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Airborne hexavalent chromate, Cr(VI), has been identified by the Environmental Protection Agency as a pos-
sible health threat in urban areas, due to the carcinogenic potential of some of its forms. Particulate chro-
mates are produced in many different industrial settings, with high levels of aerosolized forms historically
documented. Along with an increased risk of lung cancer, a high incidence of allergic asthma has been
reported in workers exposed to certain inhaled particulate Cr(VI) compounds. However, a direct causal asso-
ciation between Cr(VI) and allergic asthma has not been established. We recently showed that inhaled par-
ticulate Cr(VI) induces an innate neutrophilic inflammatory response in BALB/c mice. In the current studies
we investigated how the inflammation induced by inhaled particulate Cr(VI) might alter the pathology of

an allergic asthmatic response. We used a well-established mouse model of allergic asthma. Groups of oval- :

bumin protein (OVA)-primed mice were challenged either with OVA alone, or with a combination of OVA
and particulate zinc chromate, and various parameters associated with asthmatic responses were measured.
Co-exposure to particulate Cr(VI) and OVA mediated a mixed form of asthma in which both eosinophils and
neutrophils are present in airways, tissue pathology is markedly exacerbated, and airway hyperresponsive-
ness is significantly increased. Taken together these findings suggest that inhalation of particulate forms of
Cr(VI) may augment the severity of ongoing allergic asthma, as well as alter its phenotype. Such findings
may have implications for asthmatics in settings in which airborne particulate Cr(VI) compounds are present

at high levels.

© 2011 Published by Elsevier Inc.

Introduction

Epidemiological studies conducted in the U.K., Europe, Japan, and
the U.S. show that long-term occupational exposure to certain inhaled
particulate hexavalent chromium [Cr(VI)] compounds is associated
with an elevated risk of developing lung cancer (reviewed in U.S.
Environmental Protection Agency, 1998). These workers were also
found to have increased incidences of other lung conditions, including
pulmonary congestion and edema, lung tissue fibrosis, bronchiolization
of the alveoli, and hyperplasia of the bronchial epithelium. Exposure to

Abbreviations: AHR, airway hyperresponsiveness; Cr, chromium; Cr(VI), hexavalent
chromium,; Cr(Ill), trivalent chromium; H&E, hematoxylin and eosin; IgE, immunoglobu-
lin E; IL, interleukin; i.p., intraperitoneal; i.n., intranasal; NKT, natural killer T-cells; OVA,
ovalbumin protein; PAS, periodic acid-Schiff; Th2, helper T-cell type 2.
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certain chromium compounds has also been associated with elevated
incidences of asthma (Adams et al., 2006).

Asthma is a complex phenotype arising from genetic, environmental
and social factors (Cookson, 1999). The most common form of asthma is
allergic asthma. This form is initiated and perpetuated by Th2 CD4* T
lymphocytes that secrete cytokines (notably IL-4, IL-5 and IL-13) that
promote the generation of allergen-specific IgE (reviewed in Cohn
et al., 2004). The disease manifests itself as recurrent episodes of
coughing, wheezing and breathlessness, triggered by the release of
pro-inflammatory factors from tissue mast cells activated by IgE-
receptor cross-linking. Most of these symptoms are the result of air-
way obstruction, which can be attributed to a combination of factors
including changes in vasculature, mucus hypersecretion, airway
hyperresponsiveness, and airway remodeling within lung tissues and
airways.

