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The mechanistic basis of the high toxicity to lung macrophages of coarse PM from the California wildfires of
2008 was examined in cell culture experiments with mouse macrophages. Wildfire PM directly killed macro-
phages very rapidly in cell culture at relatively low doses. The wildfire coarse PM is about four times more
toxic to macrophages on an equal weight basis than the same sized PM collected from normal ambient air
(no wildfires) from the same region and season. There was a good correlation between the extent of cytotox-
icity and the amount of oxidative stress observed at a given dose of wildfire PM in vitro. Our data implicate
NF-κB signaling in the response of macrophages to wildfire PM, and suggest that most, if not all, of the cyto-
toxicity of wildfire PM to lung macrophages is the result of oxidative stress. The relative ratio of toxicity and
of expression of biomarkers of oxidant stress between wildfire PM and “normal” PM collected from ambient
air is consistent with our previous results in mice in vivo, also suggesting that most, if not all, of the cytotox-
icity of wildfire PM to lung macrophages is the result of oxidative stress. Our findings from this and earlier
studies suggest that the active components of coarse PM from the wildfire are heat-labile organic com-
pounds. While we cannot rule out a minor role for endotoxin in coarse PM preparations from the collected
wildfire PM in our observed results both in vitro and in vivo, based on experiments using the inhibitor Poly-
myxin B most of the oxidant stress and pro-inflammatory activity observed was not due to endotoxin.
rights reserved.
© 2011 Elsevier Inc. All rights reserved.
Introduction

Respirable particulate matter (PM) is one of the air pollutants regu-
lated under the National Ambient Air Quality Standards by the United
States Environmental Protection Agency. Current standards focus on
the concentration and size of the PM in the atmosphere. Source attribu-
tion of PM and the chemical composition of PM in the various size clas-
ses and from different sources is an area of active investigation in many
laboratories worldwide. In addition to themajor anthropogenic sources
of PM, especially automobile emissions and combustion of fossil fuels
for power generation, there are significant natural sources of PM. One
such natural source worldwide is wildfires, which can give rise to
high levels of PM emissions from products of incomplete combustion
of trees, grasses, and other organic sources. The PM emissions from
wildfires can travel long distances and their components can be subject
to photochemical oxidation, especially in the sunny and arid conditions
characteristic of California andmuch of thewestern United States in the
late spring, summer, and early autumn months when most of these
wildfires occur. In 2008, California was profoundly affected by a series
of large wildfires that occurred over a large part of the forested areas
of the state (Wegesser et al., 2009). The PM from this wildfire episode,
especially the coarse PM fraction (PM10–2.5), was unusually toxic in
mouse bioassays as compared to PM collected at different times
from the same geographical area in the absence of wildfire activity
(Wegesser et al., 2009, 2010).

We have studied the basis of this enhanced toxicity in wildfire-
derived PM and have demonstrated that intratracheally-instilled
wildfire PM decreases the number of macrophages recovered from
mice by lung lavage at PM doses that realistically approximate
total doses that might have been inhaled by populations exposed
to the emissions from the wildfires of 2008 (Wegesser et al., 2009).
Based upon experiments that directly compared the response of
mouse lungs to instillation of coarse PM from the wildfire episode
to the response of mouse lungs to comparable sized PM collected
from ambient air from the same area during the same season the
previous year (when there was no significant wildfire activity), we
were able to conclude that the wildfire PM was 3- to 4-times more
toxic to mouse lungs at a dose of 50 μg than was the “normal” PM
from the region (Wegesser et al., 2009).

The concept of wood smoke or wildfire-derived PM being able to
specifically kill lungmacrophages has been suggested previously. Tox-
icological and epidemiological health effects of wood smoke were
reviewed by Naeher et al. (2007), who concluded that many of the
reported effects could be the consequence of wood smoke-specific
toxicity to lung macrophages. A suggested mechanism to explain
these toxic effects of the inhaled wood smoke-derived PM was oxida-
tive stress arising from interactions of PM components with lungmac-
rophages. More generally, Li et al. (2003) have linked oxidant stress
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induced by exposure to particulate air pollutants to lung disease, as
have many other research groups. A plausible mechanism linking ox-
idative stress to redox cycling by semiquinones derived from polycy-
clic organic compounds in combustion-derived PM was suggested
by Squadrito et al. (2001).

