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Air pollution is a critical factor in the development and ex-
acerbation of pulmonary diseases. Ozone, automobile exhaust,
cigarette smoke, and metallic dust are among the potentially
harmful pollution components that are linked to disease pro-
gression. Transition metals, such as cobalt, have been identified at
significant levels in air pollution. Cobalt exerts numerous biological
effects, including mimicking hypoxia. Similar to hypoxia, cobalt
exposure results in the stabilization of hypoxia-inducible factors
(HIFs), a family of proteins that regulate the cellular response to
oxygen deficit. HIFs also play an important role in innate immunity
and inflammatory processes. To characterize the role of HIF1«, the
most ubiquitously expressed HIF, in the early events during cobalt-
induced lung inflammation, an inducible lung-specific HIFla
deletion model was employed. Control mice showed classical signs
of metal-induced injury following cobalt exposure, including neu-
trophilic infiltration and induction of Th1 cytokines. In contrast,
HIF1a-deficient mice exhibited pronounced eosinophil counts in
bronchoalveolar lavage fluid and lung tissue complemented with
Th2 cytokine induction. The timing of these results suggests that
the loss of epithelial-derived HIFla alters the lung’s innate
immune response and biases the tissue toward a Th2-mediated
inflammation.
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Postnatal lungs require pollution-free ambient air for proper
function and development. Air pollution is also a critical factor
in the occurrence and exacerbation of pathological conditions
of the lung, such as airway hypersensitivity, asthma, chronic
obstructive pulmonary disease (COPD), and lung cancer (Yang
and Omaye, 2009). A plethora of airborne particles are injected
into the environment through anthropogenic activities.

One line of defense against airborne particles is innate im-
munity. Various lung diseases, such as asthma and COPD, occur
because of detrimental effects of these particles on epithelial
integrity, resident macrophage activation, and recruitment of
inflammatory cells. Hard metal lung disease (HMLD) and cobalt

asthma are occupational respiratory diseases affecting workers
involved in the manufacture and maintenance of hard metals
(material consisting of tungsten carbide cemented in a matrix of
cobalt), diamond polishing, and coal mining. These workers are
exposed to cobalt dust and manifest airway constriction,
alveolitis, fibrosis, and associated giant cell interstitial pneumo-
nitis (Lison et al., 1996). The mechanism for the cobalt-induced
pathology remains largely unknown; however, several possibil-
ities have been proposed. One of these possibilities is that ability
of cobalt to promote a hypoxic-like response in cells. Given the
link between hypoxia and inflammation, cobalt-induced hypoxia
mimicry offers a logical link between metal exposure and the
observed pathologies of HMLD and cobalt asthma (Jain and
Sznajder, 2005; Vengellur et al., 2005).

Hypoxia, a decrease in available oxygen reaching the tissues
of the body, can influence normal cellular homeostasis, cellular
repair, and inflammation. One component of the cellular
response to hypoxia is regulated by a family of transcription
factors called the hypoxia-inducible factors (HIFs) (Bunn and
Poyton, 1996). There are five mammalian HIFs, of which
HIF1a is the most ubiquitously expressed and studied (Jain and
Bradfield, 1998). HIF1a is primarily regulated at the level of
protein stability by a family of prolyl hydroxylases. These
prolyl hydroxylase domain proteins (PHDs), upon exposure to
decreases in oxygen availability, become inhibited and the
HIF1a becomes stabilized (Epstein er al., 2001). Once stable,
HIF1a translocates to the nucleus and heterodimerizes with the
aryl hydrocarbon receptor nuclear translocator (also known as
HIF1) forming the functional transcription factor HIF1. HIF1
regulates the expression of over 100 genes, including ones
involved in energy metabolism, matrix/barrier function,
angiogenesis, and inflammation (Forsythe et al., 1996; Jung
et al., 2003; Mojsilovic-Petrovic et al., 2007; Semenza et al.,
1994). Similar to hypoxia, cobalt has been shown to inhibit
PHDs, and this inhibition causes very similar transcriptional
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outputs to that of hypoxia (Salnikow et al., 2004; Vengellur
et al., 2005). A recent study in human peripheral blood mono-
nuclear cells has shown similar transcriptional overlap upon
tungsten carbide-cobalt particle treatment, linking HMLD to
hypoxia signaling (Lombaert et al., 2008).