As early as the 1930s, reports have been published proposing a
link between occupational exposure to chromium compounds and
the development of asthma in industrial workers (Joules, 1932;
Smith, 1931). Since then, numerous case studies (Bright et al., 1997;
Fernandez-Nieto et al., 2006; Hannu et al., 2005; Leroyer et al.,
1998; Moller et al., 1986; Novey et al., 1983; Olaguibel et al., 1989;
Olaguibel and Basomba, 1989; Park et al., 1994), as well as larger
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studies (reviewed in Leikauf, 2002), suggest an association between
occupational exposure to chromates and asthma. It should be noted
that for most of these studies the type of asthma (allergic versus
non-allergic) was not identified. Interestingly, in the few studies in
which skin prick tests and/or IgE levels were measured, the results
were either mixed or showed no correlation with bronchial hyper-
responsiveness, the primary parameter used to diagnose asthma in
most studies. Such findings suggest that chromate compounds may
be poor sensitizers for allergic asthma. Alternative explanations for
the reported associations between chromium exposure and asthma
include a capacity to mediate non-allergic forms of asthma, or the
capacity to exacerbate pre-existing asthmatic conditions (also known
as irritant-induced asthma). In the latter, chromium would act as a
secondary inflammatory agent or adjuvant rather than a primary
sensitizing agent.

Using a mouse model of intranasal chromium exposure we recently
showed that a single inhaled dose of particulate Cr(VI) mediates an
extensive inflammatory response characterized by an acute influx
of neutrophils followed by macrophages, elevated levels of IL-6 and
GRO« (IL-8 homolog) in airways, and progressive interstitial pneu-
monitis (Beaver et al., 2009a). A similar profile of inflammation was
induced by repetitive exposures to the same compound, although the
severity of the inflammation and injury within tissues was markedly
increased (Beaver et al., 2009b). These earlier reports established
that IN delivery of zinc chromate suspension efficiently targets the
pulmonary tract of BALB/c mice, resulting in widespread distribution
within lung tissues, with a preferential accumulation around small
central airways. Such “hot spots” of particle accumulation have
been reported in the same anatomical locations in the lungs of chro-
mate workers (Ishikawa et al., 1994). The results from these previous
studies suggest that inhaled particulate Cr(VI) is an efficient inducer
of innate inflammatory responses. In the current studies we exam-
ined how exposure to Cr(VI) might impact on an ongoing allergic
asthmatic response. Specifically, we investigated how the marked
innate inflammation induced by inhaled particulate Cr(VI) might
alter the pathology of the allergic response. We postulated that co-
exposure to particulate chromate would either result in an exacer-
bated form of the ongoing allergic response, or might change the
immunological phenotype of the response.

For the present studies, we made use of a well-established animal
model of allergic asthma previously described by our laboratory
(Balsley et al., 2010; Gwinn et al., 2006). Mice are initially primed
with ovalbumin protein (OVA) in Alum adjuvant and then given re-
peated intranasal challenges of OVA to induce an inflammatory re-
sponse dominated by an influx of eosinophils, elevated levels of Th2-
associated cytokines (notably IL-13) in airways, goblet cell hyperplasia,
mucus secretion, and bronchial hyperreactivity. In the current studies,
groups of OVA-primed mice were challenged either with OVA alone,
or with a combination of OVA and Cr(VI), and various parameters
associated with asthmatic responses were measured.

Materials and methods

Chromium preparation. Endotoxin-free particulate basic zinc chromate
[ZnCrO4 4Zn(0OH),] was obtained from Rockwood Pigments (Beltsville,
MD). The particles (previously determined to be 4.7 um in size, Beaver
et al,, 2009b) were suspended in sterile 0.9% sodium chloride solu-
tion, pH 7.39, (saline) by sonication and then allowed to spin on a
stir plate for 1 h prior to use to ensure a homogeneous mixture.