There is an extensive literature published on the effects of various
kinds of PM on cultured cells of lung origin that has attempted to ex-
plore mechanistic aspects of cell injury, cell repair, and oxidative
stress induced by PM exposure, and the mechanistic basis for the
acute inflammatory response of the lung to exposure to PM. Many
of these studies have focused on the response of either cultured air-
way epithelial cells or pulmonary alveolar macrophages to PM expo-
sure in vitro. For example, Chirino et al. (2010) recently reported that
PM10 collected from ambient air in Mexico City induced oxidative
damage and biomarkers of oxidative stress in A549 cells (a human
lung epithelial cell line). Among the biomarkers was a 55% decrease
in GSH levels and decreases in several antioxidant enzymes. There
were no observed changes in cell viability. These authors used doses
of 100 μg of PM to 1,000,000 cells in these experiments. Danielsen
et al. (2011) reported that cultured lung epithelial and monocytic
cells produced high levels of free radicals upon exposure to wood
smoke-derived PM.

The current study was designed to examine the mechanisms of
the unusual toxicity to lung macrophages of the coarse PM from the
wildfire of 2008 that we observed in our mouse bioassays (Wegesser
et al., 2009) using cell culture experiments with the RAW 264.7 estab-
lished cell line of mouse macrophages. Our studies were designed to
answer the following three questions. (1) Does exposure to coarse
PM from the 2008 California wildfires directly kill macrophages in
vitro at doses that are reasonable approximations to the doses that
we used for our in vivo experiments in mice? (2) Is the relative
ratio of toxicity and the expression of biomarkers of oxidant stress
for cultured macrophages exposed to wildfire PM and “normal” PM
consistent with our previous results in vivo in mice? (3) What is
the mechanism by which wildfire PM kills macrophages? Can we
infer what critical intracellular signaling pathways are responsible
for the greater response of macrophages to wildfire PM as compared
to “normal” PM?

Materials and methods

Particle collection and sources. Particulate matter (PM) used in
these experiments was collected with a high-volume air sampler
equipped with a cascade impactor as previously described (Wegesser
and Last, 2008). Coarse PM (10.2–2.1 μm MMAD) samples were col-
lected from the cascade impactor substrate, scraped into Eppendorf
tubes, weighed, and stored either dry or in suspension at 1 or
2 mg/mL in water or in phosphate-buffered saline at −20 °C until
used. Ambient air coarse particles collected 1 year later from the
same region with the same sampler operated under the same condi-
tions and flow rate was used as a control. The wildfire PM sample
was collected in June of 2008 from a rural area in the San Joaquin Val-
ley near the town of Escalon (Wegesser et al., 2009). The control
(“Fresno”) sample was collected in the city of Fresno, to the south-
west of Escalon in the San Joaquin Valley, in July of 2009. This collec-
tion site has been described elsewhere (den Hartigh et al., 2010). The
chemical composition of the Fresno PM is dominated by automotive
emissions (den Hartigh et al., 2010).

Cell culture. Murine macrophage RAW 264.7 cells (American Type
Culture Collection, Manassas, Va), an established cell line, were
maintained in Dulbecco's Modified Eagle's Medium (DMEM) sup-
plemented with 10% Fetal Bovine Serum at 37 °C in a 5% CO2 humidi-
fied chamber. All experiments were conducted with cells between
passages 6–10 to sustain uniformity of the cells throughout the course
of the project, and n=3 replicate wells on each plate for all of the
doses or time points tested in all of the reported experiments.

Treatment of cultured macrophages. RAW 264.7 cells were grown in
semi-suspension on 100 mm non-tissue culture treated Petri dishes.
Once cells reached approximately 80% of the total cell number attain-
able under these culture conditions, they were counted (adherent
cells+non-adherent cells in the medium) and diluted to 5×105

cells in a volume of 1 mL of medium containing Penicillin plus Strep-
tomycin and Normocin™ (100 μg/mL), which was put into each well
of a 12-well tissue culture plate. After 30 min of incubation at 37 °C to
allow the cells to attach to the well, for time course experiments ei-
ther 10 μg of PM (1 mg/mL), or 10 μL of sterile Phosphate Buffered Sa-
line (PBS) was added to each well. The cells were incubated for the
indicated times between 30 min and 24 h, with samples taken at
30 min, 1 h, 2 h, 4 h, 6 h, and/or 24 h as indicated in the figure leg-
ends. For dose–response experiments cells were incubated for 24 h
with the indicated amount of wildfire or Fresno PM added. At the
time of collection cells were scraped from the culture well into the
culture medium with a plastic policeman and the combined adherent
and non-adherent cells were assessed for viability using a Trypan
Blue exclusion assay (Bratt et al., 2009).

