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Abstract
Epidemiological studies reveal increased incidence of lung infection when air pollution particle levels
are increased. We postulate that one risk factor for bacterial pneumonia, prior viral infection, can
prime the lung for greater deleterious effects of particles via the γ-interferon (IFN-γ) characteristic
of successful host anti-viral responses. To test this postulate, we developed a mouse model in which
mice were treated with γ-interferon aerosol, followed by exposure to concentrated ambient particles
(CAPs) collected from urban air. The mice were then infected with Streptococcus pneumoniae and
the effect of these treatments on the lung innate immune response was evaluated. The combination
of IFN-γ priming and CAPs exposure enhanced lung inflammation, manifest as increased
polymorphonuclear granulocyte (PMN) recruitment to the lung, and elevated expression of pro-
inflammatory cytokine mRNAs. Combined priming and CAPs exposure resulted in impaired
pulmonary bacterial clearance, as well as increased oxidant production and diminished bacterial
uptake by alveolar macrophages (AMs) and PMNs. The data suggest that priming and CAPs exposure
lead to an inflamed alveolar milieu where oxidant stress causes loss of antibacterial functions in AMs
and recruited PMNs. The model reported here will allow further analysis of priming and CAPs
exposure on lung sensitivity to infection.
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INTRODUCTION
Epidemiological studies have shown a strong correlation between elevated concentrations of
air pollution particles and increased mortality and morbidity (Dockery et al., 1993). One
specific harmful effect of increased levels of particles in the air is increased hospitalization for
pneumonia, both in children and in elderly populations (Schwartz, 1994b;Schwartz, 1994a;Lin
et al., 1999;Wong et al., 1999;Farhat et al., 2005). The basis for particle-mediated increased
susceptibility to infection is unknown, but the epidemiology of pneumonia offers some clues
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since both pediatric and elderly populations are affected. These groups both experience one of
the well recognized risk factors for pneumonia antecedent viral respiratory tract infection
(Warr and Jakab, 1983;Cate, 1998). This suggests that particles have especially deleterious
effects in lungs primed by inflammatory mediators, e.g., the γ-interferon characteristic of anti-
viral responses (Mo et al., 1995;van Schaik et al., 2000).

Animal models support the concept that air particles increase susceptibility to lung infection.
Hatch et al. found that particle exposure increased susceptibility to bacterial pneumonia in
mice (Hatch et al., 1985). Similarly, diesel exhaust particles (DEP) can impair the pulmonary
clearance of Listeria monocytogenes in rats (Yang et al., 2001), and increase the severity of
influenza virus infection in mice (Hahon et al., 1985). However, the effect of air particles on
the most common form of community-acquired pneumonia, pneumococcal pneumonia, has
not been studied, nor has the possible effect of ‘priming’ been investigated.

We postulate that lung priming (e.g., recent viral infection) followed by particle exposure
induces an exacerbated inflammatory response, causing oxidant-mediated damage to both
alveolar macrophages (AMs) and neutrophils (polymorphonuclear granulocytes: PMNs), and
resulting in impaired bacterial phagocytosis and killing. To test this hypothesis, we developed
a mouse model in which the animals were treated with IFN-γ aerosol, followed by exposure
to concentrated ambient particles (CAPs) collected from the urban air of Boston, MA. The
mice were then infected with S. pneumoniae and the effect of these treatments on the lung
immune response was evaluated. We show that the combination of IFN-γ priming and CAPs
exposure enhances lung inflammation, causes oxidative damage in the lung, and results in a
loss of antibacterial functions by AMs and PMNs.

METHODS
Animals and animal exposures

8 to 10 week-old male BALB/c mice (Jackson Laboratory; Bar Harbor, ME) were exposed to
phosphate buffered saline (PBS) or interferon-gamma (IFN-γ, 20,000 U/ml in PBS) aerosol
for 15 minutes in individual compartments of a mouse “pie” chamber (Braintree Scientific,
Braintree, MA). Aerosols were generated using a Pari IS2 nebulizer (Sun Medical Supply,
Kansas City, KS) connected to an air compressor (PulmoAID; DeVilbiss, Somerset, PA).
Particle exposures were performed 3h later by intranasal instillation after light anesthesia with
halothane. A total volume of 50 μl PBS was introduced in both nostrils, with or without 50
μg of titanium dioxide (TiO2) or concentrated ambient particles (CAPs) produced using the
Harvard Ambient Particle Concentrator (Sioutas et al., 1995). All animal experimentation was
conducted under protocols approved by Harvard University’s animal care and use committee
and conformed to National Institutes of Health standards as defined by the U.S. Department
of Agriculture and Animal Welfare.

