculation (Day 6 of
the experiment). It should be noted that the amount of IL-
12p40 is almost 50-fold greater than that represented by mature
IL-12p70. The levels of both proteins fell toward baseline over
the next 4 days. Pre-exposure to SWCNT in uninfected animals
did not affect IL-12p40 or IL-12p70 at these times. In contrast,
co-exposure to LM and 40 mg/mouse of SWCNT caused a sec-
ond wave of IL-12p40, but not IL-12p70 expression at 7 days
after LM inoculation (Experimental Day 10). Induction of
IL-17 (Table 1) was unique in that co-exposure caused a pro-
gressive increase from Day 3 to Day 5 (Days 6 and 8 of the
experiment, respectively) and then an apparent plateau of ex-
pression. IFN-g expression (Table 1) was also unique, with no
effect of either agent alone or low dose co-exposure, but a pro-
gressive increased expression in response to the high dose of
SWCNT in infected mice.

Figure 3. Cytokine profile in BAL of non-

infected C57BL/6 mice 3 days after pha-

ryngeal aspiration with SWCNT (40 mg/

mouse, solid bars) or PBS (open bars).

IFN-g, IL-13, IL-12p70, IL-10, IL-4, IL-3,

TNF-a, and IL-1b were not detected.

ND 5 below the limit of detection. Data

represent mean6 SEM obtained from six

animals in the SWCNT-treated group

and three in the untreated control group.

*P , 0.05 versus PBS/PBS group, as

determined by unpaired Student’s t test

with Welch’s correction for unequal var-

iances between the two groups.
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BAL Cellular Oxidant Production in Response to SWCNT and

LM Exposure

We further used CL assay to evaluate ROS production and
oxidative burst elicited by BAL cells from animals exposed
to SWCNT and/or LM. We found that the CL was increased
6.4-fold 3 days after exposure to 40 mg/mouse of SWCNT in
uninfected mice and returned to control (PBS) level by Day 6
(Figure 5A). LM exposure alone also increased BAL cell
chemiluminesence by 3.2-fold at 3 days after infection (Day 6
of experiment). However, this LM-induced ROS generation
was not altered by pre-exposure to SWCNT.

Effects of SWCNT on Pulmonary Clearance of LM

Bacterial CFU were measured in the lung homogenates to
determine whether SWCNT exposure affected functional LM
infection rates. No differences in infectivity were observed 3
days after LM infection (corresponds to 6 d of experiment) in
the mice pre-treated with PBS or low dose of SWCNT (10 mg/
mouse). However, the bacterial load in the lungs of mice pre-
exposed to 40 mg/mouse of SWCNT was significantly elevated 3
and 7 days after infection (Days 6 and 10 of the experiment),
demonstrating a SWCNT-dependent suppression of bacterial
clearance (Figure 5B).

The Ability of Macrophages to Phagocytize LM

The ability of macrophages from SWCNT-exposed animals to
phagocytize LM was compared with that of control animals.
Cell Tracker Green was used to visualize cellular uptake of LM.
As shown in Figure 6A, uptake of LM by macrophages was
readily detectable by co-localization of red and green fluores-
cence, yielding yellow fluorescence. A summary of these mea-
surements is shown on Figure 6B, which demonstrates that AMs
from SWCNT-exposed animals were less effective in phagocy-

tosis than macrophages from control (PBS-treated) mice. Sim-
ilar results were obtained in experiments in which we isolated
AMs from naı̈ve mice and then compared their phagocytizing
activity toward LM with and without pre-exposure to SWCNT
(0, 90, or 240 mg/ml, 1 h). Again, we found that pre-exposure
of macrophages to SWCNT in vitro resulted in a decreased
phagocytozing activity (Figure 6B, inset).

NO Production by Macrophages

We further assessed production of NO by macrophages using
DAF-2-DA(2mM;EMDBiosciences,SanDiego,CA)asa specific
intracellular indicator (Figure 6C). Interestingly, production of
NObymacrophages in response toLMwas alsodependentonpre-
exposure to SWCNT: the level of NO production was lower in
macrophages obtained from SWCNT-exposed mice than in con-
trol (PBS-treated) animals. In vitro pre-incubation of alveolar
macrophages with SWCNT also caused decreased production of
NO in response to LM, as evidenced by decreased fluorescence
of adducts formed with DAF-2 (Figure 6C, inset).