Determination of NF-κB activation. RAW-Blue™ cells (InvivoGen,
San Diego, CA), a cell line derived from RAW 264.7 macrophages con-
taining an NF-κB-driven reporter gene (Bruschi et al., 2010), were
used to determine activation of NF-κB by measurement of the expres-
sion of secreted embryonic alkaline phosphatase (SEAP). In the pres-
ence of specific agonists (in this case PM10–2.1), these cells are induced
to activate signaling pathways that lead to NF-κB activation. Once acti-
vated these cells secrete alkaline phosphatase, which is detectable and
measurable by the use of QUANTI-Blue™ (InvivoGen, San Diego, CA)
SEAP detection medium (Bruschi et al., 2010). To detect NF-κB activa-
tion, RAW-Blue™ cells were grown in semi-suspension in 100 mm
non-tissue culture treated Petri dishes until they reached approximate-
ly 80% confluence, then the cells were counted and resuspended in
Growth Medium (DMEM, 4.5 g/L glucose, 10% heat-inactivated fetal
bovine serum, 100 μg/mL Normocin™, 2 mM L-glutamine). Twenty
microliters of PM10–2.1 at various doses (prepared by dilution into
PBS of 1–2 mg/mL stock solutions of frozen PM) was added to each
well of a flat-bottomed 96-well plate. Endotoxin-free water, PBS,
and DMSO (0.1 ng) were tested as negative controls. 100,000 cells
in a total volume of 1 mL of medium were added per well and incu-
bated at 37 °C for 24 h. The following day, QUANTI-Blue™ was
added to the supernatants prepared from the induced RAW-Blue™
cells. The plate was finally incubated for 30 min at 37 °C and the alka-
line phosphatase levels were determined using a spectrophotometer
at a wavelength of 650 nm.

Polymyxin B experiments. We determined what, if any, role was
being played by lipopolysaccharide (LPS), the soluble fraction of en-
dotoxin arising from the cell walls of Gram-negative bacteria, in
the responses of RAW 264.7 macrophages to the wildfire PM. To
do this, we treated RAW-Blue™ cells with Polymyxin B, an antibiotic
that specifically binds LPS and prevents its binding to TLR4 receptors
on the macrophages, using the methods described by Shoenfelt
et al. (2009). Briefly, Polymyxin B was added to the PM suspension
at a concentration of 10 μg/mL and the resulting mixture was pre-
incubated for 30 min with the LPS-binding agent prior to addition
of PM to the cells during their 24 h of incubation with the particles.

Experimental design. Preliminary range finding experiments were
performed with both wildfire and ambient air PM to determine the
linear portion of the dose–response curves over a wide range of
doses. Subsequent experiments were designed to compare the re-
sponse to different PM preparations from the slopes of the linear



Fig. 2. Linear regression analysis of dose–response relationships for RAW 264.7 macro-
phage killing by wildfire and ambient air PM. The individual results from the experi-
ments described in Fig. 1 were used to analyze the data by linear regression analysis.
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portion of the dose–response curve for that particular PM source.
Thus, the actual PM doses used for our comparative studies of wildfire
and ambient air PM differed, as may be noted by examination of the
scales in each of the figures.

Statistical analysis of data. Prism 4.0 (GraphPad Software, San
Diego, CA) was used for data analysis. Values are expressed as mean
values±SE (standard error). Data were analyzed by ANOVA, followed
by post-test with Tukey's honestly significant difference test to correct
for multiple comparisons. Linear regression analysis was performed
using a 95% confidence interval. Differences between experimental
groups were considered significant if p values were found to be b0.05.

