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ABSTRACT
The goal of this study was to test the following hypotheses:
(1) exposure to mobile emissions from mobile sources close
to a heavily trafficked roadway will exacerbate airway in-
flammation and allergic airway responses in a sensitized
mouse model, and (2) the magnitude of allergic airway dis-
ease responses will decrease with increasing distance from
the roadway. A particle concentrator and a mobile exposure
facility were used to expose ovalbumin (OVA)-sensitized
BALB/c mice to purified air and concentrated fine and con-
centrated ultrafine ambient particles at 50 m and 150 m
downwind from a roadway that was heavily impacted by
emissions from heavy duty diesel-powered vehicles. After
exposure, we assessed interleukin (IL)-5, IL-13, OVA-specific

immunoglobulin E, OVA-specific immunoglobulin G1, and
eosinophil influx as biomarkers of allergic responses and
numbers of polymorphonuclear leukocytes as a marker of
inflammation. The study was performed over a two-year
period, and there were differences in the concentrations and
compositions of ambient particulate matter across those
years that could have influenced our results. However, av-
eraged over the two-year period, exposure to concentrated
ambient particles (CAPs) increased the biomarkers associ-
ated with airway allergies (IL-5, immunoglobulin E, immu-
noglobulin G1 and eosinophils). In addition, mice exposed
to CAPs 50 m downwind of the roadway had, on the aver-
age, greater allergic responses and showed greater indica-
tions of inflammation than did mice exposed to CAPs 150 m
downwind. This study is consistent with the hypothesis that
exposure to CAPs close to a heavily trafficked roadway in-
fluenced allergic airway responses.

INTRODUCTION
Clinical and toxicological studies have demonstrated

links between diesel exhaust particle (DEP) exposures and

the development of airway allergies.1 Children living near

IMPLICATIONS
This paper demonstrates that freshly generated mobile
source-related aerosols in ambient air can influence airway
allergies and provides support of epidemiological observa-
tions that asthma and asthma-related symptoms are in-
creased in children living near heavily trafficked roads.
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roads that are heavily impacted by emissions from diesel-
powered vehicles have an increased prevalence of asthma
and symptoms of airway allergies.2–4 DEP can act as an
adjuvant and may play a role in the development of
allergic reactions to antigens, as has been demonstrated in
ovalbumin (OVA)-sensitized mice that were treated with
DEP.5–9 However, these studies did not use ambient par-
ticulate matter (PM) aerosols. The study reported here
exposed OVA-sensitized mice to concentrated ambient
particles (CAPs) at two sites downwind of a heavily traf-
ficked road used by large numbers of diesel-powered ve-
hicles to examine whether such exposures could play a
role in the development of airway allergies.

The recent developments of a versatile aerosol con-
centration enrichment system (VACES)10,11 and a mobile
exposure system have made it possible to expose labora-
tory animals under relatively controlled conditions to
CAPs near emission sources in a field setting heretofore
impossible. The VACES is a virtual impactor that can be
coupled with size-selective inlets to permit exposures to
CAPs in the ultrafine (UF; particle diameter [dp] � 150
nm), fine (F; dp � 2.5 �m), and coarse (C; 2.5 � dp � 10
�m) particles. In this study we tested the following hy-
potheses: (1) exposure to CAPs near a heavily trafficked
roadway will exacerbate airway inflammation and allergic
airway effects in a sensitized experimental model, and (2)
exposure to CAPs closer to the roadway would increase
concentrations of allergic biomarkers to greater effect
than would exposure to CAPs further downwind of the
roadway.

To test these hypotheses, the VACES was used to
expose OVA-sensitized BALB/c mice to F and UF CAPs or
to purified air 50 m and 150 m downwind of a heavily
trafficked roadway in Los Angeles, CA. After exposure,
biomarkers of allergic response were assessed. We selected
biomarkers that are associated with allergic responses me-
diated by type 2 T-helper lymphocytes (TH2 cells). The
biomarkers included interleukin-5 (IL-5), interleukin-13
(IL-13), OVA-specific immunoglobulin E (IgE), OVA-spe-
cific immunoglobulin G1 (IgG1), and eosinophil (EO)
influx.

IL-5 supports the proliferation and differentiation of
mouse antibody-producing B cells and enhances secretion
of antigen-specific immunoglobulins IgG1 and IgE. IL-5 is
also a chemoattractant for EOs and is strongly implicated
in the pathogenesis of asthma. IL-13 is a cytokine that
plays a pivotal role in the induction of TH2 cells, and
inhibition of IL-13 blocks the development of allergic
responses. OVA-specific IgE and IgG1 were also assessed to
determine whether or not particles from mobile source
emissions could act as adjuvants in the development of
airway allergies. In addition, we measured the number of

polymorphonuclear leukocytes (PMNs) in bronchoalveo-
lar lavage fluid (BAL) as an indicator of inflammation.

Chicken egg albumin (OVA) is frequently used as an
antigen in studies of airway allergies. Hao et al.12 found
that they were unable to discern an increased in OVA-
induced airway hyperreactivity after exposures to DEPs in
mice that were sensitized using the “classical” sensitiza-
tion approach (i.p. injection of OVA plus aluminum hy-
droxide as an adjuvant). Hao et al.12 and other investiga-
tors13 had success with milder OVA sensitization, in
which no adjuvant was administered. In this study, we
used nasal instillation of OVA, rather than i.p. injection,
to produce a minimally sensitized mouse. This model has
not been used previously for ambient air studies. As will
be seen, although there is mouse-to-mouse variability in
responses to OVA, we were able to detect an effect of
ambient PM exposures using concentrated ambient par-
ticles on the measured biomarkers in this study.

EXPERIMENTAL WORK
Atmosphere Generation and Characterization

Concentrated F and UF CAPs were used in this study. The
particles were concentrated using the VACES, which has
been described in detail by Kim et al.10,11 It is important to
note the F CAPs included the UF fraction. The VACES
system is mobile and capable of enriching the concentra-
tion of particles in the range of 0.02–2 �m by up to a
factor of 30 � ambient, depending on the output flow
rate.10 The efficiency of concentration begins to fall off
above 2 �m or below 0.02 �m. The VACES was used to
provide CAPs in the two size ranges described above by
incorporating size-selective inlets upstream of the virtual
impactor (Figure 1).