Recently, using a lung-specific HIFla-deficient mouse
model, a compromised HIF signaling system was shown to
bias the lung’s inflammatory response toward a Th2-mediated
process following a 14-day exposure paradigm. These HIF1a-
deficient mice displayed an asthma-like phenotype, including
pronounced eosinophil infiltration, mucus cell metaplasia of
airway epithelium, and increased levels of the chitinase-like
proteins YM1 and YM2 following cobalt challenge. These
results suggest that airway epithelial-derived HIF1a signaling
plays a critical role in modulating the inflammatory response of
the lung. These studies were undertaken to test the hypothesis
that HIFlo plays a developmental role in establishing the
innate immunity of the lung, and this is the reason for the
switch in inflammatory response observed in the subchronic
exposure study. To test this hypothesis, the early events of
cobalt-induced inflammation in control and HIF1a-deficient
mice were assessed. In the present study, control and HIF1a-
deficient mice were exposed to cobalt daily for 1, 2, or 5 days.
Bronchoalveolar lavage fluid (BALF) cellularity from HIFlo-
deficient mice displayed a progressive eosinophilic infiltration
whereas control mice displayed a transient increase in
neutrophils. Histological analysis revealed accelerated tissue
injury following acute cobalt challenge in HIFla-deficient
mice. Finally, BALF cytokine analysis showed Interleukin-4
(IL-4), IL-5, and IL-10 elevation specific to cobalt-treated
HIF1a-deficient mice. In contrast, control mice showed specific
induction of IL-6 and tumor necrosis factor o (TNF-o) following
cobalt treatment. These results suggest that epithelial-derived
HIFla is essential for regulating early inflammatory events
following cobalt challenge, and loss of this regulation biases
the lung toward a Th2-mediated process and an asthma-like
pathology following metal exposure. More importantly, the
results suggest that HIF1a is essential for establishing the normal
innate immunity of the lungs. This raises the possibility that
HIFla is involved in asthma susceptibility.

MATERIALS AND METHODS

Description of mice. The mice used in these studies were created by
mating HIF1o™1°* (a generous gift of Dr Randall Johnson, University of
California-San Diego) and SP-C-1tTA ~€/(tetO),-CMV-Cre'®"# transgenic mice
(a generous gifts of Dr Jeffrey A. Whitsett, Cincinnati Children’s Hospital
Medical Center) (Lobe et al., 1999; Perl et al., 2002; Ryan et al., 1998, 2000).
The generated triple transgenic mice, SP-C-rtTA /#/(tetQ),-CMV-Cre'®"¢/
HIF1a/1% " are capable of respiratory epithelium-specific conditional
recombination in the floxed HIFla gene upon exposure to doxycycline (20).
All the mice genotypes used in this study have been maintained in a mixed
C57/BL6 and FVB/N background. Genotyping of the mice was performed by
PCR for the three loci as previously described (Saini et al., 2008).

Doxycycline treatment and animal husbandry. Postnatal recombination
was carried out by exposing lactating dams to doxycycline through feed
(625 mg doxycycline/kg; Harlan Teklad, Madison, WI) and drinking water
(0.8 mg/ml; Sigma Chemicals Co.) until weaning. Triple transgenic mice were
then maintained on the same food and water until they were approximately
7 weeks of age. In order to eliminate the effects of doxycycline (DOX), the
treatment was terminated 7—10 days prior to first exposure to metals. This DOX
exposure paradigm has been demonstrated to produce almost complete loss of
HIFlo expression in the adult lung (Saini er al., 2009). These mice will be
referred to as HIFlo deficient or HIF1aA/A. Genotypic designation of these
mice is SP-C-rtTA"'€/(tetO);-CMV-Cre'®'¢/HIF102. Animals of the same
genotype that were maintained on normal food and water ad libitum were used
as controls. Mice used in this study were kept at the animal housing facility
under the strict hygienic and pathogen-free conditions approved by the
University Laboratory Animal Resource (ULAR) regulatory unit. All the
animal handling and necropsy protocols were approved by the ULAR
regulatory unit of Michigan State University.