Results

Toxicity of wildfire PM to cultured macrophage cells

Dose–response curves for cell killing in vitro by different PM preparations
We exposed RAW 264.7 macrophages to various doses of either the
wildfire PM or ambient air (Fresno) PM for 24 h and evaluated the
number of live and dead cells present as a percentage of the total
cells counted. We found a good dose–response relationship for
both the wildfire and ambient air PM (Figs. 1A and B). A linear
dose–response curve described the results, with r2 values of 0.44
and 0.73, respectively (Fig. 2). Linear regression analysis gave a
slope for the wildfire PM of 1.87±0.67 versus a slope for the ambient
air PM of 0.37±0.09 for the ambient air PM. The difference between
these slopes was significant (P=0.03). The ratio of the slopes, 1.87/
0.37=5.05, is a measure of the relative toxicity of the two PM prep-
arations. Thus, the wildfire PM is about 5 times more toxic to the
Fig. 1. Dose–response relationships for RAW 264.7 macrophage killing by wildfire and
ambient air PM. Cells (5×105 cells/mL) were seeded into 12-well tissue culture plates.
After 30 min cells were treated with the indicated dose of either wildfire PM or PM col-
lected from ambient air during a time when there were no regional wildfires or 10 μL of
sterile Phosphate Buffered Saline (PBS), then incubated for 24 h. Results are presented
as mean values±SE. Three replicate wells were used for each condition tested (i.e.
n=3) in this and subsequent figures. Cells were suspended by scraping and assessed
for viability using Trypan Blue. A: wildfire PM; B: ambient air PM collected near Fresno,
CA in the absence of regional wildfires. Note difference in scale on the X-axis (dose).

A: wildfire PM, B: ambient air PM collected near Fresno, CA in the absence of regional
wildfires. Note difference in scale on the X-axis (dose).
macrophages in vitro than is the PM preparation collected from nor-
mal ambient air from the same region 1 year previously.

Time course of wildfire PM toxicity in vitro
Cells were plated at 0 time, allowed 30 min to attach to the plastic
substratum, then incubated with either PM or PBS (controls) for
time periods from 0.5 to 24 h. We observed rapid killing of the cells
by the PM preparations; maximum cell death occurred within 0.5 h
of exposure to the PM (Fig. 3). Presumably, proliferation of surviving
cells caused the percentage of live cells to increase at the subsequent
time points analyzed. At 24 h after addition of PM the relative num-
bers of dead cells present were the same in both control and wildfire
PM-treated cultures, so the PM-treated cells must have proliferated
Fig. 3. Time course of RAW 264.7 macrophage killing by wildfire PM. Cells were
grown to approximately 80% confluence in semi-suspension in 100 mm Petri
dishes, counted, and diluted to 5×105 cells/mL into 12-well tissue culture plates
with Penicillin/Streptomycin and Normocin™ (100 μg/mL). After 30 min cells were
treated with either 10 μg of PM (WF, 1 mg/mL), or 10 μL of sterile Phosphate
Buffered Saline (PBS), then incubated for the indicated times. Cells were suspended
by scraping and assessed for viability using Trypan Blue.

image of Fig.�2
image of Fig.�3


Fig. 5. Effect of Polymyxin B on wildfire induced expression of NF-κB by cultured RAW
264.7 macrophages. Experiments were performed as described in the legend to Fig. 4.
Polymyxin B was added to the PM suspension at a concentration of 10 μg/mL and the
resulting mixture was pre-incubated for 30 min with the antibiotic (LPS binding
agent) prior to addition to the cells where indicated. A, wildfire PM; B, Fresno PM.
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faster (the ratio of the slopes of the lines, −2.1/−1.4, suggests that
the PM-treated cells were replicating 50% faster than the controls)
after the initial phagocytosis of PM and death of the cells in these
experiments.

Mechanism of wildfire PM-induced macrophage cell death

QUANTI-Blue™ experiments to quantify NF-κB activation
Dose–response curves were run for wildfire PM and for PM isolated
from ambient air the previous year using the same sampler and cascade
impactor from a nearby area during a time of no wildfire activity. Com-
parison of the slopes of the dose–response curves obtained by linear re-
gression analysis, as shown in Fig. 4, clearly demonstrates that the
wildfire PM more strongly activates NF-κB than does the ambient air
PM (Pb0.0001). The slopes of the different lines obtained with the
two sources of PM were 0.23±0.03 (r2=0.83) and 0.056±0.002
(r2=0.96) for the wildfire PM and the ambient air PM, respectively.
The ratio of these slopes is 0.23/0.056=4.3.