Figure 1. Schematic diagram of the VACES particle concentrator
for simultaneous exposures of mice to F (dp �2.5 �m diameter) and
UF (dp �0.15 �m diameter) in a mobile exposure facility.
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The VACES was installed inside a one-ton van (Dodge
RAM 350 Custom), which had been internally modified
for the safe handling of animals. Electric power for the
VACES and all of the other sampling instruments was
supplied by a 1.2-kW gasoline-powered portable power
generator (Model EU 1000i, Honda Motor Co., LTD., To-
kyo, Japan). The generator was placed �18 m downwind
of the sampling location of the van to minimize the risk
of possible contamination of the exposure CAPs. Total
particle number concentrations were measured at the
VACES inlet while the generator was turned on and off.
No detectable difference was observed, thereby confirm-
ing that PM emissions from the generator were effectively
diluted and did not affect the input aerosol to the VACES.
Ambient air for the exposures was drawn from outside the
van into two VACES units via a 2-m long and 7.5-cm
diameter stack made of aluminum to avoid particle losses
because of electrostatic deposition. At a flow rate of 240
L/min, (120 L/min for each unit) the aerosol residence
time in the stack before reaching the VACES was �0.11
sec, hence, short enough to avoid particle loss on the duct
walls from deposition by either settling (for larger parti-
cles) or diffusion (for smaller particles).10 Particle concen-
tration in the VACES is achieved by virtual impaction,
which is a process that separates particles from the ma-
jority of the airstream in which they are suspended based
on their inertia. The air entering the virtual impactor is
separated into a major and a minor flow. The particles are
accelerated through a jet into the minor flow and concen-
trated, whereas the bulk of the gas phase exits the impac-
tor via the major flow. For this study, the major flow was
�113 L/min, and the minor flow was �7 L/min; thus, the
nominal concentration factor for the VACES was 17. The
concentrated aerosols were supplied into a series of
whole-body animal exposure chambers placed directly
downstream of the diffusion dryers of the concentrators
(Figure 1). For some of the F CAP exposures, the concen-
trated aerosols were diluted immediately before entering
the exposure chamber by mixing with particle-free fil-
tered air to keep the exposure level at a maximum con-
centration of �400 �g/m3.

Physical and Chemical Characterization of PM
The 7 L/min minor flows in the UF or F VACES were
ducted to the exposure chambers. Approximately 3 L/min
of that flow was diverted into a sampling manifold to
determine physical and chemical characteristics of the
exposure aerosol, and the remaining 4 L/min were sup-
plied to the animal exposure chambers. Particle flow con-
trol was assured by means of in-line calibrated rotameters
(Model EW-32206–02, Cole Parmer Co., Vernon Hill, IL)
connected downstream of each exposure chamber. UF

and F particle mass and elemental composition were mea-
sured by collecting concentrated PM on 37-mm Teflon
filters (PTFE 2 �m pore, Gelman Science, Ann Arbor, MI)
at a flow rate of 0.5 L/min. The Teflon filters were weighed
before and after each 10-day experiment using a Mettler 5
Microbalance (MT 5, Mettler-Toledo Inc., Highstown, NJ),
under controlled relative humidity (40–45%) and tem-
perature (22–24 °C) conditions in the Aerosol Laboratory
of the University of Southern California. At the end of
each day, filter cassettes were removed and stored under
refrigeration. They were reinstalled the next day, and
sampling continued. This yielded a single integrated sam-
ple that was representative of the entire 2-week exposure
period for each experiment. At the end of each experi-
ment, the samples were removed and stored at constant
humidity and temperature for 24 hr before weighing to
ensure removal of particle-bound water. Concentrations
of inorganic ions (sulfate and nitrate), elemental carbon
(EC), and organic carbon (OC) were determined by col-
lecting particles on 37-mm prebaked quartz filters (Pall-
flex Corp., Putnam, CT) at a sampling flow of 0.5 L/min.
Particle number concentrations of F and UF CAPs were
measured every 15 min throughout the exposures with a
TSI 3022 Condensation Particle Counter sampling at a
flow rate of 0.3 L/min. Particle mass concentrations were
measured every 15 min using a DataRAM Model DK-2000
(MIE) sampling at 1.7 L/min.

Chemical Analyses
Subsequent to weighing, the Teflon filters were analyzed
by X-ray fluorescence to determine the concentrations of
particle-bound trace elements and metals (see Table 1). A
circular section of the quartz filter was removed from the
center of the filter with a punch of diameter of �1 cm2.
The sample was analyzed using thermal desorption fol-
lowed by oxidation to CO2 to determine the EC and OC
contents. The remainder of the filter was extracted using
a mixture of 0.1 mL of ethanol and 5 mL of distilled
deionized water and analyzed by ion chromatography to
determine the concentration of particulate sulfate and
nitrate. As described above, each sample was a composite
collected over 10 days of exposure for each exposure
study. The values in Table 1 are, therefore, single values
for each analyte and do not have standard deviations.

Exposure System
Whole-body rodent exposures were performed in com-
pact (20 L) chambers (50 cm length � 27 cm width � 15
cm height) that enabled exposure of nine mice simulta-
neously in individual compartments. The small size of
these units allowed several chambers to be transported to
field locations. The chambers were covered with a 1-cm-
thick acrylic plastic lid that permitted direct observation
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of the animals during the exposures and transport. A
removable floor and removable partitions were manufac-
tured from perforated stainless steel (0.4-cm-diameter
round holes in a staggered pattern providing 63% open
area). The floor was suspended 2.5 cm from the base of the
pan for animal hygiene. The compartment partitions ex-
tend from the chamber floor to the clear plastic lid with
appropriate slots for the aerosol distribution lines. The
aerosol distribution and return lines were manufactured
from perforated 0.3-cm (i.d.) copper tubing. The aerosol
return line tubing is shaped into a 10-cm square at the
bottom of the cage (below the base) with 0.3-cm-diameter
inward facing holes spaced every 2 cm. Closed cell poly-
urethane gasket material is used to seal the plastic lid to

the chamber body. The performance of this rodent whole-
body exposure system was assessed using the following:
(1) computational fluid dynamic modeling to predict
mixing and airflow patterns, (2) an experimental aerosol
distribution study, and (3) an experimental deposition
efficiency study in mice.14 The distribution of aerosol
in the chamber was reasonably uniform with variation in
particle concentration among the nine compartments in
the chamber averaging �20%. Temperature and airflow
were controlled during the exposures and during trans-
port.14