Mouse model of allergic lung inflammation and intranasal delivery of
particulate chromium. All experiments were conducted under the ap-
proval of The George Washington University Institutional Animal
Care and Use Committee. A previously described (Balsley et al.,
2010; Gwinn et al., 2006) mouse model of acute allergic lung inflam-
mation was used. Briefly, female BALB/c mice aged 8-10 weeks

(purchased from the Jackson Laboratory, Bar Harbor, Maine) were
primed by intraperitoneal (i.p.) injection of 100 pg ovalbumin (OVA)
protein in saline mixed 1:1 with Imject alum adjuvant (Pierce, Rockford,
IL). Alum was included as an adjuvant to help promote priming of OVA-
specific Th2 CD4 + T cells. Seven days later the mice were challenged
under light anesthesia (isoflurane) with 50 g OVA in saline via in-
tranasal (i.n.) delivery for four consecutive days (days 7-10). Most
analyses were conducted 2 days later (day 12). In some experiments,
mice were given i.n. challenges with saline alone, or were challenged
with OVA plus 24 pg chromate solution (Cr) included on days 7 and 9,
or were challenged with only Cr on days 7 and 9. Of importance is
the fact that Cr was only included during the challenge phase of
each regimen so that we could specifically observe its impact on ef-
fector inflammatory responses, rather than immune sensitization.
Fig. 1 shows a summary of the four different treatment groups.

Bronchoalveolar lavage and analysis of collected cells and fluid. — Im-
mediately following termination (by exposure to carbon dioxide),
bronchoalveolar lavage (BAL) was performed to isolate airway cells
and fluid. For this, a cannula was inserted into the trachea and three
1-ml washes of cold PBS infused in and out of the airways. The fluid
and cells were then separated by centrifugation and used for different
analyses. The separated cells were treated with ammonium chloride
lysis buffer and then quantified by hemocytometry. Eosinophils and
neutrophils were identified using forward light scatter/side light scatter
distribution as previously described (Balsley et al., 2010; Gwinn et al.,
2006) and verified using cytospin analysis. To measure levels of air-
way cytokines, BAL fluids were pooled within treatment groups and
then concentrated 4-fold using 4-kDa cut-off Centricon columns
(Millipore, Billerica, MA). Levels of IL-4, IL-5, IL-6, IL-13, IL-17 and IFN-
Y cytokines were measured using FlowCytomix™ bead-based simplex
kits (eBioscience, San Diego, CA).
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Fig. 1. Regimen of acute allergic lung inflammation and intranasal delivery of particu-
late chromium. On day 0, female BALB/c mice were primed i.p. with 50 ug OVA mixed
1:1 with Imject alum adjuvant. On days 7-10, mice were challenged intranasally (i.n.)
with 50 ul of the indicated agent: (A) saline-treated mice (control) received saline
challenges. (B) Cr-treated mice were challenged with 24 pg Cr on days 7 and 9 and sa-
line on days 8 and 10. (C) OVA-treated mice were administered 50 pug OVA for all chal-
lenges. (D) OVA + Cr-treated mice were challenged with 50 pig OVA + 24 pg Cr on days
7 and 9 and 50 pg OVA on days 8 and 10. All mice were euthanized on day 12 and an-
alyses were conducted.
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Lung tissue isolation and histology. Following BAL the lungs were per-
fused with 20-ml cold PBS and then inflated via the trachea with 1 ml
paraformaldehyde-lysine-periodate (PLP) fixative. Suture thread was
used to tie off the trachea and the lungs were then dissected out and
placed in 5 ml of PLP fixative for 24 h followed by storage in 5 ml
100% ethanol. Fixed lungs were embedded in paraffin and 6-um
sections were cut and stained with hematoxylin and eosin (H&E)
stain to establish the severity of tissue pathology. Images were ac-
quired at 10x magnification using a Nikon microscope equipped
with a RT-Slider SPOT Camera.

Fixed lungs were also stained with periodic acid-Schiff (PAS) reagent
to determine the presence and abundance of airway epithelium mucus
(Histoserv, Inc., Germantown, MD). Images of airways containing PAS
positive cells were acquired at 20x magnification. The percentage of
PAS positive cells was determined by two independent investigators
and the areas of the PAS positive cells were measured using Image ], an
NIH Image system.