The same linear regression analysis allows us to ask another ques-
tion: Is the slope of the dose–response curve significantly different
from zero? For both the wildfire PM and the ambient air PM collected
when no wildfires were occurring, the answer is yes, with a P
valueb0.0001 for both PM types. Thus, we can conclude that the am-
bient air PM also causes oxidative stress and stimulates an NF-κB-
driven reporter gene in this macrophage cell line, albeit more weakly
than wildfire PM at a comparable dose. These results are also correlat-
ed with the dose–response curves observed for cell death with these
same PM preparations (Figs. 1A and B), where linear regression anal-
ysis also indicated slopes significantly different from zero (P=0.0194
and 0.0066 for wildfire and Fresno PM, respectively). Thus, the
amount of stimulation of an NF-κB-driven reporter gene and the ex-
tent of macrophage cell death as a function of PM dose are correlated
in this series of experiments.

Is endotoxin the active component in wildfire PM?
LPS is known to act by binding to TLR4 receptors on the surface ofmac-
rophages and thereby turning on a signaling system (via MyD88) that
results in activation of NF-κB. To determine whether endotoxin (as
LPS) was playing a role in the activation of NF-κB in the QuantiBlue
cells treated with wildfire PM, we incubated the wildfire PM with
Polymyxin B to extract and complex any LPS present in the particles
before assay with the QuantiBlue cells. The results of this set of exper-
iments are shown in Fig. 5. The slope of the dose–response curve for
the RAW 264.7 macrophages with no added Polymyxin B was 0.08
±0.00 (r2=0.93), while the comparable slope with Polymyxin B pre-
treatment was 0.06±0.00 (r2=0.95). These slopes were significantly
Fig. 4. Stimulation of expression of an NF-κB reporter gene by wildfire PM or normal am-
bient air-derived PM as a function of PM dose. 20 μL of wildfire PM10–2.1 at the indicated
doses was added to each well of a flat-bottom 96-well plate, including endotoxin-free
water, PBS and DMSO (0.1 ng) as matched controls. 100,000 RAW-Blue™ cells were
added per well and incubated at 37 °C for 24 h. The following day, QUANTI-Blue™ was
added to the supernatant after removal of cells by centrifugation. The plate was incubated
for 30 min and alkaline phosphatase concentration was determined by measurement of
absorbance at 650 nm.
different (P=0.0068); however, the maximum possible relative con-
tribution from LPS seems to be about 0.08/0.06=133% of the differ-
ence in activity between wildfire PM±Polymyxin B. The relative
contribution from LPS seems to be no more than about 15% of the dif-
ference in toxicity observed between the wildfire PM and other
sources of coarse PM isolated from ambient air. For example, in this
experiment we also performed a dose–response analysis with the
Fresno PM analyzed above in parallel with the wildfire PM. Thus the
same batch of cells, the same reagents, and the same 36-well plate
were used for both sources of PM±Polymyxin B. There was no signif-
icant difference between the slopes of the lines obtained by linear re-
gression analysis of the dose–response curves for Fresno PM±
Polymyxin B (P=0.1862). We found a slope for the Fresno PM with
no added Polymyxin B of 0.025±0.003 (r2=0.85). The ratio of the
slopes for wildfire/Fresno PM was 0.08/0.025=3.2, so we can con-
clude that there was 320% additional NF-κB activation activity in the
wildfire PM as compared to the Fresno PM.

Discussion

We asked three questions at the start of this study. Our current re-
sults allow us to directly address the answers to all of these questions.

(1) Does exposure to coarse PM from the 2008 California wildfires
directly kill cultured macrophages at doses that are reasonable ap-
proximations to the doses that we used for our previously published
in vivo experiments in mice (Wegesser and Last, 2009)?

Our current studies have clearly demonstrated the rapid and effec-
tive killing of macrophages in vitro by wildfire PM (Figs. 1 and 2). This
is an important new result insofar as it establishes that thewildfire PM
itself is adequate and sufficient to kill macrophages in cell culture. In
vivo experiments do not allow us to rule out the putative contribution
of other resident lung or inflammatory cells or of agents like cytokines,
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chemokines, or oxidants produced by lung cells or inflammatory cells
other than macrophages in the mechanism of toxicity.