Exposure Sites
The exposure studies were performed near a freeway with
heavy diesel traffic. Exposures were conducted at two sites
in Los Angeles, CA, one that was 50-m downwind (BH-
50M) and another that was 150-m (BH-150M) downwind
from a complex of three roadways, State Road CA60,
Interstate 10, and Interstate 5, all of which run in parallel
at that location. Our BH-50M site was 50 m from the
margin of the nearest of the roadways, CA60. Traffic
counts conducted by the California Department of Trans-
portation in 2001 and 2002 indicated that on the average
76,000 trucks per day, 40–50% of which were classified as
heavy duty, passed by the site on these three parallel
roads. Exposures were conducted continuously for 4 hr
between 10:00 a.m. and 2:00 p.m. The average wind di-
rection was relatively stable, with winds from the south-
west to west directions during the exposure period. The
freeways run in a general northwest to southeast direc-
tion. The terrain in the immediate area of the sampling
location was relatively flat, and there were no major ob-
structions between the roadway and the exposure sites.
There was little street traffic near the sites during the
exposures. Because of limitations on the numbers of mice
that could be accommodated in any one exposure event,
studies were performed in separate weeks at each site in
2001 and repeated in 2002.

Animal Protocol
All of the animal protocols were approved by the Institu-
tional Animal Care and Use Committees at University of
California, Irvine, and University of California Los Ange-
les. Mice were delivered from the supplier at 6 weeks of
age and were housed under barrier conditions in venti-
lated cages in a room supplied with HEPA-filtered, puri-
fied air. Mice were allowed to acclimate for �2 weeks
before they underwent any procedures. For each 2-week
exposure period, 27 adult male BALB/C mice were ran-
domly assigned to one of three groups, each consisting of
9 animals. The three groups received UF, F, or filtered air,
respectively. All of the mice used in this study were sen-
sitized to OVA by nasal instillation. On the morning of

Table 1. Chemical composition of F and UF particles measured 50-m and

150-m downwind from a heavily trafficked road in Los Angeles (values

averaged over two-week exposure period).

Analyte/Exposure

2001 2002

July October June August
50 m Site 150 m Site 50 m Site 150 m Site

Particle mass (�g/m3)

Control – – – –

F 361 313 498 442

UF – – 433 283

Particle counts (part./cm3)

Control – – – –

F 210,000 160,000 285,000 230,000

UF – – 590,000 290,000

EC (�g/m3)

Control – – – –

F 10.7 12.0 8.5 13

UF – – 18 16

OC (�g/m3)

Control – – – –

F 88.1 86.0 253.8 91.1

UF – – 189.0 135.0

Total metalsa (�g/m3)

Control – – – –

F 14.0 10.0 76 109

UF – – 51 45

Nitrate (�g/m3)

Control – – – –

F 107 89.0 91.0 75.0

UF 53.7 24.7

Sulfate (�g/m3)

Control – – – –

F 76.9 25.3 44.8 65.1

UF 35.5 25.0

Notes: F, Concentrated ambient particles �2.5 �m; UF, concentrated am-

bient particles �0.15 �m; aTotal metals included Ag, Al, Ba, Ca, Cd, Co, Cr,

Cu, Fe, Ga, Ge, Hg, In, K, La, Mn, Mo, Na, Ni, Pb, Pd, Rb, Sb, Sn, Sr, Ti, V,

Y, Zn, and Zr.
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each exposure, the mice were lightly anesthetized with
isofluorane. OVA (50 �g in 5 �L of saline; Sigma Chemi-
cal) was administered by nasal instillation. The sham-
exposed and CAPs-exposed animals were all treated with
OVA. This procedure produced a minimally-sensitized an-
imal in which we were able to discern CAPS-induced
allergic changes (Kleinman, unpublished data, 2001). Hao
et al.12 and others13 had shown that effects of DEP expo-
sure on OVA-induced hyper-reactivity could be detected
in minimally sensitized mice, whereas mice sensitized by
i.p. injection of OVA plus adjuvant and aerosol challenge
had large allergic responses that overwhelmed the effects
of DEP.

Mice were placed into the exposure chambers, al-
lowed to recover, and were then transported to the
freeway exposure sites. During transport, the exposure
chambers were ventilated with air filtered through
permanganate-impregnated alumina spheres, activated
charcoal, and a HEPA filter to minimize extraneous expo-
sures. The chamber temperatures were monitored and
controlled during transport and exposures. At the site,
two chambers were connected to the outlet of the VACES
(one to the UF VACES and one to the F VACES). A third
chamber was connected to an air purification cartridge
containing permanganate-impregnated alumina spheres
to oxidize organic contaminants, activated carbon to trap
remaining organics and a HEPA filter to remove particles.
Particle concentrations for the F CAPs exposures were
maintained at �400 �g/m3 by adding purified dilution air
when necessary. The mice were exposed for four hours per
day, five consecutive days per week, for two weeks. All
three of the groups were exposed at the same time (Group
1, mice exposed to purified air; Group 2, mice exposed to
UF CAPs; and Group 3, mice exposed to 400 �g/m3 F
CAPs). One week after completion of the 10 days of OVA/
CAPs exposure, the mice were challenged by inhalation
with OVA (30 mg/m3). A second challenge was performed
one week later. The mice were euthanized 24 hr after the
second challenge, and bioassays were performed. The data
in this article represent four exposure events. The first two
exposures were conducted 50-m and 150-m downwind
from the roadway complex in 2001. These exposures were
repeated at the same locations in 2002.