Measuring airway hyperresponsiveness. On day 12 of the regimen,
mice were anesthetized by 300 pl i.p. injection of ketamine (10 mg/
ml) and xylazine (1 mg/ml). A tracheostomy tube was inserted and
connected to the FinePointe RC system (Buxco Research Systems,
Wilmington, NC) for measurements of airway resistance and com-
pliance. Mice were sequentially challenged with aerosolized PBS
(baseline) followed by increasing doses of methycholine (acetyl-(3-
methacholine chloride; Sigma-Aldrich, St. Louis, MO) ranging from
6.25 to 50 mg/ml. Maximum resistance (R;, cm H,0/m/s) was
recorded during a 3-minute period following each challenge.

Statistical analysis. Statistically significant differences among treat-
ment groups were determined using 1-Way ANOVA for BAL leukocyte
numbers and PAS-positive areas, a Student's t-test for cytokine determi-
nations, and a two-way analysis of variance (2-Way ANOVA) for airway
resistance measurements. Statistical significance was reported at the
0.05 level.

Results
Inhaled particulate Cr(VI) alters allergic airway cell profiles

Our initial studies were designed to establish the impact of co-
exposure to particulate Cr(VI) on airway cells associated with OVA-
induced allergic asthma. Four different intranasal challenge regimens
were compared (Fig. 1): saline alone, Cr alone, OVA alone and OVA + Cr.
Interestingly, we found that the total number of leukocytes infiltrating
the airways (BAL cells) were comparable between the Cr, OVA, and
OVA+ Cr groups while all of these groups had significantly greatly
numbers of leukocytes than saline alone (Fig. 2A). As expected,
mice challenged with saline alone showed only minimal cellular
infiltration. When leukocyte subsets associated with Cr(VI) inhala-
tion (neutrophils) versus allergic asthma (eosinophils) were exam-
ined, the responses mediated by Cr alone and OVA alone segregated
accordingly into predominantly neutrophilic or eosinophilic infil-
trations, respectively, while responses in the OVA+ Cr group were
mixed, with both neutrophils and eosinophils present (Figs. 2B and C).
The numbers of neutrophils for both Cr and OVA + Cr were significantly
greater compared to saline, and OVA+ Cr also had more neutrophils
than OVA alone. Furthermore eosinophil numbers for both OVA and
OVA+ Cr were significantly greater compared to saline. While the
number of neutrophils in the OVA + Cr group was comparable to
that in the Cr alone group, eosinophil numbers were reduced by
approximately 50% in the OVA + Cr group relative to the OVA alone
group. For all groups, cell numbers not accounted for by eosinophils
or neutrophils consisted predominantly of monocytes and a small
percentage of lymphoid cells.
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Fig. 2. Cellular infiltrate in BAL fluid. Mice were primed and challenged as indicated in
Fig. 1 and euthanized on day 12. BAL was performed on each mouse, and airway cells
were isolated, counted, and leukocyte subtypes were identified by flow cytometric
analysis using forward light scatter/side light scatter distribution. Bar graphs show:
(A) the total number of living cells in the airways, (B) neutrophil cell numbers in the
airways, and (C) eosinophil cell numbers in the airways. Data are the mean + SE
from two independent experiments, with a total of 8-12 animals per group. Statistical-
ly significant differences among treatment groups were determined using a 1-Way
ANOVA, *p<0.05.

Inhaled chromium alters pathology of asthmatic lung tissue

We next examined the effect of each challenge regimen on lung
tissue pathology, using histological analysis. Striking differences in
both the severity and phenotype of the pathology were observed
between the four groups (Fig. 3). As expected, saline treatment did
not induce any additional obvious leukocyte infiltration or tissue
damage (by H&E staining). Lungs exposed to Cr alone showed diffuse
inflammation or pneumonitis with alveolar hemorrhage. In contrast,
the inflammation induced in the OVA alone group was concentrated
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into foci of leukocytes accumulating adjacent to small airways and
blood vessels. These findings fit well with our previous findings that
exposure to Cr alone mediates a pneumonitic type of inflammatory
response (Beaver et al,, 2009a,b) whereas the OVA regimen induces
responses resembling allergic asthma (Balsley et al, 2010; Gwinn
et al., 2006). Co-exposure to Cr and OVA resulted in a mixed response
that included diffuse inflammation throughout the tissue, and local-
ized inflammatory foci around airways and blood vessels. Based on
the size and frequency of the leukocytic foci, the asthmatic inflam-
matory response also appeared to be more severe relative to that in
the OVA alone group.