There are at least three other studies we have found in the litera-
ture that report the effects of coarse PM from wood or wildfire smoke
on cultured RAW 264.7 mouse macrophages. Kubàtovà et al. (2006)
observed a depletion of reduced cellular glutathione (GSH) of 58%
in 180,000 cells (initial plating density) exposed to the combined
aqueous extracts of the equivalent dose to 100 μg/mL of PM from
combustion of wood in a fireplace stove; in the same study, no signif-
icant cytotoxicity (as measured by LDH release) was observed at PM
equivalent doses below 200 μg of PM. Leonard et al. (2007) reported
that there was no significant increase of H2O2 production or lipid per-
oxidation in 5,000,000 or 50,000,000 RAW 264.7 cells, respectively, at
a dose of 100 μg/mL of coarse PM collected from wildfire smoke. Sig-
nificant increases of both parameters were observed with equivalent
doses of fine or ultrafine PM in the same experiments, suggesting the
biological relevance of the reported negative observations with
coarse PM. Jalava et al. (2006) found significantly increased cytotox-
icity (decreased viability by MTT test) to 50,000 cells per well of
RAW 264.7 macrophages exposed to 15–300 μg of coarse wildfire
PM, as compared to a reagent blank or in comparison to PM isolated
from normal ambient air. In the same studies the coarse PM induced
apoptotic cell death in 4–7% of the cells, with no difference between
wildfire and ambient air PM reported.

It is difficult to answer the question of comparative toxicity in vivo
and in vitro without having to make several assumptions because the
mode and medium of exposure is so different in vitro and in vivo. For
example, let us assume that the appropriate exposure metric for such
a comparison isweight of PM/macrophage cell exposed. This is an easy
number to determine for the cell culture experiments where we ex-
posed 500,000 cells per tissue culture well to known doses of wildfire
PM. This is not an easy number to determine for the intratracheal in-
stillation studies. One simple way to try to do this is to assume that
the population of macrophages being exposed to the instilled PM is
the same population that we can freely lavage from the lungs. The av-
erage number of macrophages we recover from a normal mouse after
lung lavage is about 125,000–150,000 cells. From the data in Fig. 2B of
Wegesser and Last (2009), we can see that we get significantly in-
creased killing of macrophages in vivo at a dose of 25 μg/125,000
cells. This would scale to a dose of 125,000/500,000×25 μg, or ~6 μg
in vitro. As shown in Fig. 1A, our results are consistent with the wild-
fire PM being able to kill macrophages at comparable doses of PM to
this amount (~6 μg) in vitro.

We also calculated the potential 24-hour dose of wildfire PM a
mouse would have received at the point of collection of our wildfire
samples, based on the typical ventilation rate of a mouse, the expected
fractional deposition of coarse PM in the lung, and the observed peak
concentration of coarse PM of 381 μg/M3 during our collection site of
the wildfire PM (Wegesser et al., 2009). That concentration would
have given a total dose to a hypothetical mouse at the site of about
20 μg of PM.

(2) Is the relative ratio of toxicity between wildfire PM and “nor-
mal” PM to cultured macrophages consistent with our previous re-
sults in mice?

The answer to this question is yes. In our previous studies we
reported that the number of pulmonary macrophages in the lung la-
vage fluid prepared frommice instilled with coarse PM from “normal”
ambient air was about 3- to 4-fold higher than the number of macro-
phages found in lavage fluid from mice instilled with the same dose
(50 μg) of wildfire PM (Fig. 2B,Wegesser et al., 2009). The actual num-
ber of macrophages counted in the lavage fluid in this in vivo experi-
ment, which may be hard to see from the cited figure, were as
follows: 50 μg of wildfire PM=70,604±15,067 (N=6); 50 μg of PM
from ambient air collected the previous year=224,845±49,437
(N=6); ratio (comparative toxicity)=3.2.We concluded in our earli-
er paper, “wildfire PM10–2.1 may be especially toxic to pulmonary
alveolar macrophages or that these wildfire PM10–2.1 create a condition
in which macrophages are difficult to extract from the lungs by lavage,
perhaps because of enhanced adherence to alveolar surfaces.” Based
upon our results in the present study, that the wildfire PM are 4-fold
more toxic to cultured pulmonary macrophages in vitro than are com-
parable PM from “normal” ambient air, we can now conclude that the
wildfire PM is indeed more toxic than PM normally present in the am-
bient air in this region, rather than the macrophages being inherently
stickier after exposure to wildfire PM. It is striking that we see the
same ratio, about 4, for the difference between the wildfire PM and
the ambient air PM in terms of inflammatory activity in vivo, macro-
phage killing in vivo, macrophage killing in vitro, and stimulation of
an NF-κB-driven reporter gene in vitro. However, we would not inter-
pret this finding to be indicative that all of the observed effects in vivo
are solely attributable to outcomes that are macrophage-based.