Cobalt exposure, tissue harvesting, and processing. Control and
HIF1aA/A male mice were randomly assigned to one of 6 groups. Mice were
treated with saline or 10-mM cobaltous chloride in 25-pl volume by
oropharyngeal aspiration daily for 1, 2, or 5 days. The 10-mM cobalt chloride
concentrations correspond to daily exposure of 60 pg of CoCl, (corresponding
to an average exposure of 2 mg/kg). This dose of cobalt was chosen because it
had previously been demonstrated to induce robust inflammation (Saini et al.,
2009). Moreover, this dose falls within the levels used in the National
Toxicology Programs’ assessment of cobalt sulfate and shown to induce injury
(Bucher, 1991). Animals were sacrificed 24 h following the final exposure
(Fig. 1). In the case of the 1-day treatment group, a single dose of cobalt was
administered and mice were sacrificed 24 h later. For the 2-day time point, two
doses were delivered at 24-h interval and animals were sacrificed 24 h after
second dose. Finally, for the 5-day time point, five doses were delivered at 24 h
intervals and animals were sacrificed 24 h after fifth dose. Following exposure,
mice were anesthetized with sodium pentobarbital (50 mg/ml), and a midline
laparotomy was performed. The trachea was exposed and cannulated. The lung
and heart were removed en bloc, and the lungs were lavaged with two
successive 1-ml volumes of sterile saline. These fractions were combined, and
total cell counts were performed using a hemocytometer. Differential cell
counts were performed in cytospin samples using Diff-Quik reagent (Baxter,
FL). The remaining BALF was frozen for cytokine profiling. The right lung
lobe was removed and stored in RNAlater RNA stabilizing reagent (Qiagen,
Valencia, CA) for protein and RNA isolation. The left lobe was fixed in 10%
neutral buffered formalin for histopathological analysis.
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FIG. 1. Experimental design. HIF1IoA/A mice were generated through
postnatal doxycycline treatment paradigm (doxycycline given from PN4 to
PN42). Control (n = 36) and HIF1aA/A (n = 36) male mice randomly assigned
to three different treatment groups (24, 48, and 120 h). For each time point,
mice were challenged with saline (n = 6) or cobalt chloride (60 ng, n = 6) via
oropharyngeal aspiration. Animals were euthanized 24 h after their first
dose (24-h treatment group), second dose (48-h treatment group), or fifth dose
(120-h treatment group).
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Protein assay. The total amount of protein in the BALF was quantified
using the Bradford assay (Bradford, 1976). Briefly, BALF samples were diluted
in distilled water and mixed with dye reagent via manufacturer’s instructions
(Bio-Rad, Hercules, CA). Absorbance was read at 595nm using spectropho-
tometer (GeneQuant 100, GE Healthcare Piscataway, NJ). Protein concen-
trations were determined by comparison to a standard curve created from
serially diluted bovine serum albumin standards of known concentrations.

Histopathology and immunohistochemistry. At least four mice from each
genotype and treatment group were analyzed for histopathological changes.
Formalin-fixed left lung lobe tissues were paraffin embedded, and 5-pum-thick
sections were mounted on glass slides and stained with hematoxylin and eosin
or major basic protein (MBP) (1:500 dilution, Mayo Clinic, AZ), 40-kDa
antigen of neutrophils (MCA771GA 1:100 dilution, Serotec, Raleigh, NC) as
previously described (Saini et al., 2008).

Determination of cytokine levels by Bead array. Levels of cytokines (IL-2,
keratinocyte chemoattractant [KC], IL-4, IL-5, IL-13, TNF-o, IL-6, IL-10,
interferon-y [ INF-y], and Rantes) from acellular BALF samples were measured
using BD CBA Mouse Soluble Protein Flex Sets and FACSCalibur flow
cytometer according to the manufacturer’s instruction (CBA; BD Biosciences,
San Diego, CA). Briefly, BALF was mixed with capture beads and incubated
for 1 h at room temperature. Subsequently, PE detection reagent was added and
incubated for 1 h at room temperature. Following extensive washing, samples
were analyzed on a BD FACSArray Bioanalyzer (BD Biosciences) according
to the manufacturer’s instruction.