Chemicals and reagents
All reagents were from Sigma (St. Louis, MO) except where indicated. CAPs of respiratory
size (<2.5 μm) were collected from ambient Boston air onto Teflon filters (47 mm diameter,
2 μm pore size; Gelman Sciences, Ann Arbor, MI) by the Harvard concentrator (Sioutas et
al., 1995). The CAPs used in this study were a mixture of samples collected on individual days
from all four seasons during 1997-1998, and prepared and stored as previously described
(Imrich et al., 1999;Imrich et al., 2000).

Bronchoalveolar lavage (BAL)
Mice were euthanized with an overdose of sodium pentobarbital (Veterinary Laboratories,
Lenexa, KS). The trachea was cannulated and BAL was performed: 1 ml of sterile PBS was
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instilled into the lung and harvested gently five times, and lavage fluid was collected after each
instillation. These samples were kept on ice during lavage and then the lavage fluid was
centrifuged at 1200 rpm (300 × g) for 10 min. The cell pellet was resuspended in 0.5 ml buffered
salt solution (BSS+), and total cell counts and viability were determined using a hemocytometer
and trypan blue dye exclusion.

Polymorphonuclear granulocyte (PMN) enumeration
Differential cell counts were determined by centrifuging 50,000 - 100,000 cells/lavage onto
cytocentrifuge slides at 800 rpm for 5 min (Cytospin 2; Shandon, Pittsburgh, PA). Slides were
fixed in methanol and stained with Diff-Quik (VWR, Boston, MA), a modified Wright-Giemsa
stain. 200 cells were counted for each sample by microscopy. PMN number was calculated by
multiplying the percentage of neutrophils in the BAL by the total cell yield.

Streptococcus pneumoniae infection
An encapsulated virulent strain of S. pneumoniae Serotype 3 (ATCC 6303, American Type
Culture Collection, Manassas, VA) was used in this study. Bacteria were grown at 37°C on
blood agar plates overnight, collected in sterile saline solution, and their concentration
evaluated by spectrophotometry (OD600). A more precise CFU enumeration was conducted a
posteriori by plating serial dilutions of these solutions on blood agar and incubating the plates
for 24h at 37°C. Mice were infected with 105 CFU diluted in 25 μl saline solution by intranasal
instillation after light anesthesia with halothane.

Bacterial load quantification after IFN-γ-priming and particle exposure
In experiments in which mice were primed with IFN-γ and subsequently exposed to particles
and S. pneumoniae, bacterial load in the lungs was quantified twenty four hours after infection.
After euthanasia, the lungs were removed, homogenized in sterile water, and serial dilutions
were plated on blood agar. CFU were enumerated after overnight incubation at 37°C.

Histopathology after IFN-γ-priming and particle exposure
In experiments in which mice were primed with IFN-γ and subsequently exposed to particles
and S. pneumoniae, histopathology was performed on a subset of the animals (4 per group)
twenty-four hours after infection. After euthanasia, mouse lungs removed and fixed in formalin
for histopathological assessment after preparation of hematoxylin- and eosin-stained slides.

In vivo bacterial uptake
S. pneumoniae was stained with SYTO 9 according to the manufacturer’s protocol (Molecular
Probes Inc., Eugene, OR). 105 CFU of stained S. pneumoniae were diluted in 25 μl saline
solution and instilled intranasally into each mouse after light anesthesia with halothane. 3h
later, BAL was performed as described above. After centrifugation of the collected lavage,
cells were resuspended in BSS+ and incubated for 30 minutes on ice with a 1:100 dilution of
anti-Gr-1 PE-conjugated antibody (Pharmingen, San Diego, CA), which binds to PMNs but
not to macrophages (Fleming et al., 1993;Conlan and North, 1994). After incubation, the cells
were washed twice, resuspended in 2% formaldehyde and fixed overnight at 4°C. Green (SYTO
9-labeled bacteria) and red (anti-Gr-1 antibody) fluorescence of the cells was analyzed on a
flow cytometer. The bacterial content (green fluorescence) of AMs and PMNs was
differentiated by gating red- negative (AMs) and positive (PMNs) cells.