DISCUSSION

As an understanding of the potential health risks associated with
the fabrication and use of engineered nanomaterials, including
SWCNT, emerges, there is an increasing need for their detailed
toxicological assessment. Realistic exposures to SWCNT are likely
to occur in conjunction with other pathogenic impacts, such as
microbial infections. Since both SWCNT and infections induce
inflammatory response and oxidative stress, their interactions may
trigger interactive reactions that are difficult to assess by simple
additive extrapolations. Here, we report that sequential exposure
to SWCNT and LM triggered an enhanced inflammatory response.
The amounts of inflammatory cells in BAL, collagen deposition,

Figure 4. Effect of SWCNT pre-exposure

on temporal pattern of four represen-

tative cytokines in BAL during LM in-

fection. A, CCL-2 (MIP-1a); B, CCL-2

(MCP-2); C, IL-12 p40; D, IL-12 p70.

Dotted bar represents uninfected ani-

mals pre-treated with PBS (PBS/PBS

group). Solid bars represent uninfected

animals that had received high dose of

SWCNT (SWCNT, 40 mg/mouse/PBS).

Solid circles represent infected animals

pre-treated with PBS vehicle 3 days be-

fore LM administration (PBS/LM group).

Open triangles represent infected ani-

mals that had received a low dose

of SWCNT 3 days before infection

(SWCNT, 10 mg/mouse/LM group).

Open squares represent infected ani-

mals that had received a high dose of

SWCNT before infection (SWCNT,

40 mg/mouse/LM group). Data repre-

sent mean 6 SEM obtained from six

animals in each group. *P , 0.05 ver-

sus LM/PBS group as assessed by one-

way ANOVA and Dunnett’s multiple

comparisons to the LM alone group.
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and cytokine responses were all markedly enhanced compared
with the respective responses to each of the components alone.

We previously demonstrated that toxic responses to SWCNT
could be modulated by a number of factors such as genetic and
nutritional status (21) (e.g., vitamin E levels, expression of
NADPH oxidase). Thus, individual susceptibility to toxic effects
of SWCNT may vary. Here, we documented that bacterial
infection can act as an additional important factor to enhance
inflammatory response to SWCNT adding yet another aspect of
modified sensitivity to SWCNT toxicity. Different modes of
exposure to SWCNT and LM—simultaneous or sequential—may
result in different patterns of deposition and clearance. In this
study, we were mostly interested in the interaction between
SWCNT-induced inflammatory response and infectivity. There-
fore, we chose the regimen of pre-exposure to SWCNT associated
with pronounced inflammatory and oxidative stress responses.
Moreover, our previous studies (13) have demonstrated that after

3 days of exposure to SWCNT, a significant part of nanotubes in
the lung is sequestered in granulomas thus limiting direct physical
contact and potential adsorption of LM on SWCNT.

The importance of enhanced responses to a sequential expo-
sure to SWCNT and LM dictates the necessity to better un-
derstand the pathways involved in their interactions. Recently,
attempts have been made to use nanoparticles for targeted drug
delivery to specific cells of the immune system. Macrophages may
be very promising targets for drug-loaded nanoparticles due to
their central role in inflammation and their ability to harbor
a variety of bacteria, viruses, and parasites. This sequestering of
infectious agents is significant for risk of contracting a number of
deadly diseases in humans, such as leishmaniasis, tuberculosis,
and HIV (22, 23). Special consideration, however, should be
given to the inflammatory potential of drug-laden nanoparticles
with SWCNT-like properties, since SWCNT may modulate the
sensitivity of the body’s immune responses to infections. The cur-
rent findings indicate that SWCNT exacerbate pro-inflammatory
and pro-oxidant injuries or effects. In addition, synergies in in-
duction and release of specific cytokines may be an important
participating mechanism underlying the risks of unexpected side
effects of co-exposures of the SWCNT-like nanoparticles with
bacteria or other environmental insults.