Quantitative analysis. All cell counts and cytokine and gene expression
data were analyzed by ANOVA followed by a Bonferroni post-test. All the data
from the study were presented as SEM. Statistical difference of p value less
than 0.05 was considered as significant.

RESULTS

BALF Protein Exudation and Cellularity

To characterize the role of HIFla in cobalt-induced lung
injury, control and HIF1aA/A mice were exposed to saline or
cobalt for varying times. Total BALF protein concentration
was measured as an index of lung epithelial permeability and,
hence, lung injury. Cobalt-treated control and HIF1aA/A mice
showed significantly higher protein concentration when com-
pared with saline-treated mice, indicating that lung injury initiates
as soon as 24 h after the initial exposure (Fig. 2A). The level of
protein exudation in cobalt-treated control mice remained within
narrow range of 35-45 pg/100 pl at all the three time points. In
contrast, cobalt-treated HIF1aA/A mice showed significantly
higher protein exudation (60.71 + 6.2) at the 48-h time point as
compared with respective control (38.9 + 5.3) counterparts
(Fig. 2A), suggesting these mice are more prone to metal-induced
lung injury. The total cell count from BALF was also measured
to follow the progression of injury. Total cells in BALF showed
a significant increase in both control and HIF1aA/A mice
following 5 days of cobalt exposure. There was no difference
between control and HIF1aA/A mice at any time point (Fig. 2B).

To characterize the types of inflammatory cell infiltration
that made up the total cells in BALF, differential cell counts
were performed. Similar to total cell counts, total macrophages
and lymphocytes showed time-dependent increase in numbers;
however, no significant difference was noticed between cobalt-
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treated control and HIF1aA/A mice at any of the three time
points (Figs. 3A and 3B). In contrast, there was a distinct
difference between the two genotypes in the numbers of
neutrophils and eosinophils found in the BALF. The control
mice displayed a significant increase in neutrophils following
cobalt exposure at the 48-h time point that was not seen in the
HIF1a-deficient mice. Moreover, this increase was resolved by
the 5-day treatment time (Fig. 3C). The HIF1aA/A mice dis-
played a large and sustained increase in eosinophil infiltration
into the lung following cobalt exposure. This increase was
observed as early as 2 days post-treatment and reached sig-
nificance by 5 days of treatment (Fig. 3D). These genotype-
specific changes in inflammatory cell infiltrates suggest that
epithelium-derived HIFlo is an important regulator in the
inflammatory responses to metal insults.

Histopathology of Cobalt-Induced Injury

No exposure-related histopathology was found in the lungs
of any of the mice instilled with the saline vehicle alone (Figs.
4A and 4B). In contrast, cobalt-instilled mice had both
inflammatory and epithelial lesions in the lung, the character
and severity of which were both treatment (number of days of
instillations) and genotype dependent.

After 1 day of cobalt instillation, control mice had a mild,
acute bronchopneumonia (bronchiolitis and alveolitis) that was
most prominent in the hilar region of the left lung lobe
(proximal G5 section). Few cobalt-associated airway or
alveolar lesions were found in the distal lung section (G11).
The inflammatory cell infiltrate was characterized by a mono-
nuclear cell infiltrate (mainly small and large lymphocytes,
monocytes, and occasional plasma cells) admixed with neu-
trophils and a few widely scattered eosinophils, in interstitial
tissues surrounding large- and small-diameter conducting air-
ways (i.e., axial, preterminal, and terminal bronchioles) and
extending into the centriacinar regions of the lung (alveolar ducts
and adjacent alveoli) (Fig. 4C). Associated with this acute mixed
inflammatory cell response, there were airway epithelial de-
generation and necrosis that were most prominent in the affected
terminal bronchioles and proximal alveolar ducts (Fig. 4C).
These cobalt-induced morphologic changes were also present in
the lungs of similarly treated HIF1aA/A mice. These HIFla-
deficient mice, however, had a greater number of eosinophils in
the mixed inflammatory cell infiltrate and slightly more
epithelial degeneration, necrosis, and exfoliation in terminal
bronchioles in the affected regions of the lung (Fig. 4D).