Bioassays
Bronchoalveolar Lavage and Blood Sample Collection. The
mice were deeply anesthetized with sodium pentobarbital
(65 mg/kg, i.p.). After a surgical plane of anesthesia was
achieved, lung tissue, lung fluids, and blood were re-
moved for determination of inflammatory cell counts
(PMNs) and markers of allergic responses (influx of eosin-
ophils, concentrations of cytokines, and concentrations

of OVA-specific antibodies). Blood was withdrawn by car-
diac puncture and centrifuged to isolate the plasma. The
plasma was frozen for later analysis. The animal’s abdom-
inal aortas were severed, and their tracheas were exposed.
A catheter was inserted into the trachea and tied in place.
The lungs were lavaged with HEPES-buffered (pH 7.2)
Hank’s Balanced Salt Solution (HBSS) without calcium ion
(Ca2�) or magnesium ion (Mg2�) (Life Technologies,
Gaithersburg, MD). The lavage volume was 0.8 ml, and it
was instilled and aspirated three times at a rate of �0.05
mL/second. The lavage was repeated four times per ani-
mal, and the recovered fluid from each lavage was placed
on ice. The BAL from each animal was centrifuged at
800 � g for five minutes. The fluid from the first lavage
was reserved for protein and biochemical assays. The cell
pellets from all of the lavages were pooled and resus-
pended in 1 mL of HBSS with Ca2� and Mg2�.

Cell Counts and Differentials on BAL Samples. The cells that
were isolated from the BAL were resuspended and intro-
duced into a bright line hemocytometer to determine
total and viable cells. Viability was assessed by Trypan
blue exclusion. The yield by this lavage procedure was
typically 105 cells per mouse with an average viability of
�90%. A 0.1-ml aliquot of cells was plated onto a glass
microscope slide using a cytocentrifuge (StatsSpin Cyt-
ofuge 2, Norwood, MA). The cells were stained with
Wright-Giemsa, and differential cell counts were made.
The number and percentage of EOs, mononuclear cells,
and PMNs in this aliquot were determined.

BAL Fluid Analysis for IL-5 and IL-13. IL-5 and IL-13 were
analyzed using Quantikine (R&D Systems) enzyme-linked
immunosorbent assay kits that were specific for the
mouse cytokines. The assays use a quantitative sandwich
enzyme immunoassay technique. Microplates, coated
with monoclonal capture antibody specific for mouse IL-5
or IL-13 were used. Standards, controls, and samples were
pipetted into the wells. Each sample and control well was
spiked with 25 �L of buffer containing 50 pg of recombi-
nant mouse IL-5 or IL-13, as appropriate, so that all of the
controls and samples could be read in a linear portion of
the standard curve. Analyses were otherwise conducted
according to the manufacturer’s instructions.

Blood Samples Analyzed for OVA-Specific Immunoglobulins.
OVA-specific IgE and IgG1 antibodies were detected using
enzyme-linked immunosorbent assay. Plastic microplates
(Nunc-Immuno MaxiSorp Plate, Fisher Scientific) were
coated with 100 �L/well of 0.05% OVA (Grade V; Sigma,
St. Louis, MO) in 0.1 M carbonate buffer (pH 9.5) by
overnight incubation at 4 °C. The plates were blocked by
incubation for one hour at 37 °C with 3% bovine serum
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albumin (Sigma) in phosphate-buffered saline (PBS) with
5% Tween 20 (PBST). Mouse plasma samples diluted
1:5000 in PBS for IgG1, undiluted mouse plasma samples
for IgE, and serial dilutions of OVA-positive mouse serum
(for the calibration curve) were added to the wells of the
plates, which were incubated for one hour at 37 °C for IgE
and incubated overnight at 4 °C for IgG1. Biotin-conju-
gated rat–anti-mouse-IgE (PharMingen, San Diego, CA)
was diluted to 8 �g/mL in blocking buffer, or biotin-
conjugated rat monoclonal antimouse IgG1 (PharMin-
gen) was diluted to 2 �g/mL with blocking buffer. Horse-
radish peroxidase-conjugated avidin (50 �l, dilution
1:300) was added, and the samples were incubated for 20
min. Between each incubation, the plates were washed
with PBST. 3,3�,5,5� Tetramethylbenzidine enzyme sub-
strate (PharMingen) was added and the reaction stopped
after 30 min by the addition of 2 N sulfuric acid (H2SO4).
Absorption was measured spectrophotometrically, and
the data were expressed as mean and standard error of IgE
and IgG1 for each treatment group.

Statistical Analyses. The experiment was analyzed as a par-
tial factorial design with factors for location (BH-50M or
BH-150M) and treatment (Air, UF, or F). Each biomarker
was analyzed separately. The analyses were performed
using a fixed effects procedure that did not require a
balanced design. For most of the end points, we consid-
ered that the normality assumptions for analyses of vari-
ance (ANOVA) were met. The exception was EOs, which is
discussed later in this section. Of primary interest for the
analyses were the following: (1) treatment effect, and (2)
treatment by location interactions. A standard two-way
ANOVA was performed in SAS for each end point, includ-
ing EOs, to estimate both main effects of treatment and
the interactions with location. Statistical significance was
assessed using the usual F statistics. The Tukey Multiple
Comparison Test was used to test for significant differ-
ences between group mean values within each of the four
exposure runs. The EO data had many zero values and,
therefore, the ANOVA may be somewhat difficult to in-
terpret. Nonparametric statistical analyses were consid-
ered for EOs but did not really solve the problem of
having a large number of zeros in the dataset. The results
of the nonparametric analyses were essentially the same
as those of the ANOVA and were, therefore, not reported.

The number of animals that could be exposed at any
one time limited us to group sizes of nine. To achieve
adequate power it was necessary to repeat the exposures
for each group to build a sufficient sample size. We also
could only perform one exposure at each site in 1 year.
The exposures were, therefore, performed in 2001 and
2002, and every attempt was made to keep the exposure
conditions and methods the same. To check whether

there were systematic biases in the assay procedures be-
tween 2001 and 2002, a one-way ANOVA was performed
on the data from air-exposed mice (controls) for each
biological end point. There were year-to-year differences
in biomarker concentrations for these control animals on
a year-to-year basis; however, except for IgE, the year-to-
year differences were not statistically significant. The IgE
values for control and exposed mice were elevated at both
sites in 2002 as compared with 2001. The IgE results must,
therefore, be interpreted with some caution. However,
because values at both sites were elevated, it is unlikely
that this difference represents a site-related bias.