In vitro bacterial uptake
S. pneumoniae was heat-inactivated and stained with fluorescein isothiocyanate (FITC)
according to the manufacturer’s protocol (Molecular Probes Inc., Eugene, OR). Cells collected
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by BAL were incubated with FITC-labeled bacteria at a bacteria:cell ratio of 50:1 in BSS+ at
37°C for 90 minutes and with constant rotation. Subsequently, the cells were washed twice
with BSS+ and then incubated for 30 minutes on ice with a 1:100 dilution of anti-Gr-1 PE-
conjugated antibody (Pharmingen, San Diego, CA), which binds to PMNs but not to alveolar
macrophages (AMs), as described above. After this incubation, the cells were washed twice
with BSS+ and the green (FITC-labeled bacteria) and red (anti-Gr-1 antibody) fluorescence of
the cells was analyzed on a flow cytometer. The bacterial content (green fluorescence) of AMs
and PMNs was differentiated by gating red- negative (AMs) and positive (PMNs) cells.

Measurement of intracellular reactive oxygen species
2.5 × 105 cells from BALs were incubated with a 40 μM solution of dichlorofluorescein
diacetate (DCFH-DA) in BSS+ at 37°C for 20 minutes. DCFH-DA diffuses into cells where it
is hydrolyzed by esterases to dichlorofluorescein (DCFH), which is trapped within the cell.
This nonfluorescent molecule is then oxidized to fluorescent dichlorofluorescein (DCF) in the
presence of intracellular oxidants. After incubation with DCFH-DA, the cells were transferred
to ice and incubated for 10 minutes with a 1:100 dilution of anti-Gr-1 PE-conjugated antibody
(Pharmingen, San Diego, CA) before analysis on a flow cytometer. Intracellular reactive
oxygen species content (green fluorescence) of AMs and PMNs was differentiated by gating
red- negative (AMs) and positive (PMNs) cells.

RNA analysis
Total RNA was isolated from mouse lungs using the Qiagen RNeasy Mini kit according to the
manufacturer’s protocol (Qiagen, Valencia, CA). The Mouse Inflammatory Cytokines &
Receptors Gene Array (GEArray Q Series, SuperArray, Frederick, MD), a nylon membrane-
based cDNA array, was used to compare the relative expression profile of genes of interest.
The array contained 96 cytokine and receptor genes associated with the inflammatory response,
and 4 housekeeping genes and negative controls. The array was used according to the
manufacturer’s protocol. Briefly, cDNA was synthesized by reverse transcription of 2 μg of
the RNA sample using random primers. The cDNA was amplified by PCR with gene-specific
primers and labeled with [α-32P]-dCTP during amplification. The probes produced were
hybridized overnight with the array. Radioactivity on the array membrane was detected and
quantified with a phosphoimager (Molecular Devices, Sunnyvale, CA). The results were
analyzed with the software provided by SuperArray, normalizing each membrane to the
background noise and the level of expression of the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Each experiment was repeated 3 times and the expression
levels averaged.

Flow cytometry
Flow cytometry was performed using a Coulter ELITE flow cytometer (Coulter Coporation,
Miami, FL) equipped with an air-cooled argon laser (Cyonics/Uniphase) (488 nm excitation
line, 15 mW output) and a dedicated data acquisition and analysis system (Coulter, Hialeah,
FL), with analysis of > 5,000 cells per sample.

Statistical analysis
The experiments were performed with at least 3 mice for each treatment group, and repeated
at least 3 times (n ≥ 9). Data are reported as mean ± the standard error of the mean (SEM).
Differences among groups were evaluated using factorial Analysis of Variance (ANOVA) with
adjustment for multiple groups (Fisher’s PLSD) using and Statview 4.5 software (Abacus
Concepts, Berkeley, CA). A value of p < 0.05 was considered to be significant.
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RESULTS
Combined IFN-γ priming and CAPs exposure generates inflammation

We first investigated the effect in vivo of priming by aerosol exposures to IFN-γ, followed by
CAPs exposure. Titanium dioxide (TiO2), which is considered an inert particle in the lung
(Driscoll et al., 1990), was used as a control to determine if any effects of CAPs were specific.