While engineered nonmodified SWCNT used in the study
may compromise innate immune response and clearance of bac-
terial pathogens, thus raising questions regarding possible health
aspects for producers and users (24), there are many examples of
successful use of nanomaterials for delivery of anti-inflammatory
agents such as antibiotics as well as steroidal (25) and non-
steroidal anti-inflammatory drugs (NSAIDs) (26). In addition,
immunonanoparticles (i.e., nanoparticles functionalized with
pathogen-specific antibodies) may serve as antimicrobial carriers
for improving the stability and activity of antimicrobials in foods.
A recent study documented that the use of polystyrene immu-
nonanoparticles with active carboxyl groups conjugated with
anti-LM antibody and coated with lysozyme was more effective
than direct addition of lysozyme for inactivating L. monocyto-
genes (27). Moreover, some nanoparticles (e.g., cerium oxide
[CeO2]) exert significant anti-inflammatory and antioxidant
properties (28). Further, different types of nanoparticles (e.g.,
silver nanoparticles, W(41)-doped titanium-coated nickel ferrite
composite nanoparticles) without any specific loads reportedly
exert antimicrobial activity by themselves or in combination with
photo-therapy (29–32). Finally, antimicrobial effects of nano-
particles seem to be dependent on the type of bacterial pathogen.
A recent report, documented that pristine SWCNT can exhibit
strong antimicrobial activity toward Escherichia coli (33). The
authors speculate that direct cell contact with SWCNT can cause
severe membrane damage and subsequent cell inactivation.
Obviously, further research on interactions of different types of
nonmodified, purposely modified nanoparticles and nanoparticles
loaded with bioactive cargoes with different bacterial pathogens
is warranted.

The mechanism by which pre-exposure to SWCNT decreases
subsequent bacterial clearance is unclear. Our experiments dem-
onstrate that impaired innate clearance of LM in mice pre-
exposed to SWCNT may be due, at least in part, to a decreased
potency of macrophages in handling this bacterial pathogen.
This was evidenced by a decreased capacity of alveolar macro-
phages obtained from mice pre-treated with SWCNT to phago-
cytize LM. Interestingly, even pre-incubation of ‘‘normal’’ AMs
isolated from naı̈ve mice to SWCNT affected their phagocytoz-
ing function and decreased uptake of LM. Specific mechanisms
underlying the effects of SWCNT on macrophage functions
remain to be elucidated. Interestingly, no effects of SWCNT on
superoxide production by AMs were detected (data not shown).