After 2 days of cobalt treatment, the character and extent of
the peribronchiolar inflammation and alveolitis in control mice
were similar to that observed after 1 day of cobalt treatment
with the exception that there were more infiltrating neutrophils
(Fig. 4E). In comparison, cobalt-treated HIF1aA/A mice had
less neutrophils and more eosinophils in the areas of
bronchiolitis and alveolitis after 2 days of cobalt instillations
(Fig. 4F). In addition, the degenerative/necrotic epithelium
lining the affected terminal bronchioles that was observed after
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FIG. 2. BALF protein and total cell counts from control and HIF1aA/A mice. Total protein concentrations (A) and cell counts (B) were assessed from BALF
of saline-treated (white bars) and cobalt (hatched bars)-treated control mice and saline-treated (checkered bars) and cobalt (black bars)-treated HIF1oA/A mice as
described in Materials and Methods section. n > 5 mice per group. Data are expressed as mean + SE. Significance is noted where applicable.

1 day of cobalt instillation was replaced by conspicuous
regenerative, basophilic, noncilitated cuboidal epithelium after
2 days of treatment. This specific epithelial change was most
prominent in the HIF1aA/A mice (Fig. 4F). In both genotypes,
there was a mild increase in the size and number of alveolar
macrophages in the affected regions of the alveolar parenchyma.

After 5 days of cobalt instillations, hilar lung lesions in both
the control and HIF1aA/A mice involved more of the proximal
lung section (G5) and was characterized by a marked interstitial
fibrosis, focal areas of type 2 cell hyperplasia, regenerative
epithelial hyperplasia in terminal bronchioles, and a marked
mixed inflammatory cell infiltrate in affected regions of the
alveoli and bronchioles (chronic alveolitis and bronchiolitis,
respectively) (Figs. 4G and 4H). As after 1 or 2 days of
toxicant instillations, few cobalt-associated airway or alveolar
lesions were found in the distal lung section (G11). The most
dramatic difference in the pulmonary histopathology between
control and HIF1aA/A mice after 5 days of cobalt treatment
was the number of eosinophils, with knockout mice having
conspicuously more eosinophils in the inflammatory cell
infiltrate compared with that in controls (Fig. 4H). The amount
of the other inflammatory cell types (e.g., lymphocytes, mono-
cytes, neutrophils) in these areas of chronic alveolitis and
bronchiolitis were similar in both genotypes. A mild to
moderate accumulation of hypertrophic alveolar macrophages
was present in the cobalt-induced lung lesions of control and
HIF1aA/A mice.

To verify the cell infiltration, lung tissues from control and
HIF1aA/A mice were analyzed via immunohistochemistry
using an antibody specific to MBP, an eosinophilic-specific

marker. No eosinophils were observed in saline-treated mice of
either genotype (Figs. 5A and 5B). Control mice, following
single or repeated doses of cobalt, showed little if any increase
in MBP positive cells in the interstitium of proximal lung
(Figs. 5C, 5E, and 5G). In contrast, HIF1a-deficient mice showed
a pronounced and prolonged eosinophilia following cobalt
exposure (Figs. 5D, 5F, and 5G). The level of neutrophilic
infiltration was also assessed using immunohistochemistry.
Again, there was little polymorphonuclear neutrophil (PMN)-
positive staining observed in either control or HIF1aA/A saline-
treated mice (data not shown). In control mice exposed to cobalt,
there was substantial PMN-positive staining (Fig. 6A). HIF1aA/
A mice also showed PMN-positive staining following cobalt;
however, this staining was drastically decreased compared with
control mice (Fig. 6B). These results are in agreement with the
differential cell counts and suggest that a compromised HIF1o
causes a shift in the inflammatory response of the lungs following
cobalt exposure.