Mice exposed to aerosolized IFN-γ (I, 20,000 U/ml) or PBS (P) were instilled intranasally 3 h
later with a solution of either PBS (P), TiO2 (T, 50 μg in 50 μl PBS) or CAPs (C, 50 μg in 50
μl PBS). The 6 groups formed were designated PP, PT, PC, IP, IT, and IC, where the first letter
indicates the priming agent and the second letter indicates the instilled agent. Twenty four
hours later, bronchoalveolar lavage (BAL) was conducted and lavage fluids were collected and
analyzed for cell content. In unprimed mice, TiO2 exposure (PT) had only a moderate effect
on PMN recruitment, which was not significantly different from the untreated control (PP,
Figure 1). In contrast, CAPs exposure, even in unprimed mice (PC), resulted in a significant
increase in the number of PMNs in the lung -- ∼100% more than seen in unprimed mice exposed
to the inert particle, TiO2.

Priming with IFN-γ produced a modest increase in the number of PMNs after both PBS and
TiO2 instillations (IP and IT, respectively, Figure 1). This increase was not statistically different
from the untreated controls (PP). Further, the effect of TiO2 on primed or unprimed mice was
similar (IT and PT, respectively, Figure 1). In contrast, exposure of primed mice to CAPs
produced a strong inflammatory response, as evidenced by the 2.5-fold increase in the number
of PMNs as compared to unprimed mice (IC vs. PC, Figure 1).

To characterize the cytokines induced by the IFN-γ and CAPs treatments, we analyzed lung
mRNAs for a panel of inflammatory cytokines and receptors (see Methods). The mice were
divided into 4 groups receiving the following treatments: PBS or IFN-γ aerosol, followed 3 h
later by intranasal PBS or CAPs. Lung RNA was analyzed at 3 time points after intranasal
exposure to PBS or CAPs: 3, 6 and 24 hours. The level of expression of 96 genes relevant to
inflammation was then measured.

Among the 96 genes tested, every gene that was activated by combined priming and CAPs
exposure was also activated by either stimulus alone; however, several genes displayed a
stronger activation when both stimuli were present as compared to either priming or CAPs
alone, although this was not uniformly found. Table 1 summarizes the genes expressed in IFN-
γ-primed and CAPs-treated lungs (IC) which showed an increase of at least 1.5-fold over the
control group (PP) at the three time points evaluated. Since many of these highly activated
genes encode chemokines that recruit PMNs or the receptors for these chemokines the data are
consistent with the enhanced neutrophil influx observed in lavage samples.

Combined priming and CAPs exposure increases post-infection inflammation
Because priming and exposure to air pollution particles increased inflammation in the lung,
we chose to test the consequence of these treatments on pneumococcal infection. As done
previously, mice were exposed to PBS or IFN-γ aerosol, and, 3h later, to PBS, TiO2 or CAPs.
24h later, all the mice were infected with S. pneumoniae (B). 24h after bacterial infection, BAL
was performed or lungs were harvested to assess bacterial survival.

The lungs of the mice infected by S. pneumoniae displayed acute inflammation, as shown by
the presence of PMNs in the BAL of all 6 groups (Figure 2). When unprimed mice were treated
with the inert particle, TiO2, prior to infection, there was no difference in the number of PMNs
in this group than seen in mice infected with S. pneumoniae alone (Figure 2, PTB vs. PPB).
Treatment with CAPs enhanced inflammation, causing a 2-fold increase in the number of
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PMNs as compared to the infected control (Figure 2, PCB vs. PPB). IFN-γ priming before
infection did not affect inflammation in mice not exposed to particles, or even in mice instilled
with TiO2 (Figure 2, compare unprimed vs. primed of both groups; i.e., PPB vs. IPB and PTB
vs. ITB). This contrasts to what occurred when priming and CAPs treatment were combined;
inflammation was exacerbated. There was a 3.5-fold increase in the number of PMNs recruited
to the lung in primed and infected animals exposed to CAPs (ICB) compared to the infected
control animals (PPB), and a 1.6-fold increase compared to infected animals exposed to CAPs
alone (PCB).