TABLE 1. EFFECT OF SWCNT PRE-EXPOSURE ON BAL LEVEL OF
SELECT CYTOKINES (PG/ML) DURING LM INFECTION

Cytokine Treatment Day 6 Day 8 Day 10

CCL4 PBS/PBS ND

(MIP-1b) PBS/LM 9 6 3 11 6 3 1 6 1

LM /SWCNT (low) 8 6 1 9 6 3 4 6 1

LM /SWCNT (high) 8 6 1 13 6 3 18 6 5*

SWCNT (high)/PBS ND ND ND

CCL5 PBS/PBS 2 6 1

(RANTES) PBS/LM 26 6 7 34 6 4 13 6 4

LM /SWCNT (low) 31 6 4 27 6 5 43 6 11

LM /SWCNT (high) 32 6 3 45 6 9 81 6 10*

SWCNT (high)/PBS 4 6 1 ND 3 6 2

CXCL-1 PBS/PBS 5 6 1

(KC) PBS/LM 56 6 16 54 6 8 19 6 7

LM 1 SWCNT (low) 46 6 7 37 6 8 27 6 9

LM 1 SWCNT (high) 62 6 8 55 6 10 168 6 44*

SWCNT (high)/PBS 9 6 1 16 6 2 9 6 2

IL-1a PBS/PBS 3 6 1

PBS/LM 12 6 3 10 6 1 3 6 1

LM 1 SWCNT (low) 10 6 1 9 6 2 6 6 1

LM 1 SWCNT (high) 12 6 1 12 6 2 16 6 4*

SWCNT (high)/PBS 4 6 1 3 6 1 2 6 1

IL-1b PBS/PBS 2 6 1 —

PBS/LM 9 6 3 20 6 4 1 6 1

LM 1 SWCNT (low) 2 6 2 15 6 2 2 6 1

LM 1 SWCNT (high) 2 6 1 10 6 3 25 6 9*

SWCNT (high)/PBS ND ND ND

IL-6 PBS/PBS 7 6 2 —

PBS/LM 372 6 154 391 6 70 14 6 6

LM 1 SWCNT (low) 248 6 22 327 6 68 59 6 35

LM 1 SWCNT (high) 401 6 82 627 6 119 379 6 119*

SWCNT (high)/PBS 8 6 1 4 6 1 8 6 2

G-CSF PBS/PBS 2 6 1

PBS/LM 722 6 318 301 6 36 68 6 29

LM 1 SWCNT (low) 451 6 72 223 6 47 194 6 92

LM 1 SWCNT (high) 618 6 89 407 6 97 754 6 234*

SWCNT (high)/PBS 6 6 1 4 6 1 4 6 1

IL-17 PBS/PBS ND

PBS/LM 12 6 4 44 6 16 6 6 2

LM 1 SWCNT (low) 18 6 4 34 6 6 18 6 8

LM 1 SWCNT (high) 24 6 3 66 6 20 54 6 15*

SWCNT (high)/PBS ND ND ND

IFN-g PBS/PBS ND

PBSLM 15 6 6 15 6 5 3 6 1

LM 1 SWCNT (low) 13 6 6 15 6 5 5 6 2

LM 1 SWCNT (high) 51 6 21 148 6 71 676 6 407*

SWCNT (high)/PBS ND ND ND

Data represent mean 6 SEM (n 5 9 for PBS/PBS group, n 5 4–5 for SWCNT/

PBS group, and n 5 6 for all other groups). Low and high SWCNT dose

correspond to 10 and 40 mg/mouse, respectively. ND, below the lower limit of

detection.

* P , 0.05 versus PBS/LM group from that same time.
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The ability of alveolar macrophages to generate NO, however,
was significantly compromised after SWCNT pre-exposures of
mice in vivo or pre-incubation with macrophages in vitro. This
suggests that NO-dependent (rather than superoxide-depen-
dent) pathways affected by SWCNT in macrophages might be
involved in decreased clearance of LM in SWCNT pre-exposed
mice.

It is possible that killing of LM depends more on production
of nitric oxide (NO) than ROS from the oxidative burst, since
genetic deletion of iNOS produces a more severe decrement in
resistance to LM than deficiency of p47phox, a major compo-
nent of the 47-kD phagocyte NADPH oxidase (34, 35). On the
other hand, Saxena and coworkers showed that exposure of
mouse AMs to diesel exhaust particles attenuated IFN-g–
induced production of NO (36). In addition, pulmonary expo-
sure of rats to diesel exhaust particles depressed NO production
by AMs in response to pulmonary LM infection and depressed
bacterial clearance (37). Similarly, pulmonary exposure to
ROFA enhanced zymosan-stimulated chemiluminescence in
rat AMs but reduced NO release and bacterial clearance in
response to the same stimulus (38).

Host resistance to the intracellular bacterium, LM, involves
both innate and adaptive immune mechanisms (39). This
organism has been used to demonstrate the ability of other
particulate toxins such as diesel exhaust particles (37), residual

oil fly ash (38), and welding fumes (40) to inhibit host defense
mechanisms and increase the severity of pulmonary infections.
Initial innate immune responses to infection include accumula-
tion and activation of neutrophils, natural killer (NK) cells, and
macrophages to sites of infection with attendant up-regulation
of bacteriocidal activities. If organism load is large or infection
persists, then secondary Th1-type dominant adaptive immune
strategies are required for protection. Evidence for this second-
ary response includes a requirement for induced TNF-a (41)
and IFN-g (42) expression to mediate resistance to LM.

Our data demonstrate that pre-exposure to SWCNT greatly
attenuated the clearance of LM from the lung. Using larger doses
of LM in a rat model, Yin and colleagues attributed the
immunosuppressive effects of acute exposure to diesel exhaust
particles to attenuation of early macrophage activation and
cytokine release (43). The cytokine profiles obtained in our study
3 days after infection (Experimental Day 6) appeared to be very
similar between uninfected animals pre-treated with PBS or both
doses of SWCNT. We could not readily detect TNF-a or IL-1b at
the early 3-day time point of experiment, but robust elevations
in IL-6, G-CSF, MCP-1, and other chemokines were observed in
all cases. This cytokine profile might reflect a less robust Th1
response arising from SWCNT treatment. However, this decrease
was similar with both doses of SWCNT, whereas only high-dose
SWCNT showed significant compromise of host defense. In

Figure 5. (A) Reactive oxygen species production in the BAL

cells in response to SWCNT and/or LM exposure. Open bars

represent uninfected animals pre-treated with PBS (PBS/PBS

group); gray bars represent uninfected animals that had

received a low dose of SWCNT (SWCNT, 10 mg/mouse/PBS

group); solid bars represent uninfected animals that had

received a high dose of SWCNT (SWCNT, 40 mg/mouse/PBS

group); dotted bars represent infected animals pre-treated

with PBS (PBS/LM group); diagonal bars represent infected

animals that had received a low dose of SWCNT (SWCNT,

10 mg/mouse/LM group); brick bars represent infected animals

that had received a high dose of SWCNT (SWCNT, 40 mg/

mouse/LM group). *P , 0.05 versus PBS/PBS control group;
$P , 0.05 versus SWCNT, 10 mg/mouse/PBS-treated mice;
bP , 0.05 versus SWCNT, 40 mg/mouse/PBS-treated mice. (B)