As shown in Fig. 4A, PAS staining revealed the presence of an in-
creased number of goblet cells (hyperplasia) as well as mucus secre-
tion within the airways of the OVA group, but not in the Cr group.
Interestingly, while the percentage of PAS-positive cells was simi-
larly increased to over 90% in lungs of OVA and OVA + Cr groups
(Fig. 4B), the area of PAS-positive staining was significantly in-
creased by the presence of Cr (Fig. 4 C) suggesting an increased
abundance of mucus (Fahy, 2002). One of the major hallmarks of
allergic asthma is the presence of cytokines associated with Th2
effector CD4 ™" T cells. Of these, IL-13 is known to be the most impor-
tant cytokine for regulating mucus hypersecretion in asthmatic air-
ways (Wills-Karp, 2004). In the current studies levels of several
different cytokines were measured in pooled BAL fluid from the
four groups of mice. Interestingly, IL-13 was the only cytokine that
showed a consistent significant increase, ranging from 1.70 to 2.59-
fold, in OVA+ Cr versus OVA mice (for example, 247.9 4+ 65.5 pg/ml
versus 116.6 U+U15.8 pg/ml; P<0.05). This specific finding fits
well with the increased abundance in airway mucus observed by
PAS staining in this group (Fig. 4C). Of the several other cytokines
measured in BAL fluid, IL-4 was the only one also found above base-
line levels in the OVA alone and OVA + Cr groups, although these
levels were not significantly different between the two groups (aver-
age of 18.0 pg/ml versus 22.8 pg/ml, respectively, with a range of
1.5-4.4 pg/ml in the saline and Cr alone groups).

Exposure to inhaled Cr(V) exacerbates asthmatic airway
hyperresponsiveness

Our final question was whether the increase in asthmatic tissue
pathology mediated by co-exposure to Cr(VI) would translate into
changes in physiological lung function. Patients with allergic asthma
demonstrate airway hyperresponsiveness, characterized by elevated
bronchial constriction (resistance), upon challenge with known
allergens or chemical bronchoconstrictors. In the current studies indi-
vidual mice from our four exposure regimens were anesthetized and
their airways challenged with increasing doses of methylcholine drug
to induce airway constriction. As shown in Fig. 5, the OVA alone
(asthmatic) group demonstrated significantly greater airway resis-
tance, relative to the saline (control) group, when given a high dose
of methylcholine. Surprisingly, the Cr alone group showed the same
increased airway resistance as the OVA alone group, suggesting that
the tissue pathology resulting from inhaled particulate Cr(VI) can also
mediate bronchial dysfunction. Most striking was the dramatic increase
in airway resistance observed in mice co-exposed to OVA+ Cr. This
significant increase was seen not only relative to control mice, but
also to OVA alone and Cr alone mice. In addition, the airway resistance
could also be detected using a lower dose of methylcholine.

Discussion

The overarching focus of our studies was to establish the impact
of particulate Cr(VI) inhalation on the phenotype and severity of
allergic asthma. Several significant observations were generated in
the current co-exposure studies. First was the demonstration of a mixed
granulocytic leukocyte infiltration (both neutrophils and eosinophils)
in the airways of OVA + Cr mice, compared to the asthmatic OVA
alone group where only eosinophils were present. Interestingly,
the total number of BAL leukocytes was comparable among all the
groups, suggesting that the inclusion of Cr(VI) might be impacting
the phenotype, but not the severity, of the airway inflammatory