Combined priming and CAPs exposure impairs bacterial uptake in vivo and in vitro
The bacterial load in the lungs of infected mice was assessed 24h after infection. Serial dilutions
of lung homogenates were plated on blood agar plates, and the number of S. pneumoniae
colonies (CFU) was determined after overnight incubation. The results are expressed as
percentage of the initial inoculum (Figure 3). In the control groups, PPB, PTB, IPB and ITB,
only 10 to 50 % of the bacteria were still alive in the lungs 24h after infection, showing efficient
clearance of the bacteria by the lung immune system. In contrast, bacterial numbers did not
decrease, but remained static over 24h, in the group treated with CAPs alone (PCB). This
suggests an impairment of the bacterial clearance process in animals exposed to air pollution
particles. This effect was dramatically enhanced when priming and CAPs treatments were
combined: a 2.5-fold increase was observed in the bacterial population over the 24h period
(Figure 3, ICB).

Histopathology of the lungs confirmed the presence of moderate pneumonia in animals infected
with S. pneumoniae after CAPs exposure alone (PCB) and areas of severe pneumonia after
combined priming and CAPs exposure (ICB, Figure 4, panels C and D, respectively). In
contrast, little evidence of pneumonia was seen in control animals, that is, PBS only before
infection (PPB) and IFN-γ only before infection (IPB, Figure 4, Panels A and B, respectively).

It is noteworthy that despite increased recruitment of PMNs in response to combined IFN-γ
and CAPs treatments (Figure 2), the lungs were unable to clear the S. pneumoniae infection
(Figures 3 and 4). This suggests that the phagocytic cells, the PMNs, and perhaps the AMs,
had lost their ability to efficiently phagocytize and kill the bacteria. To test that hypothesis, we
evaluated the bacterial uptake of AMs and PMNs, both in vivo and in vitro.

For the in vivo experiments, S. pneumoniae were labeled prior to infection with SYTO 9, a
green fluorescent nucleic acid stain that can be used to label live bacteria. Mice were infected
with SYTO 9-labeled bacteria, and BAL was performed 3h after infection. The collected cells
were then stained with a red fluorescent anti-Gr-1 antibody specific for PMNs. The bacterial
content of AMs and PMNs was determined by flow cytometry analysis.

A decrease in green fluorescence, and therefore in bacterial content, was observed in AMs in
all the treated groups, with a more marked decrease in the IFN-γ-primed and CAPS exposed
(IC) group (Figure 5, top panel). However, the decreases observed did not reach statistical
significance. A similar decrease in bacterial content was observed for PMNs in all treatment
groups (Figure 5, bottom panel). The decreased bacterial content was statistically significant
in both groups exposed to CAPs (PC and IC), indicating that bacterial uptake by PMNs is
impaired in the presence of air pollution particles,

To confirm this result, in vitro experiments were performed using another staining method.
The surface of heat-inactivated S. pneumoniae was labeled with the fluorophore FITC. Mice
were treated as in the previous experiment, and BAL was performed 24h after PBS or CAPs
instillation. The cells collected from lavage were incubated in vitro with the FITC-labeled
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bacteria for 90 minutes. The cells were then stained with the red fluorescent anti-Gr-1 antibody,
specific to PMNs, and cell fluorescence analyzed on a flow cytometer.

AMs lavaged from mice treated with CAPs showed a trend towards reduced bacterial uptake
(PC, Figure 6, top panel) as compared to the control group, PP, or to the IP group. Similar to
the in vivo results, the decrease was not statistically significant. In contrast, the fluorescence
of PMNs was dramatically reduced in the presence of CAPs, both in the unprimed (PC) and
the primed (IC) groups (Figure 6, bottom panel).

Combined priming and CAPs exposure increases oxidative stress in AMs and PMNs
The previous experiment showed that PMNs, and possibly AMs, were impaired in their
capacity to phagocytize bacteria. As part of the inflammation caused by IFN-γ-priming and
CAPs exposure, high levels of potentially deleterious reactive oxygen species (ROS) are likely
produced in the alveolar milieu by the activated AMs and recruited PMNs. To determine if this
was occurring in the environment created by priming and particle exposure, mice were treated
as in the previous experiment, and BAL was performed 24 h after the PBS or CAPs instillation.
Lavaged cells were incubated for 30 minutes with anti-Gr-1 antibody and DCFH-DA, a non-
fluorescent compound that diffuses into cells and is metabolized into a fluorescent compound,
DCF, in the presence of intracellular ROS. After this incubation, the cells were analyzed on a
flow cytometer.

The level of basal oxidant production (as measured by generation of fluorescent reporter DCF)
within AMs was significantly increased when priming and CAPs treatment were combined,
approximately 50% greater than controls (IC vs. PP, Figure 7, top panel). A greater increase
in intracellular ROS in response to combined priming and CAPs was also observed in PMNs,
fully 100% greater than controls (IC vs. PP, Figure 7, bottom panel).