Cytokine Profiling

The pathology of the lung and the BALF cellularity patterns
suggested a change in the inflammatory response upon loss of
HIF1la from type II and Clara cells. To determine the
mechanism underlying these patterns, 10 cytokines (namely,
IL-2, KC, IL4, IL-5, IL-13, TNF-a, IL-6, IL-10, INF-v,
Rantes) were profiled in the cell-free BALF. Out of these
profiled cytokines, six showed significant difference when
compared across genotype or within treatment groups (Fig. 7).
IL-4, IL-5, and IL-10 were elevated only in HIF1aA/A mice
following two doses of cobalt. IL-5, a key mediator in
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FIG. 3. Effect of cobalt treatment on inflammatory cells recovered in BALF. Differential cell counts were performed for lymphocytes (A), macrophages (B),
neutrophils (C), and eosinophils (D) from BALF of saline-treated (white bars) and cobalt (hatched bars)-treated control mice and saline-treated (checkered bars)
and cobalt (black bars)-treated HIF1aA/A mice. n > 5 mice per group. Data are expressed as mean + SE. Significance is noted where applicable.

eosinophil activation, was also elevated in BALF collected
from HIF1aA/A mice following a single dose of cobalt as
compared with control mice; however, this increase did not
reach significance (Fig. 7). In contrast, cobalt-treated control
mice had significantly higher levels of TNF-a following one
and two doses of metals and elevate IL-6 at all three time points
(Fig. 7). Finally, IL2 was elevated in both genotypes following
two doses of cobalt (Fig. 7). These results suggest that loss of
HIF1a from ATII and Clara cells alters the cytokine response
following cobalt exposure.

DISCUSSION

HMLD and cobalt asthma are occupational respiratory
diseases affecting workers involved in manufacture and
maintenance of hard metals (material consisting of tungsten
carbide cemented in a matrix of cobalt), diamond polishing,
and coal mining. The incidence of HMLD in diamond polishers
who were exposed to cobalt-containing dust suggests cobalt as
a sole etiological agent in HMLD (Lison et al., 1996). Despite

the countless incidences of cobalt-induced toxicities, a complete
mechanistic understanding is still lacking. Several in vitro
studies have shown that cobalt acts as a stabilizer of HIFs
(Karovic et al., 2007; Vengellur and LaPres, 2004). In addition,
a defined role for HIFs in inflammation and tissue injury has
been established. HIF1a target genes such as VEGF and matrix
metalloproteinase (MMPs) have been shown to be unregulated
in inflammatory conditions (Elson et al., 2000). Similarly,
hypoxia-induced activation of genes involved in inflammatory
processes suggests links between hypoxia and inflammation
(Walmsley et al., 2005). Based on the links between cobalt and
hypoxia as well as hypoxia and inflammation, cobalt-induced
HIFla stabilization might be an important player in in-
flammatory manifestations of metal-induced lung disease.

In recent years, clinical and experimental studies have
generated evidence highlighting various pathological changes
in the lungs of exposed humans as well as experimental
animals. The pathology observed in cobalt-induced inhalation
toxicity includes degeneration of the olfactory epithelium,
hyperplasia, and squamous metaplasia in the epithelium of the
respiratory turbinates and larynx, hemorrhage, and macrophage

¥20¢2 I4dy 60 U0 1sonb Aq 809€G9L/EL9/2/9 1 L/B|oIe/10SX0)/W00 dno"ojwapede//:sdiy wolj papeojumoq