While the apparent consistency between our previous results in
vivo and the current results in vitro could have occurred by chance,
these results strongly support the hypothesis that the higher toxicity
in mice of wildfire PM than “normal” PM collected from ambient air
the previous year from the same region on about the same date is re-
lated to the striking ability of the wildfire PM to kill pulmonary mac-
rophages at lower doses than “normal” PM. The property of increased
oxidative stress and enhanced toxicity to macrophages of wildfire PM
as compared to ambient air PM at the same dose may have clinical
significance. There are reports in the epidemiological literature of in-
creased exacerbations of asthma and an increase in emergency room
visits during other California wildfire episodes, as compared to the
same hospitals on similar dates without wildfire activity, including a
large series of wildfires in Southern California in October of 2003
(Delfino et al., 2009; Künzli et al., 2006; Viswanathan et al., 2006),
the severe wildfire of 1999 on the Hoopa Indian Reservation in Hum-
boldt County in northwest California (Lee et al., 2009), a series of
wildfires in 1987 in Northern California (Duclos et al., 1990), and an
urban wildfire in 1991 in the Oakland Hills between Oakland and
Berkeley (Shusterman et al., 1993).

Wemight also ask whether the doses of PMwe used in the current
cell culture experiments bear any reasonable relationship to doses of
PM that a mouse might inhale in a whole body exposure chamber
under reasonable conditions of inhalation exposure. If we assume a
mouse inhales a minute volume that is approximately ten times less
than a rat with fifteen times its body weight, we can calculate that
the mouse inhales about 50 μg/h when exposed to a concentration
of coal fly ash of about 4.2 mg/M3 (Raabe et al., 1981). The concentra-
tions we used for the current group of in vitro experiments, 2.5–75 μg
of PM, are certainly comparable given the assumptions made. We can
also attempt to compare the dose of PM that we used in these exper-
iments with doses of PM previously used by other investigators for
studying PM toxicity in vitro. This turns out to be surprisingly difficult
due to the various dose metrics used in different studies and the lack
of essential information to allow for ready inter-conversion of differ-
ent dose metrics such as particle mass, mass per unit of surface area,
particle concentration, etc. However, we can conclude that our exper-
iments are clearly being performed at the low end of the typical dose
ranges used by investigators exposing cultured cells to PM10–2.5 in
vitro in the previous literature, as would be predicted with wildfire
PM that is significantly more toxic than PM isolated from normal am-
bient air that is not influenced by emissions from wildfires.

It is noteworthy that the death of the macrophages in lungs of
mice exposed to wildfire PM is probably not instantaneous, as ade-
quate time seems to exist for signals to be released that result in re-
cruitment of large numbers of neutrophils to the lungs of exposed
mice (Wegesser et al., 2009). In this respect the wildfire PM seem to
elicit similar results as intratracheally instilled quartz particles in
mice, which also efficiently kill pulmonary macrophages while caus-
ing a major influx of neutrophils as a component of the lung's inflam-
matory response (Adamson and Bowden, 1984).
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(3) What is the mechanism by which wildfire PM kills macro-
phages? Can we infer what critical intracellular signaling pathways
are responsible for the greater response of macrophages to wildfire
PM as compared to “normal” PM at comparable doses?