DISCUSSION
We sought to test the interaction of priming and air pollution particles on lung sensitivity to
pneumococcal infection in a mouse model. The results show that IFN-γ-priming enhances the
inflammatory effect of CAPs, and that this leads to impaired lung defense (reduced
phagocytosis and clearance) against S. pneumoniae. The data also suggest that excessive ROS
production and overexpression of chemokines and their receptors play important roles in the
impaired lung defense. These findings provide a possible mechanism to explain the association
between episodes of increased particle pollution and increased hospital admissions for
pneumonia.

The choice of IFN-γ aerosols to prime the lungs of mice in our experiments merits discussion.
Although particle exposures increase lung infection rates, only a subpopulation develops
pneumonia, suggesting effects on susceptible subpopulations. We reasoned that one possible
common cause of increased susceptibility to pneumonia in both pediatric and elderly
populations is antecedent viral infection. We chose to model the altered post-inflammatory
milieu of such lungs using IFN-γ aerosols since this is a major cytokine generated in viral
infections. Also, this approach provides more uniform and less complex priming than viral
infection per se, allowing simpler analysis of the effect of particles. CAPs exposure of mice
with a different type of priming, allergic inflammation due to ovalbumin sensitization and
aerosol challenge, has also proven useful for analysis of particle effects asthma (Goldsmith
and Kobzik, 1999;Goldsmith et al., 2002;Gavett et al., 2003). While epidemiological data
indicate that pneumococcal pneumonia risk is augmented after viral infection, the mechanisms
for this increased risk are not entirely clear. Animal models used to elucidate these mechanisms
have provided contradictory results. For example, mice infected by viruses, such as influenza
or murine cytomegalovirus, show an increased sensitivity to either bacteria or bacterial
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products (Jones et al., 1983;Leung and Hashimoto, 1986). These results were supported by
Nguyen et al, who reported increased mortality in mice infected by the lymphocytic
choriomeningitis virus (LCMV) prior to lipopolysaccharide (LPS) injection (Nguyen and
Biron, 1999). Furthermore, these authors showed that γ-interferon (IFN-γ) is an essential
mediator of the effects of the antecedent viral infection: both anti-IFN-γ antibody-treated-mice
and IFN-γ gene knockout mice were protected from the effect of prior LCMV infection
(Nguyen and Biron, 1999). On the other hand, IFN-γ gene knockout mice are more sensitive
than wild type mice to Klebsiella pneumoniae and pneumococcal lung infection (Rubins and
Pomeroy, 1997;Moore et al., 2002). An interpretation of these apparently conflicting results
is that IFN-γ can induce either an enhanced or a dysregulated immune response, depending on
the immunological context,

In our experiments, the adverse effects were specific to exposure to air pollution particles and
were not seen with exposure to an inert particle, TiO2. For example, mice exposed to CAPs,
but not TiO2, had a large influx of PMNs into the alveoli (Figure 1), a well known effect of
CAPs-induced acute lung inflammation that occurs in both animal models and in humans
(Costa and Dreher, 1997;Clarke et al., 1999;Ghio and Devlin, 2001). When CAPs exposure
was preceeded by IFN-γ-priming, a marked enhancement in inflammatory cell recruitment was
seen (2.5-fold increase, Figure 1). This increase is especially remarkable, as priming alone
created virtually no inflammation; the effects of priming and air pollution particle exposure
were synergistic, not additive. Comparison of gene expression levels after particles and priming
identified increases in several mediators linked to acute inflammation, including leukocyte
chemokines and their receptors. One limitation worth noting is our use of a relatively high dose
of particles given as an intranasal bolus. While useful for proof-of-principle, additional studies
using inhalation exposures and dose-response analysis would allow better extrapolation to real-
world exposures.