RESULTS
Exposure Concentrations

The particle mass, particle count, and chemical composi-
tion of the F and UF CAPs atmospheres for mice exposed
50 m downwind (BH-50M) and 150 m downwind (BH-
150M) from a heavily trafficked roadway sites during
2001 and 2002 are summarized in Table 1. The values
represent averages for each of the four exposure periods.
As described in the experimental work, the VACES were
operated at a nominal concentration factor of 17� ambi-
ent; however, concentrations of F CAPs were diluted with
purified air when necessary to achieve an �400 �g/m3

average exposure concentration. The sampling line of the
VACES used to concentrate UF particles was operated at
17� ambient, and the concentrated particles were not
diluted.

Intuitively, one might expect the particle numbers in
Table 1 to be greater than they are, given the relatively
high mass concentrations measured in the UF CAPs. How-
ever, several articles15–18 have reported that for the Los
Angeles ambient aerosol, one cannot predict the number
of particles from the measured mass concentrations.
Chakrabarti et al.15 sampled ambient PM at a Los Angeles
area site over a one-month period and found that “no
correlation seems to exist between the number and mass
concentrations of sub-150 nm PM, with the R2 value
being only 0.06.” The relative particle counts and mass
concentrations in concentrated PM in our study were
proportionally higher than the ambient measurements
but the number-to-mass ratios were consistent with those
measured by Chakrabarti et al.15

At both exposure sites, the F CAPs particle mass was
higher in 2002 than in 2001. The EC concentrations
ranged from �9 to 13 �g/m3 and were slightly higher at
the 150-m site than at the 50-m site in both years. The OC
concentrations tended to be higher at the 50-m site than
at the 150-m site and were very much higher in 2002 at
the 50-m site than in 2001. Nitrate concentrations tended
to be higher at the 50-m site than at the 150-m site.
Sulfate concentrations in 2001 were higher at the 50-m
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site than at the 150-m site, but this pattern was reversed in
2001. The particle concentrations were higher at the 50-m
site than at the 150-m site in both years. These counts are
consistent with the data of Zhu et al.,19 which would
predict differences of �30% between the two sites based
on their respective distances from the roadways. There is
an unexplained increase in metal concentrations between
2001 and 2002 at both sites. At this time there are insuf-
ficient data to rigorously examine relationships between
biological responses and CAPs composition; however, as
more data are accumulated we expect to be able to per-
form those analyses.

Biological Responses
The goal of this study was to test the hypotheses that
biological responses would be influenced by treatment
(CAPs vs. air) and location (50 m vs. 150 m downwind
from the roadway). The study was performed within a
partial factorial design with the factors being treatment
and location. Table 2 summarizes the concentrations of

IL-5, IL-13, PMNs, and eosinophils in BAL, and OVA-
specific immunoglobulins, IgE and IgG1, in blood plasma
for the four exposure events. Exposures to F CAPs were
performed in 2001 at both sites and then repeated in
2002. An UF VACES became available in 2002, and expo-
sures to UF CAPs were conducted at both sites in 2002, in
addition to the F CAPs exposures.

The data for air-exposed control mice in Table 2 were
analyzed for possible experimental biases between the
two study years using a one-way ANOVA in SAS. The
one-way ANOVA showed that the biomarker group mean
values for air-exposed animals in 2001 were not different
from those measured in 2002 for any of the analytes, with
the exception of IgE. OVA sensitization of the mice ex-
posed to purified air in 2002 resulted in higher values of
IgE for BH-50M and somewhat higher values for BH-150M
in the sham exposed animals as compared with 2001.
However, because mean IgE values for both locations were
affected in the same direction, it was unlikely that this
difference would bias the subsequent statistical analyses,

although the higher IgE values
for 2002 over 2001 could make
comparison between controls
and CAPs-exposed animals less
likely to detect a significant dif-
ference. The lack of group mean
differences between analyses
performed in the two different
years for the analytes other
than IgE in the data from sham-
exposed mice is encouraging,
because it tends to exclude lab-
oratory or specimen handling
as a likely cause of patterns that
were discerned in our subse-
quent two-factor ANOVAs.

Two-factor ANOVAs were
performed to test for the main
effects of treatment (air versus
CAPs) and the interactions of
treatment � location. There were
several significant differences in
the responses of animals by ex-
posure group. Pair-wise compari-
sons of group means were made
using a Tukey multiple compari-
son test. Group means for CAPs-
exposed mice that were signifi-
cantly different from those of air-
exposed mice are shown in Table
2 with “a”. The significance (P)
values for the treatment effects
and the treatment � location

Table 2. Biomarkers of inflammation and allergic responses in OVA-sensitized mice exposed to concentrated

ambient particles 50-m and 150-m downwind of a heavily trafficked freeway in Los Angeles.

Analyte/Exposure

2001 2002

50 m Site 150 m Site 50 m Site 150 m Site

n Mean � SE n Mean � SE n Mean � SE n Mean � SE

IL-5 (pg/mL)

Control 16 5.6 � 2.2 9 1.6 � 1.1 9 3.3 � 1.9 9 	0.7 � 2.3

F 9 18.9 � 2.0a 8 1.0 � 1.0 9 7.7 � 1.4 9 6.5 � 2.4

UF – – – – 9 10.6 � 2.1a 9 0.8 � 2.0

IL–13 (pg/mL)

Control 13 6.1 � 0.2 9 7.5 � 1.9 9 5.6 � 1.2 9 5.1 � 1.1

F 9 7.0 � 0.2a 8 10.8 � 3.6 9 9.7 � 1.3 9 5.6 � 1.7

UF – – – – 8 7.3 � 0.9 9 7.0 � 1.0

IgE (units/mL)

Control 16 3.8 � 1.9 9 0.3 � 0.3 9 14.0 � 5.5 9 9.3 � 3.9

F 9 13.6 � 5.0 8 3.1 � 1.4 9 11.7 � 8.9 9 11.8 � 10.9

UF – – – – 9 14.6 � 6.2 9 25.3 � 11.7

IgG1 (units/mL)

Control 16 5000 � 2300 9 6200 � 2300 9 4000 � 870 8 1100 � 200

F 9 22600 � 4800a 8 6200 � 1800 8 3300 � 600 9 1000 � 93

UF – – – – 9 8300 � 1700a 9 1100 � 240

EOS (no. cells in BAL)

Control 16 200 � 75 9 170 � 97 9 200 � 77 9 0

F 9 580 � 110a 8 98 � 99 9 220 � 133 9 70 � 50

UF – – – – 9 130 � 60 9 0

PMN (no. cells in BAL)

Control 16 1500 � 500 9 2500 � 840 9 1200 � 230 9 540 � 210

F 9 3200 � 1200 8 1300 � 450 9 8200 � 7400 9 680 � 160

UF – – – – 9 1100 � 310 9 1100 � 260

Notes: – 
 no data; aDifference from control statistically significant, P � 0.05 (Tukey multiple comparison test).