OVA+Cr

Fig. 3. Histology of lung tissue. Mice were primed and challenged as indicated in Fig. 1 and euthanized on day 12. Whole lungs were isolated, embedded in parafin, cut into 6-pim
sections, and stained. H&E staining was performed on lung sections representative of 4-6 animals of each treatment group from 2 independent experiments. All images, captured at

10x magnification, show tissue areas surrounding bronchioles. Scale bar: 10 um.
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Fig. 4. PAS staining of lung tissue. (A) PAS staining was performed on lung sections representative of 4-6 animals of each treatment group from 1 independent experiment. Bar
graphs show: (B) the percentage of PAS-positive cells in the airways, (C) area of PAS-positive staining in the airways. Data are the mean 4 SE from 4 to 6 animals per group.
Statistically significant differences among treatment groups were determined using a 1-Way ANOVA, *p<0.05.

response. Histological analysis of H&E stained lung tissue also dem-
onstrated a mixed response in the OVA + Cr group, with both diffuse
(associated with Cr exposure) and focal (associated with OVA-
induced allergic asthma) areas of inflammation present. Unlike that
observed in airway spaces, the severity of the inflammation in lung
tissues was greater in OVA + Cr mice, relative to the OVA alone and
Cr alone groups. Activated neutrophils and eosinophils are both potent
mediators of tissue injury due to the release of multiple damaging prod-
ucts, including reactive oxygen species, highly charged cationic pro-
teins, matrix metalloproteases, and other tissue-degrading enzymes.
In addition, although the extracellular reduction of Cr(VI) produces
the essential element Cr(IIl), the process of reduction may result in
direct oxidation of other tissue-associated macromolecules. Moreover,
reduction of intracellular Cr(VI) produces genotoxic reactive inter-
mediates with the capacity to cause cellular injury independent of
immunological events. The presence of three different sources of
tissue-damaging agents provides a potential explanation for the ob-
served increase in pathology observed following co-exposure to OVA
and particulate Cr(VI).

Of particular relevance to the pathology of allergic asthma was the
finding of an increased abundance of airway mucus (based on the
area of PAS staining) in the OVA+Cr group. Interestingly, when

levels of cytokines were measured in BAL fluid from each group, the
only significant finding was an increase in IL-13 levels in OVA + Cr
mice, relative to the level determined in mice given OVA alone. This
increase may explain the observed augmentation in airway mucus
in the OVA + Cr group, since IL-13 is known to be the principal regu-
lator of goblet cell hyperplasia and mucus secretion in the airways
of allergic asthmatics (Wills-Karp, 2004). The mechanism for how
Cr(VI) might be stimulating an increased production of IL-13 is not
obvious. The main source of IL-13 during allergic asthmatic responses
is activated antigen-specific Th2 cells, which in the current experi-
mental model would be OVA-specific T cells. However, several non-
Th2 cell sources of IL-13 have also been identified, including mast
cells, basophils and NKT cells (Kasaian and Miller, 2008). While all
three cell types can be activated to secrete IL-13 via antigen re-
ceptor stimulation (Gibbs et al., 1996; Kobayashi et al., 1998; Stock
and Akbari, 2008), IL-13 secretion can also be induced by cytokines
associated with innate immunity (Kobayashi et al., 1998; Lauwerys
et al.,, 2000; Pecaric-Petkovic et al., 2009). In the case of Cr(VI), we
would postulate the more likely mechanism to be stimulation via
cytokines. Indeed, inhaled particulate Cr(VI) is known to induce the
production of several innate cytokines within airways (Beaver et al.,
2009a,b). However, the presence of chromium-specific IgE reported
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Fig. 5. Airway hyperresponsiveness to methylcholine. Mice were primed and challenged
as indicated in Fig. 1. On day 12, individual mice were anesthetized i.p. with ketamine/
xylazine, a tracheostomy tube was inserted and then attached to a respirator. The animals
were challenged with aerosolized PBS (baseline) followed by increasing doses of methyl-
choline ranging from 0 to 50 mg/ml. Maximum resistance (R;, cm H,0/m/s) was recorded
during a 3-minute period following each challenge. Data are the mean 4 SE from two
independent experiments, with a total of 8-12 animals per group. Statistically significant
differences among treatment groups was determined using a 1-Way ANOVA, *p<0.05.