When control mice were infected with S. pneumoniae, the expected response was observed,
with recruitment of PMNs into the lungs (Figure 2). Priming alone did not significantly change
this response. In contrast, CAPs exposure increased PMN recruitment, and the combination of
priming and CAPs exposure further increased PMN recruitment, up to a 3-fold increase over
the control. Hence, despite the presence of already large numbers of PMNs in the lungs of mice
exposed to CAPs at the time of S. pneumoniae infection, further augmentation of the
inflammatory response occurred. It might be expected that the presence of large numbers of
PMNs in the lungs at the time of infection would increase resistance to S. pneumoniae. Indeed,
priming of the immune system with endotoxin, viral infection or IFN has been reported to have
a protective effect against bacterial infection in several experimental models. For example,
mortality of mice infected with Streptococcus pneumoniae decreases if they are treated with
IFN-γ (Weigent et al., 1986). On the other hand, IFN-γ gene knockout mice are more sensitive
to pneumococcal lung infection and to Klebsiella pneumoniae infection than wild type mice
(Rubins and Pomeroy, 1997;Moore et al., 2002). In general, it is thought that IFN-γ plays a
protective role in host response to bacterial infection (Boehm et al., 1997).

In our experiments, treatment with IFN-γ alone produced no effect on the response to
pneumococcal infection, either positive or negative. This absence of priming effect maybe due
to the relatively low dose of bacteria used for our study, as compared to the higher doses used
by others. Moreover, priming before infection does not always have a protective effect. For
example, mice infected with influenza virus prior to pneumococcal infection led to increased
mortality (McCullers and Rehg, 2002). In the present study, while priming itself had no effect,
air pollution particle exposure (CAPs), alone and in concert with priming, increased sensitivity
to infection. When S. pneumoniae infected mice were pre-treated with CAPs alone, bacterial
clearance was impaired; if the lungs were primed with IFN-γ before CAPs exposure, the
bacterial load in the lungs increased dramatically, showing a synergistic effect (Figures 3 and
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4). Despite the presence of numerous AMs and PMNs in the lung at that time of infection, these
cells were unable to cope with the infection and the bacteria proliferated. These findings are
similar to data showing that DEP and bacterial endotoxin instilled together enhance lung injury
in mice, and increase the expression of pro-inflammatory molecules (Takano et al., 2002).
Taken together, our data suggest that AMs and PMNs are present in the lung at the time of
infection, but as a consequence of IFN-γ and CAPs treatments, are not functioning normally.

Indeed, we were able to show, both in vivo and ex vivo, that PMNs had lost most of their
phagocytic capacities following IFN-γ and CAPs treatments (Figures 5 and 6); a similar trend
was observed for AMs. One potential confounder is the possibility that flow cytometric
measurements relying on fluorescent bacteria may underestimate uptake, for example, if
quenching by acidification occurs. Alternate assays using stable fluorochromes or non-
digestible particles may allow improved analysis. Hence, further evaluation is needed to
determine whether and to what degree AMs lose phagocytic function in this model. The
postulate that AM function is depressed under these conditions This is consistent with reports
that AMs’ phagocytic function is markedly attenuated by particle exposure in vitro, and is
further impaired by incubation with IFN-γ (Lundborg et al., 1999). We have also reported that
in vitro exposure to CAPs causes diminished phagocytosis and killing of pneumococci in both
unprimed and IFN-γ primed AMs (Zhou and Kobzik, 2007). These studies also showed that
soluble components of CAPs, most likely soluble iron, mediate effects on AM phagocytosis.
This suggests that the increased sensitivity to pneumococcal infection we observed in mice
exposed to the combination of IFN-γ and CAPs is due to PMNs’, and perhaps to a lesser extent
AMs’, loss of function. Whether oxidant stress mediates the additional effect of IFN-γ priming
remains to be directly investigated in future experiments with antioxidants. Exposure to
particles causes significant intracellular oxidative stress in AMs and PMNs (Goldsmith et
al., 1998;Becker et al., 2002). Based on increased oxidant production by AMs and PMNs in
the mice treated with IFN-γ and CAPs combined (Figure 7), and prior work showing oxidant-
dependent impairment by CAPs of AM bacterial phagocytosis and killing, we postulate that
the loss of phagocytic function observed in these experiments is caused, at least in part, by
oxidative damage to the cells.

The model reported here will allow further analysis of priming and CAPs exposure on lung
sensitivity to infection.
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Figure 1.
Lung inflammation in IFN-γ-primed and particle-exposed mice. Mice were primed with IFN-
γ (I) or PBS (P) aerosols for 15 min. 3 hours later the same mice were exposed to intranasal
solutions of PBS (P), TiO2 (T) or CAPs (C). Inflammation in the lungs was assessed by counting
the number of PMNs in the BAL fluid 24 hours after the final exposure. Data represent the
mean ± SEM of at least 3 independent experiments. *= p<0.05 compared to PP and PT groups.
**= p<0.001 compared to all other groups.