Kleinman et al.

Volume 55 September 2005 Journal of the Air & Waste Management Association 1283



interactions are summarized in Table 3. There were signifi-
cantly higher concentrations of IL-5, IgE, IgG1, and eosino-
phils in samples from mice exposed to CAPS (UF or F) than
in samples from air-exposed mice. Three of the five biomar-
kers showed highly significant treatment � location inter-
actions indicating that mice exposed to CAPS 50-m down-
wind of the roadway had higher levels of IL-5, IgG1, and
eosinophils than mice exposed to CAPS 150-m downwind
from the roadway. These results are discussed in more detail
below.

Zhu et al.20 have described the decay in particle count
with distance from two freeways as a monoexponential
function, with different asymptotes. The decay function
is greater for the diesel-rich 710 freeway (�25% diesel
traffic) than for the gasoline-rich 405 freeway (�5% diesel
traffic), and, because the freeway used in this study had
30–40% diesel traffic, its PM characteristics were assumed
to be similar to those of the 710 freeway. Accordingly, the
decay constant (0.053 m	1) for the 710 freeway was used
to estimate values for the asymptote and the coefficient
for the exponent. At the distances used in this study, the
predicted decline in particle number concentration in air
in going from 50 m to 150 m is rather limited, �15–37%
by their estimates, and between 20 and 25% (Table 1) in
the actual counts. The values for these estimates are
shown in Figure 2, which shows the curve and the two
data points for the two sites for the fine/ultrafine particles.

DISCUSSION
The objectives of this study were to test the following
hypotheses: (1) CAPs exposure would enhance inflamma-
tory and allergic responses in OVA-sensitized BALB/C
mice compared with sensitized, clean air controls, and (2)
there would be differences in response at two distances
downwind of heavily traveled roadways suggestive of
greater toxicity of PM closest to the freeway. The study
had important challenges associated with its conduct that
make it more difficult, in some respects, to test for strict
causality. The average results from the overall study indi-
cate that CAPs enhanced allergic responses in relation to
controls (Tables 2 and 3) in mice exposed 50-m down-
wind from the freeway as compared with mice exposed

150-m downwind for IL-5 (P 
 0.005) and IgE (P 
 0.045),
and these were supported by similar trends for IgG1 and
EOs that approached statistical significance. The results
were additionally supported by the significant treat-
ment � location interactions that were seen in the
ANOVA. However, there might have been differences in
patterns (Table 2) of responses seen over the two years
during which the data were collected. As previously stated
there is animal-to-animal variation for all of the assessed
biomarkers, and it was necessary to combine values from
a study that spanned two years to obtain the population
size needed to achieve adequate power to test for signifi-
cant differences because of exposure and location. This
need had been determined before the study was initiated
using a power analysis and was not the result of post-hoc
decisions. There are apparent differences in the patterns
of responses observed in the first and second years. These
differences might be because of the differences in CAPs
concentration or composition seen in the results above.
However, at this time there are insufficient data to deter-
mine if these differences in pattern are a result of differ-
ences in particle characteristics, and it is not appropriate,
given the small number of individuals tested in any one
year to attempt this on a year-to-year basis.

These data indicate that CAPS have an adjuvant ac-
tivity and can influence allergic responses in an in vivo,
OVA-sensitized mouse model. There is biological variabil-
ity, but there are trends for IL-5, IL-13, IgE, and IgG1 with
greater effects in close proximity to the freeway and UF
appearing to yield a more potent response than F. An
eosinophil response that was consistent with the other
biomarkers of allergic response was seen, but this could be
questionable given the small numbers and variability,
although there are both significant treatment and signif-
icant treatment � location effects. Taken together, the
results of this study demonstrate that UF and F CAPs can
have adjuvant effects, which are consistent with the modest

Table 3. Ps for tests of treatment differences and interactions in a two-

way ANOVA testing main effects of treatment and interactions of

treatment � location in mice exposed to concentrated ambient particles

50-m and 150-m downwind of a heavily trafficked freeway in Los Angeles.

IL-5 IL-13 IgE IgG1 EOS

Treatment 0.005a 0.121 0.045a 0.084b 0.071b

Treatment � location �0.0001a 0.985 0.526 0.001a 0.002a

aSignificant, � � 0.05; bApproached significance, � � 0.1.

Figure 2. Particle number and EC concentrations measured at
freeway sites 50-m and 150-m downwind of a Los Angeles freeway
during this study are consistent with the exponential relationships
described by Zhu et al. (19).
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effects seen in other laboratory studies.9,21,22 A review of our
findings follows to support these conclusions.

Cytokine Responses
IL-5 concentrations were generally higher in the BAL from
mice exposed to F or UF CAPs versus mice exposed to
purified air. The F and UF CAPs groups were treated as
“exposed” in the ANOVA. The Tukey multiple compari-
son was used to examine differences in mean UF versus
mean F exposure outcomes. F and UF were not used as
separate factors in the ANOVA. The group mean differ-
ences (air versus CAPs) were highly significant (P �

0.005). The mice exposed to CAPs 50-m downwind of the
freeway had significantly greater IL-5 concentrations in
BAL than did mice exposed 150-m from the freeway with
a significant (P � 0.0001) treatment � location interac-
tion. The IL-13 concentrations followed the same general
patterns as those observed for IL-5, but the effects of
treatment and the treatment � location interaction were
not statistically significant.

Immunoglobulin Responses
IgE concentrations showed a marginally significant (P 


0.045) effect of Treatment, but control values for 2002
were significantly greater than those measured in 2001,
and the treatment � location interaction was not signif-
icant. Given the variability in the data, as shown in Table
2, and the year-to-year difference in the control values,
the IgE data may not be reliable. IgG1 concentrations
were higher in the BAL from mice exposed to F CAPs at
the BH-50m site versus mice exposed to F CAPs at the
BH-150m site. However, in 2002, the IgG1 values for F
CAPs-exposed mice were not different from controls. The
mice exposed to UF CAPs in 2002 at the BH-50m site had
a 2-fold increase in IgG1, relative to control, whereas mice
exposed to UF CAPs at the BH-150m site had IgG1 levels
that were not different from controls. The treatment ef-
fect (air versus UF or F CAPS) approached statistical sig-
nificance (P 
 0.084). However, the effect of Treatment
was greater in mice exposed 50-m downwind of the free-
way compared with mice exposed 150-m downwind, re-
sulting in a significant treatment � location interaction
(P 
 0.001).