in certain human occupational studies (Fernandez-Nieto et al., 2006;
Novey et al., 1983) suggests that Cr(VI) may have the capacity to sen-
sitize cells via antigen receptors, although it should be noted that the
chromium exposure in these studies was over multiple years. At this
point, neither mechanism can be ruled out without further studies.

One of our most striking findings in the current studies was that
co-exposure to OVA and Cr(VI) caused a significant increase in airway
dysfunction, as measured by increased airway resistance (hyperre-
sponsiveness) upon methylcholine challenge. Several factors have been
suggested to contribute to asthma-induced airway hyperrespon-
siveness (AHR). In the case of allergic asthma, mucus hypersecretion
is thought to be one of the most significant contributing factors
(Wills-Karp, 2004). Thus, the augmentation in AHR observed in the
OVA + Cr mice could be explained by the presence of increased air-
way mucus (Fig. 4C). Intriguingly, exposure to Cr(VI) alone was
sufficient to induce AHR, and the magnitude of the response was sim-
ilar to that induced in OVA-mediated allergic asthma (OVA alone
group). Since airway mucus was not detected in the Cr alone group,
other factors must be responsible for this AHR. Of relevance to the
current findings is the fact that non-allergic types of asthma, notably
neutrophil-associated asthma, are associated with AHR yet airway
mucus is not present (Borish and Culp, 2008). In addition, neutrophilic
forms of asthma are commonly associated with environmental as
well as occupational exposure to particulate air pollution (Douwes
etal.,, 2002). Based on the current findings, it is tempting to speculate
that particulate Cr(VI) could be an inducer of neutrophil-associated
asthma. One argument against this possibility is that a hallmark of
neutrophilic asthma in humans is high levels of the chemokine
IL-8 (Gibson et al., 2001), yet we did not detect elevated levels of
the mouse homolog of human IL-8, KC, in BAL fluid from either Cr
alone or OVA 4 Cr exposed mice in the current studies (data not
shown). Until additional hallmarks are excluded, an association
between exposure to particulate chromium and neutrophilic asth-
ma remains an open question.

In conclusion, our findings demonstrate that exposure to inhaled
particulate zinc Cr(VI) augments the severity of allergic asthma in
a mouse model. This exacerbation includes an increase in tissue pa-
thology, as well as an altered inflammatory phenotype. The down-
stream impact is an augmentation in airway dysfunction, as measured
by increased AHR. Thus, while the inflammation induced by Cr(VI) is
distinct from that of an ongoing allergic response, the net effect is a
mixed and more damaging inflammatory response resulting in

increased tissue pathology and disease. It is important to note that
since Cr was included with OVA only during the challenge phase of
the asthma regimen, its impact was on the effector phase, and not
the sensitizing phase, of the asthmatic response. Thus, our current find-
ings lead us to propose that particulate Cr(VI) may be functioning pri-
marily as an adjuvant that exacerbates ongoing allergic asthma. This
conclusion fits well with the fact that persons with asthma are known
to be at increased risk from the adverse effects of air pollution
(reviewed in Leikauf, 2002). In addition, studies looking at workers
with occupational reactive airway dysfunction syndrome concluded
that individuals with established atopy or asthma were significantly
more predisposed to develop the syndrome in response to other respi-
ratory irritants (Brooks et al., 1998). The current studies provide evi-
dence that the same types of exacerbated responses can be
reproduced in animal models of co-exposure, opening up the potential
to better understand lung diseases mediated by mixtures of allergens
and pollutants, as well as testing future intervention regimens.
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