Assessment of pulmonary bacterial clearance in lung of

C57BL/6 mice after challenge with SWCNT. Open bars repre-

sent infected animals pre-treated with PBS (PBS/LM group);

gray bars represent infected animals that had received a low

dose of SWCNT (SWCNT, 10 mg/mouse/LM group); solid bars

represent infected animals that had received a high dose of

SWCNT (SWCNT, 40 mg/mouse/LM group). *P , 0.05 versus

PBS/LM group; #P , 0.05 versus SWCNT, 10 mg/mouse/LM-

treated animals.
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addition, IL-12p40 subunit was equivalently induced in all groups.
Thus, it appears that the overall ability of LM to initiate early
cytokine responses after infection is not greatly affected by
SWCNT exposure. This suggests that the initial innate signaling
mechanisms for pathogen recognition and responses remain
intact. In contrast, it is possible that target cell responses to these
cytokines are decreased by SWCNT.

The failure to clear LM early after infection in mice pre-
exposed to SWCNT leads to a continued elevation in nearly all
the chemokines and acute phase cytokines into the later course of
infection. In fact many of these, such as KC, CCL3, CCL4, and
CCL5, are significantly higher in the high-dose SWCNT mice on
Day 7 after infection (Experimental Day 10) compared with the
levels seen in the same group 3 days after infection (Experimen-
tal Day 6), despite the fact that organism load appears similar. A
significant induction of a number of cytokines/chemokines on
Experimental Day 6 coincided with the increase in cell recruit-
ment at this time point, which, however, was not different for
6 SWCNT experimental groups. Importantly, assessments of the
cells already present in the lung probably reflect cytokine/chemo-

kine production at some point earlier. It is possible that dif-
ferential cytokine production occurred earlier, for example on
Days 3 to 5. For example, it is clear that the exposure to SWCNT
alone for 3 days was accompanied by a robust induction of
chemokines and other inflammatory mediators (Figure 3). Thus,
it is likely that SWCNT-dependent influx of some inflammatory
cells had already occurred in the lung at the time of LM infection.
The reasons for the synergistic effects on cytokine release are
unclear, but could reflect the shift from innate immune mecha-
nisms to adaptive Th1 lymphocyte–dominant immune-dependent
responses. The accumulation of lymphocytes antecedes the ac-
cumulation of other inflammatory cells, and was most obvious in
the SWCNT-treated groups at the latest time point. Moreover,
the levels of IL-17 and IFN-g in BAL paralleled this pattern and
were significantly elevated after high-dose SWCNT compared
with LM-infected animals pre-treated with PBS. Both of these
lymphokines are known to potentiate release of inflammatory
mediators from target cells on combination with other inducing
stimuli (44, 45). We observed an early induction of IL-12p70,
a primary determinant of Th1-biased response, in all the LM-

Figure 6. Effect of SWCNT on

phagocytosis of LMandproduc-

tion of NO� by alveolar macro-

phages from mouse BAL. (A)

Typical fluorescence micro-

graphs of alveolar macrophages

pre-treated with SWCNT and

co-incubated with LM: a, bright

field image; b, red fluorescence

image(NileRed stainingofmac-

rophages); c, green fluores-

cence image (Cell Tracker

Green labeled LM); d, overlay

of red and green images. (B)

Phagocytosis of LM by alveolar

macrophages obtained from

C57BL/6 mice pre-exposed to

SWCNT in vivo. Three hundred

macrophages per sample were

counted. Data are mean 6 SD,

n 5 3. *P , 0.05 versus control

PBS/LM-treated group. Inset:

Phagocytosis of LM by alveo-

lar macrophages exposed to

SWCNT in vitro. Three hundred

macrophages per sample were

counted. Data are mean 6 SD,

n 5 3. (C) NO� production by

alveolar macrophages obtained

from C57BL/6 mice pre-ex-

posed to SWCNT in vivo. Three

hundredmacrophages per sam-

ple were counted. Data are

mean 6 SD, n 5 3. *P , 0.05

versus control PBS/LM-treated

group. Inset: NO� production

by alveolar macrophages ex-

posed to SWCNT in vitro. Three

hundredmacrophages per sam-

ple were counted. Data are

mean6 SD, n5 3.
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infected groups. Only mice pre-exposed to high-dose SWCNT,
however, showed a sequential release of the Th1 effector
product, IFN-g. Therefore, IL-12p70 alone is not sufficient for
the maximal appearance of IFN-g. In addition, other sources of
IFN-g, such as NK and gd-T cells, also need to be considered as
potential sources of IFN-g during mixed exposures to LM and
SWCNT. Our data also indicate that the newly described Th17-
dependent immune response (46) is activated during LM in-
fection in the lung, especially during SWCNT exposure.