Eosinophil Responses
The numbers of eosinophils in BAL from mice exposed to
CAPs were slightly higher than those in mice exposed to
purified air (P 
 0.071), and there was a significant treat-
ment � location interaction (P 
 0.001). Although signif-
icant, it should be noted that the distribution of these
cell-count data were non-normal, that is, many mice had
no detectable eosinophils in their BAL, so the Ps for this
outcome are difficult to interpret in and of themselves.

However, within the context of the overall results they are
consistent with increased TH2 responses in mice exposed
to CAPs near the roadway.

Inflammatory Responses
PMN numbers in BAL were determined as an index of
inflammatory response. There was a tendency for there to
be greater numbers of PMNs in BAL from mice exposed to
CAPs than in mice exposed to purified air (Table 2). There
were, however, large animal-to-animal variations in ob-
servations, and there were no significant dependencies of
PMN number by treatment (P 
 0.4). Nor were there
significant treatment � location interactions.

For the most part, this study showed that the levels of
allergy-related biomarkers (IL-5, IL-13, IgG1, and eosino-
phils) were increased in mice after exposure to F CAPs at
BH-50M to a greater extent than were those in mice ex-
posed to CAPs at BH-150M, suggesting that exposure at
the site closest to the freeway does provoke the greatest
response. There were significant (P � 0.001) interactions
between treatment and location for IL-5, IgG1, and eosin-
ophil numbers.

Relationship to Other Published Findings
As stated earlier, the number of animals that were exposed
in any one run were limited to nine per group, and data
from at least two runs at each site needed to be combined
to have an adequate sample size. The bioassay data for
individual years were analyzed, and Tukey multiple com-
parison tests showed that some values from CAPs-exposed
animals were significantly different from those of con-
trols. Those end points that were statistically different
from controls in 2001 were not necessarily significantly
different from controls in 2002. However, in both years,
only animals exposed to CAPs at BH-50M showed signif-
icant responses, and in each of the two years the re-
sponses for animals exposed to CAPs at BH-50M were
greater than those for animals exposed at BH-150M. The
best test of statistical significance for this study derives
from the two-factor ANOVA summarized in Table 3,
which, as previously mentioned, show significant effects
of CAPs exposure on the increase in biomarkers of airway
allergies.

The intensity of responses shown in Table 2 are rela-
tively low. However, this is, to a great extent, a function of
our animal model. In preliminary studies (Kleinman, un-
published data, 2001) we examined the possibility of us-
ing a classical sensitization protocol in which the animals
are injected i.p. with OVA (in conjunction with an adju-
vant) and then challenged approximately two weeks later
with aerosolized OVA to elicit an allergic response. The
i.p. injection method produced a very robust response
with high levels of each of the biomarkers measured in

Kleinman et al.

Volume 55 September 2005 Journal of the Air & Waste Management Association 1285



this study. However, this occurred even in air-exposed
control mice, and one could not distinguish an effect of
CAPs exposure in excess of the large response elicited by
the sensitization protocol. In Goldsmith et al.,23 sensi-
tized mice to OVA by i.p. injection on days 7 and 14 of life
were challenged with an aerosol of 3% OVA in PBS for 10
min and then exposed to CAPs or filtered air for six hours
per day on days 21–23 of life. Airway hyper-reactivity
(AHR) and inflammation were elevated in OVA-treated
mice compared with PBS-treated controls. Mice exposed
to CAPs subsequent to OVA did not show enhanced AHR
in comparison with the OVA-challenged mice exposed to
filtered air. Hao et al.12 and others13 reported success in
distinguishing the effects of DEP on OVA-induced AHR in
a minimally sensitized mouse model in which mice re-
ceived 20 �g of OVA, without adjuvant, i.p., whereas they
could not discern an effect of DEP on mice sensitized by
the classical method. We, therefore, used a minimally
sensitized animal produced using nasal instillation of
OVA without adjuvant followed by CAPs exposures. Nasal
instillation of OVA has been used by Harkema et al.24 and
Shimizu et al.25 to induce airway allergies in rats.

There have been relatively few studies of the role of
ambient particles on the development or exacerbation of
airway allergies.23,24,26 Goldsmith et al.26 showed small
transient changes in AHR in mice, and Harkema et al.24

showed changes in mucus cell hyperplasia in rats. How-
ever, they did not report significant changes in the bi-
omarkers measured in this study. Allergic responses after
exposures to diesel particles have been examined more
frequently.5–9,27,28,31,33,34 DEP can act as an adjuvant un-
der certain circumstances28,31and can exacerbate existing
airway allergic responses under other conditions.27,33,34

DEP promote the expression of TH2 immunologic re-
sponses and enhance allergen-specific IgE and IgG anti-
body production, which have been associated with airway
allergies and asthma.5–9,22,27 Diesel and other ambient
particles, in general, and especially the insoluble fractions
of the particles, can act as adjuvants;9,28–31 however, sev-
eral studies have pointed to the importance of the ad-
sorbed organic compounds associated with diesel and
other particles.32–34 When inhaled allergens were coad-
ministered with instilled polycyclic aromatic hydrocar-
bons from diesel exhaust particles, they were found to act
as mucosal adjuvants that could initiate or enhance IgE
production.1 The organic components of DEP induce IL-4
and IL-10 productions and, thus, may skew the immunity
toward TH2 response, whereas the particulate component
may stimulate both the TH1 and TH2 responses.33

Many of the studies5,8,9,34 in which DEP enhanced
the allergic and inflammatory responses to an antigen
involved relatively high doses or noninhalation routes of
exposure. Exposing mice one day per week for 10 weeks to

100 �g of DEP by intratracheal instillation together with
1 �g of OVA as an antigen significantly increased IL-5 in
bronchoalveolar lavage and OVA-specific IgE and IgG in
serum.9 Inhalation exposures of mice to 3000 �g/m3 DEP
with OVA administered by i.p. injection over a five week
period (12 hr/day, 7 days/week) demonstrated TH2-type
responses, including significant increase of the numbers
of eosinophils in BAL, elevated IL-5 in BAL, and elevated
IgE and IgG1 in serum.5,8,34 These responses were accom-
panied by significant AHRs. When exposures were per-
formed using a similar protocol at lower (300 �g/m3)
concentrations, similar responses were observed; how-
ever, they did not reach a level of statistical significance.8

In contrast, our studies of real-world particles (albeit con-
centrated) at levels of �400 �g/m3 for 5 days per week for
2 weeks produced a pattern of responses that were con-
sistent with TH2 effects.