678 SAINI ET AL.

FIG. 4. Histopathology staining of saline- and cobalt-treated control and
HIF1aA/A mice. Light photomicrographs of hematoxylin and eosin—stained
lung sections taken from control (A, C, E, G) and HIF1aA/A mice (B, D, F, H)
that were dosed by oropharyngeal aspiration with cobalt in saline (C, D, E, F,
G, H) or saline alone (saline-vehicle controls; A and B). Mice were exposed
once a day for 1 (C, D), 2 (E, F), or 5 (A, B, G, H) days. Small insert in the right
lower corner of each figure is a photomicrograph at low magnification of the
transverse left lung lobe (proximal aspect) taken at generation five of the
intrapulmonary axial airway (AA). Solid arrows identify areas of cobalt-
induced mixed inflammatory cell infiltration. In (G and H), focal areas of
epithelial hyperplasia lining terminal bronchioles and/or alveolar ducts (stippled
arrows) are circumscribed by areas of cellular inflammation and alveolar
interstitial fibrosis (asterisks). Tb, terminal bronchiole; ad, alveolar duct; and a,
alveolus.

infiltration in the alveolar spaces, lung edema (Bucher, 1991),
and fibrosing alveolitis (Lison, 1996). In clinical cases of
cobalt-fume exposure, positive correlation between TNF-o and
cobalt pneumoconiosis has been reported that suggests TNF-
o’s potential role in the pathogenesis of interstitial lung disease
(Rolfe et al., 1992). However, a similar elevation of TNF-a
was seen neither in rat alveolar macrophage culture nor in
in vivo intranasal exposure studies in rats (Huaux et al., 1995).

FIG. 5. MBP immunohistochemistry in lungs from saline- and cobalt-
treated control and HIF1aA/A mice. Light photomicrographs of lung sections
immunohistochemically stained for eosinophil-specific MBP (inflammatory
cells with cytoplasmic red staining). Sections were taken from the left lung lobe
of control mice (A, C, E, G) and HIF1aA/A mice (B, D, F, H) that were dosed
by oropharyngeal aspiration with cobalt in saline (C, D, E, F, G, H) or saline
alone (saline-vehicle controls; A and B). Mice were instilled once a day for 1
(C,D),2 (E,F),or5 (A, B, G, H) days. All tissue sections were counter stained
with hematoxylin. Tb, terminal bronchiole; ad, alveolar duct; and a, alveolus.
Large peribronchiolar and alveolar infiltrates of immunohistochemically
positive eosinophils are present in cobalt-instilled lungs after 1, 2, and 5 days
of cobalt instillation (arrows). Only a few eosinophils (individual cells or small
aggregates) are present in the mixed inflammatory cell infiltrates of control
mice similarly instilled with cobalt (arrows).

Interestingly, levels of TNF-a are specifically higher in control
mice after 1 and 2 days of cobalt chloride treatments that were
not observed in their HIF1aA/A counterparts (Fig. 7). These
results suggest that HIFla is capable of regulating the
cytokines correlated with manifestations of lung disease.
Early in the course of injury, differences in cellular infiltrates
were already evident between the control and HIF1aA/A mice
(Figs. 4, 5, and 6). Control mice displayed a significant
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FIG. 6. Neutrophil (PMN) immunohistochemistry in lungs from control
and HIF1aA/A mice. Light photomicrographs of lung sections immunohis-
tochemically stained for neutrophils (inflammatory cells with red chromagen).
(A) Tissue section from the left lung lobe of a control mouse that received
2 days of cobalt aspiration. A mixed inflammatory cell infiltration containing
numerous neutrophils (arrows) is present in the centriacinar region that includes
the terminal bronchiole (tb), alveolar duct (ad), and surrounding alveoli (a). (B)
Tissue section from the left lung lobe of a HIF1aA/A mouse that also received
2 days of cobalt aspiration. In contrast to the lung section in (A), the centriacinar
inflammatory cell influx in (B) contains markedly less neutrophils.