Sigaud et al. Page 12

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2008 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Lung inflammation in IFN-γ-primed, particle-exposed, and S. pneumoniae-infected mice. Mice
were primed with IFN-γ (I) or PBS (P) aerosols for 15 min. 3 hours later the same mice were
exposed to intranasal solutions of PBS (P), TiO2 (T) or CAPs (C). 24 hours later these mice
were infected intranasally with S. pneumoniae (B). Inflammation in the lungs was assessed by
counting the number of PMNs in the BAL fluid 24 hours after infection. Data represent the
mean ± SEM of at least 3 independent experiments, * = p<0.05 compared to all other groups;
**= p<0.03 compared to PPB and PTB groups.
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Figure 3.
Bacterial clearance in IFN-γ-primed, particle-exposed, and S. pneumoniae-infected mice. Mice
were primed with IFN-γ (I) or PBS (P) aerosols for 15 min., followed 3 hours later by intranasal
exposure to PBS (P), TiO2 (T) or CAPs (C). 24 hours later mice were infected intranasally
with S. pneumoniae (B). The lungs were harvested and bacterial load (CFU) was assessed 24
hours after infection, as described in Methods. Data represent the mean ± SEM of at least 3
independent experiments. * = p<0.05 compared to PPB and PTB groups. ** = p<0.001
compared to all other groups.
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Figure 4.
Histopathology after S. pneumoniae infection with and without antecedent priming and particle
exposure. Panels A and B: Little or no acute inflammation (PMN influx) was seen 24 hours
after S. pneumoniae infection in control animals (PBS only before infection, PPB, Panel A,
and IFN-γ only before infection, IPB, Panel B). Panels C and D: Moderate to severe
inflammation (PMN influx) was seen 24 hours after S. pneumoniae infection in particle treated
animals (no priming and CAPs exposure before infection, PCB, Panel C, and IFN-γ-priming
and CAPs-exposure before infection, ICB, Panel D).
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Figure 5.
In vivo bacterial uptake of phagocytes recovered from IFN-γ-primed and particle-exposed
mice. Mice were exposed to IFN-γ (I) or PBS (P) aerosol for 15 min., then to intranasal PBS
(P) or CAPs (C) 3 hours later. 24 hours later mice were infected intranasally with S.
pneumoniae labeled with SYTO 9 (a green fluorophore). 3 hours after infection, BAL was
performed and cells analyzed by flow cytometry.. Top panel: AMs. Bottom panel: PMNs. Data
represent the mean ± SEM of at least 2 independent experiments. * = p<0.05 compared to PP
group.
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Figure 6.
Ex vivo bacterial uptake in IFN-γ-primed and particle-exposed mice. Mice were exposed to
IFN-γ (I) or PBS (P) aerosol for 15 min., then to intranasal PBS (P) or CAPs (C) 3 hours later.
BAL was performed 24 hours later and the collected cells were cultured in the presence of
heat-inactivated, FITC-labeled S. pneumoniae for 90 minutes at 37°C. After incubation the
cells were transferred to ice and labeled with Gr-1 antibody, which binds specifically to PMNs.
Flow cytometry followed, measuring green fluorescence (FITC-labeled S. pneumoniae) and
gating the cells by their red fluorescence (Gr-1 antibody). Top panel: AMs. Bottom panel:
PMNs. Data represent the mean ± SEM of at least 3 independent experiments; * = p<0.05
compared to PP and IP group.
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Figure 7.
Intracellular oxidative stress in cells collected via BAL from IFN-γ-primed and particle-
exposed mice. Mice were exposed to IFN-γ (I) or PBS (P) aerosol for 15 min., then to intranasal
PBS (P) or CAPs (C) 3 hours later. BAL was performed 24 hours later. The collected cells
were incubated for 30 min. at 37°C with DCFH and anti-Gr-1 antibody, which binds
specifically to PMNs. Intracellular oxidative stress was assessed via flow cytometry, with green
fluorescence indicative of intracellular oxidation of DCFH. The cells were gated by their red
fluorescence (anti-Gr-1 antibody). Top panel: AMs. Bottom panel: PMNs. Data represent the
mean ± SEM of at least 3 independent experiments. * = p<0.05 compared to PP group.
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