The answer to the question of the mechanism of macrophage cy-
totoxicity upon exposure to wildfire PM seems to be oxidant stress
to the macrophage cells in the airways, and this answer seems to be
unequivocal. We have previously reported depletion of total antioxi-
dants in the supernatant of the lung lavage fluid obtained from mice
instilled intratracheally with wildfire PM (Wegesser et al., 2010). In
the current study we have demonstrated activation of NF-κB in mac-
rophages exposed to the same wildfire PM in vitro. We have shown
(Fig. 5) that Polymyxin B, which binds lipopolysaccharide (LPS) the
soluble active component of endotoxin and prevents its binding to
TLR4 receptors, that (at least most of the) activation of NF-κB by wild-
fire PM10–2.1 is not due to endotoxin. However, previous studies with
PM10–2.5 isolated from ambient air have suggested that the effects of
coarse PM may be mediated by recognition of the particles by TLR4
receptors on the macrophages independent of any endotoxin effect
(Shoenfelt et al., 2009), and we have no reason to rule out the possi-
bility that this suggested mechanism for the initial interaction of par-
ticles with macrophage TLR4 receptors could account for the effects of
the wildfire PM in our studies.

The concept that PM causes oxidative stress to airway epithelial cells
and to pulmonary macrophages has been suggested previously. For ex-
ample, Jalava et al. (2006) reported cytotoxicity to cultured RAW 264.7
macrophages exposed to 15–300 μg/mL of coarse PM prepared from
wildfire smoke. Danielsen et al. (2011) reported that PM from wood
smoke (and ambient air) caused oxidative stress, DNA damage, and in-
flammatory cytokine production in cultured epithelial and monocyte
cell lines.What is novel in the current studies is the concept that the ox-
idative stress produced by wildfire PM is causally linked to the
killing of macrophages at concentrations of PM that might reasonably
occur in polluted air. Much of the existing literature links oxidative
stress to inflammation (review: Mazzoli-Rocha et al., 2010). Oxidant
stress-induced signaling pathways include NF-κB and other calcium
ion-regulated pathways and protein kinase (e.g., MAPK) cascades, and
AP-1 activation (Mazzoli-Rocha et al., 2010; Donaldson et al., 2003;
Xia et al., 2006). The ultimate result of activation of these pathways
on the cell would be complex, butwould include activation of transcrip-
tion of various genes including antioxidant enzymes, potential intracel-
lular stress responses, and apoptotic cell death.

Based upon the existing literature, we can say with some confi-
dence that activation of the NF-κB pathway is associated with induc-
tion of apoptosis. Therefore in preliminary experiments we examined
whether wildfire PM killed macrophages in vivo by inducing apopto-
sis, presumably secondary to induction of oxidative stress in these
target cells. Preliminary experiments using TUNEL staining with tis-
sue sections taken from lavaged lungs of mice instilled intratracheally
with wildfire PM10–2.1 6 or 24 h previously showed the presence of
apoptotic cells in cytospin preparations of lavaged cells (data not
shown). These results are consistent with other studies of the effects
of PM on cultured lung cells, both macrophages and epithelial cells
(Li et al., 2003; Mazzoli-Rocha et al., 2010; Soberanes et al., 2009;
Hetland et al., 2004; Chin et al., 1998; Obot et al., 2002).

What is the active component(s) in wildfire PM?

From the combined results of our previous studies and the current
results we can summarize the following attributes of the active compo-
nents of the wildfire PM. (1) The most active agent(s) are heat labile
(130 °C for 24 h), and therefore are probably organic compounds. Due
to the relatively small amount of wildfire PM we were able to collect,
detailed chemical analysis of these particles has of necessity been very
limited (Wegesser et al., 2010). (2) The relative contribution of endo-
toxin to the inflammatory or oxidant activity of wildfire PM, if any, is
a minor (or negligible) component of the total activity present. This re-
sult stands in contrast to the findings of Guastadisegni et al. (2010), and
suggests that differences in ambient air sample collection or handling
techniques, especially relative humidity during collection of the PM
samples, may be a factor in reported levels of endotoxin in coarse PM
collected from various locations around the world. Guastadisegni et al.
collected samples in The Netherlands, Germany, Sweden, and Italy, all
from areas in which ambient relative humidity would be high, while
our samples were collected in the Central Valley of California in late
June, where relative humidity would be very low. (3) The inflammatory
activity of the wildfire PM is associated with oxidant stress, which ap-
pears to be correlated with triggering the NF-κB signaling pathway in
target cells. (4) The active agent(s) can, and do, kill alveolar macro-
phages at very low doses of PM in these experiments, suggesting the
possibility that these results are relevant to environmental exposures.
It is also worth noting that coarse PM (PM10–2.5) seem to be able to in-
duce inflammation in cultured cells as strongly as fine PM (PM2.5–1)
on an equal mass basis (Schwarze et al., 2007).
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