Previous work from our group has established that SWCNT
exposure promotes tissue fibrosis and granuloma formation
associated with the release of high levels of TGF-b (19). While
TGF-b is well known for its ability to direct tissue remodeling
and repair, it also possesses immunoregulatory properties.
TGF-b produced by regulatory T cells (Tregs) has immunosup-
pressant properties by suppressing Th1 effector cell responses
(47) and could, thus, limit adaptive immune responses to LM in
the SWCNT-exposed lung. Moreover, in the presence of IL-6, it
functions to drive Th17 differentiation (48) and may account for
the elevated levels of IL-17 observed in infected animals
exposed to a high dose of SWCNT. Thus, it is possible that
SWCNT-dependent chronic inflammation/fibrosis can modulate
the magnitude and type of adaptive immune responses gener-
ated upon challenge of that organ to a microbial pathogen.
While not specifically measured in this study, we have shown
that TGF-b peaks 3 days after SWCNT exposure (i.e., the same
time as when we inoculated the lungs with LM) (13). It is also
evident that the lung environment produced by SWCNT alone
contained high levels of other immunomodulatory mediators,
such as IL-12 family members, G-CSF, IL-6, IL-5, MIP-1a, and
MCP-1, at the time of LM infection (i.e., Day 3 of experiment)
(Figure 3), that may also modulate the repertoire of host-
defense responses to microbial pathogens.

Th2 immune responses and IL12-p40 are associated with
fibrotic tissue remodeling (49, 50), while Th1 responses are
a requisite for efficient clearance of facultative intracellular
pathogens like Listeria. We can speculate that the Th2/Th1 bias
of immune response is altered during SWCNT/LM co-exposure.
The burst of IFN-g in co-exposed animals may reflect aspects of
Th1-based immunity; however, the SWCNT-associated compo-
nent of inflammation may have modified the immune response
to favor the development of pro-fibrogenic environment, as
illustrated by declining levels of IL-12p70 and augmentation of
IL-12p40. In addition, SWCNT exposure alone produced alter-
ations in several cytokines, like IL-5, MCP-1, IL-6, and G-CSF,
previously associated with Th2 responses (51–53). The fact the
IL-12p40 homodimers can antagonize the biologic effects of IL-
12p70 may also be of relevance here (54), since we frequently
observed induction of IL-12p40 in absence of any changes in
mature IL-12p70.

In line with this, we found a markedly increased level of
collagen deposition in the lung of mice exposed to SWCNT/LM.
These results were confirmed by morphometric assessments of
alveolar wall thickening (data not shown). While the collagen
measurements were performed on Day 10 of the experiment,
which may be viewed as an early time point to characterize
fibrotic development in the lung, our previous studies have
established that the early SWCNT-induced collagen deposition
did not resolve and progressed over at least 60 days (13). Thus it is
likely that LM enhances SWCNT-induced early fibrotic response.

SWCNT doses used in the study are occupationally (rather
than environmentally) relevant. Previously we have reported
that a 20-mg dose of SWCNT given by pharyngeal aspiration
route to C57BL/6 mice deposited in the alveolar region, corre-
sponding to approximately the same estimated dose for a worker
exposed to the OSHA PEL for graphite (5 mg/m3, 8 h workday,

40 h per week) over a period of 20 work days (13). According to
our earlier published data on the airborne SWCNT concen-
trations in a laboratory producing SWCNT, peak airborne
concentrations of 53 mg/m3 were measured. Aspirated doses
of 10 and 40 mg SWCNT/mouse are relevant to predicted de-
posited doses after 2 and 8 years of exposure at peak airborne
concentrations measured in these occupational settings (55).

In summary, our findings clearly demonstrate that sequential
exposure to SWCNT and LM induced unusual responses in
which both components—nanoparticles and bacterial infection—
mutually enhanced inflammation and depress bacterial clearance.
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