The question of whether the differences in treat-
ment � location noted in Table 3 depend on specific
characteristics of the atmospheres at the two sites cannot
be answered at this time. The greater biological effect
noted at the 50-m site compared with the 150-m site
suggests that differences in PM composition were more
important than differences in concentration. Another
possible explanation for the greater biological effects ob-
served closer to the freeway may be related to the differ-
ences in particle size distributions between aerosols at
varying distances from the roadway. As pointed out by
Zhu et al.,19,20 the concentrations of sub-25-nm particles
decrease very rapidly with distance from the freeway com-
pared with the concentrations of larger-size ranges. Al-
though measurements of the size distributions of concen-
trated aerosols were not performed during our
experiments, it is very possible that the aerosol 50-m
downwind from the freeway contains a much higher
number of sub-25-nm particles than that 150-m down-
wind from the freeway. It is also likely that the chemical
compositions of these particles are different than the
larger particles in the UF mode. Our results could support
a hypothesis that should be tested directly in future stud-
ies that the smaller, semivolatile fraction of UF PM may be
the most toxicologically important fraction.

In preliminary studies we found that exposures to
particle concentrations of �600 �g/m3 at the BH-50M site
suppressed TH2 responses in our model. Wagner et al.35

showed suppression of TH2 responses in presensitized
Brown Norway rats that were coexposed to OVA and CAPs
at concentrations in the range of 600–800 �g/m3. We
limited PM concentrations to 400 �g/m3; however, particle
counts, particle numbers, OC concentrations, and total
metal concentrations were all higher during the 2002 runs
than they were in 2001. The higher-mass concentrations in
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2002 might explain why TH2 responses were less in 2002
than they were in 2001.

The necessity of using a van with limited numbers of
exposure chambers restricted us to a single control group
that consisted of OVA-sensitized mice exposed to filtered
air. We did not examine nonsensitized air-exposed mice.
There may have been some background level of response
in the OVA-sensitized control animals than would have
occurred with unsensitized mice. This was certainly the
case for IL-13, which had high background values in all of
the controls. Coupled with substantial animal-to-animal
variation, these high backgrounds made it difficult to
detect group mean differences in IL-13 with statistical
certainty. Overall, biomarker responses seemed stronger
in the first year of the study than in the second year. The
exposures were different between the two years. The rea-
sons for this are not readily apparent, and we do not have
sufficient data as yet to examine the influence of specific
components or PM metrics. Work in this area is continuing.

We did not have sufficient UF exposure data to test
UF exposure as a factor in the ANOVA. There were differ-
ences in UF concentrations between years one and two. In
this study, UF particles were an important constituent of
the F CAPs material to which animals were exposed. In
ambient air, UF particle concentrations drop off rapidly as
one proceeds 150-m downwind from a roadway, but F
particle concentrations change only slightly over that
distance. Thus our finding that biological activity is
greater for CAPs 50 m from the roadway versus that for
CAPs 150 m from the roadway could suggest that UF
particles or some component of the freshly emitted UF
particles contribute to the development of airway aller-
gies. In vitro studies36 in which PM was separated into
three size ranges, coarse, F, and UF, have demonstrated
deleterious effects on macrophages and epithelial cells.
UF particles were the most potent in inducting oxidative
stress as measured by hemeoxygenase induction, the ratio
of reduced to oxidized glutathione, and the generation of
reactive oxygen species as measured by dithiothreitol. UF
PM produced significantly greater oxidative stress, redox
activity, and mitochondrial damage than either F PM or
coarse PM on a per microgram basis. The study reported
here represents one of the first investigations to compare
PM-related effects found with chemical and in vitro assays
with findings from in vivo investigations in relation to
PM size distribution versus outcome measures. The results
are also consistent with epidemiological findings that
children living within 90 m of a main road had an ele-
vated risk of developing wheezing, symptomatic of
asthma or bronchitis.37 The availability of the mobile PM
concentrators has made possible the conduct of both in
vitro and in vivo assays in the field to evaluate the physical/

chemical and the spatial/temporal characteristics of PM-
related toxicity

CONCLUSIONS
A novel particle concentrator and animal exposure system
were used to determine whether real-world ambient par-
ticulate matter near a heavily trafficked road might con-
tribute to enhancement of allergic responses. The values
for the TH2 cytokines IL-5 and 13 and the immunoglob-
ulin IgG1 supported our hypothesis that ambient particles
could influence airway allergies. The data for two other
biomarkers, the immunoglobulin IgE and the number of
EOs measured in lavage fluid, were problematic; the
former because of an unexplained difference in control
values between the two years of this study and the latter
because of the non-normal distribution of the counts
because of many samples with no EOs present. For those
biomarkers with reliable data, OVA-sensitized mice had a
greater response to CAPs as compared with control mice;
however, the observed effects in the second year of the
study were less intense than those in the first year. Hence,
whereas our results are consistent with our initial hypoth-
eses, these findings are not unequivocal, and more work
should be done to additionally examine this premise.
Mice exposed at a site 50 m from the roadway exhibited a
stronger pattern of responses consistent with a TH2-type
response than those exposed 150-m downwind. Again,
there are some exceptions in the data, but the directions
of these findings are consistent with epidemiological ob-
servations of more wheezing and asthma-like symptoms
in children that live near heavily trafficked roads, espe-
cially those that are traversed by large numbers of diesel-
powered vehicles. We are presently continuing this study
and plan to examine not only our initial hypotheses but
to address the question of whether specific components of
the aerosol contribute to the influence of PM on airway
allergies.
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