increase in neutrophils that peaked 48 h after the initial ex-
posure to cobalt whereas HIF1aA/A mice displayed eosino-
philia that peaked at 5 days (Figs. 3, 5, and 6). Neutrophilic
influx in to the lung and alveolar space is the characteristic
feature of acute lung injury where they act as a key player in
the pathogenesis of the injury. Although important for
the immune response, neutrophil-predominant inflammatory
responses are involved in diffused alveolar tissue damage
through the release of proteases (MMPs, protease 3, neutrophil
elastase, cathepsin G) and reactive oxygen metabolites
(hydrogen peroxide, hypohalous acids, hydroxyl radicals)
(Nathan, 2006). In contrast to control mice, HIF1aA/A mice
displayed more pronounced eosinophil infiltration following
cobalt challenge (Figs. 5D, 5F, and 5H). However, the BALF
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eosinophilia in cobalt-treated HIF1o-deficient mice reached
significance only after five exposures (Fig. 3D). Eosinophils
are differentiated from myeloid precursor cells under the
influence of interleukin IL-3, granulocyte-macrophage colony—
stimulating factor, and IL-5. These cells are selectively
recruited into the airways through Th2 cytokines. The fact
that this eosinophilic infiltration was specific to HIFla-
deficient mice suggests an epithelial origin of the inflammatory
switch. To date, the role of HIFs in eosinophilic inflammation
is unclear. Moreover, the role of epithelial-derived mediators of
inflammatory responses has not been examined directly. It is
interesting, however, to speculate that loss of epithelial HIF1a
during development plays a role in the hygiene hypothesis
(Strachan, 1989). The hygiene hypothesis posits that lack of
developmental exposure to various allergens makes a child
more susceptible to allergic diseases, such as asthma. If this
hypothesis is taken one step further, one outcome of these
allergen exposures is inflammation and subsequent localized
hypoxia. In the absence of these incidences of inflammation-
induced hypoxia, the HIF1a-mediated signaling does not occur
early in development (i.e., similar to developmental deletion
of HIFla in the lungs of the mice in these experiments). This
lack of HIFla-mediated signaling and its ability to modulate
Th1-type cytokines (Fig. 7) might explain why the immunity of
affected individuals remains biased toward a Th2 inflammatory
response.

The results also suggest that HIF1a is a susceptibility gene
for allergic diseases, such as asthma. Genome-wide and gene
screens have identified several loci that play a role in allergic
disease, including toll-like receptor 2, CHI3L1, and TGFf1
(Ahmad-Nejad et al., 2004; Li et al., 2007; Rathcke et al.,
2009). To date, none have specifically identified HIFla;
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FIG. 7. Cytokine levels in BALF from cobalt-treated control and HIF1aA/A mice. The levels of cytokines in BALF were assessed using BD CBA Mouse
Soluble Protein Flex Sets and FACSCalibur flow cytometer following exposure of saline-treated (white bars) or cobalt (hatched bars)-treated control mice and
saline-treated (checkered bars) or cobalt (black bars)-treated HIF1aA/A mice. n > 5 mice per group. Outliers were removed by Grubb’s test, and ANOVA was
performed with Boneferroni post-test. a = significance at p < 0.05 when cobalt treated group is compared with controls within genotype. b = significance at

p < 0.05 when cobalt treated groups are compared across genotypes.

¥20¢2 I4dy 60 U0 1sonb Aq 809€G9L/EL9/2/9 1 L/B|oIe/10SX0)/W00 dno"ojwapede//:sdiy wolj papeojumoq



680 SAINI ET AL.

however, several have linked chromosome 14q24 (HIFla’s
chromosomal localization is 14q21-q24) to susceptibility to
asthma (Anonymous, 1997; Hakonarson et al., 2002; Mansur
et al., 1999). In addition, single nucleotide polymorphisms
within the HIF1o gene have been linked to other diseases that
have strong innate immunity components, including diabetes
and systemic sclerosis (Nagy et al., 2009; Wipff et al., 2009).
Overall, these results suggest that genetic modulation of HIF1a
activity is linked to disease states whose etiology can be linked
to dysregulated innate immunity and/or inflammation.

Taken together, the findings from the current study and recent
reports suggest a critical role of epithelial-derived HIF1a
signaling in establishing the lung’s innate immunity, resulting
in the observed inflammatory switch. The data support a model in
which epithelial-derived HIFlo activity regulates the lung’s
reaction to metal challenge by controlling the expression of
cytokines necessary to recruit the proper inflammatory response.
Loss of this regulatory mechanism leads to the tissue being
biased toward a Th2-mediated inflammation. The mechanism
that leads to this alteration in the inflammatory response remains
unknown and is the focus of new investigations.
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