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Abstract

Background—New therapies are necessary to address inadequate asthma control in many
patients. This study set out to investigate whether Hypoxia Inducible Factor (HIF) is essential for
development of allergic airway inflammation (AAI) and therefore a potential novel target for
asthma treatment.

Methods—Miice conditionally knocked out for HIF-1 were examined for their ability to mount
an allergic inflammatory response in the lung after intratracheal exposure to ovalbumin. The
effects of treating wild-type mice with either ethyl-3,4-dihydroxybenzoate (EDHB) or 2-
methoxyestradiol (2ME), which upregulate and downregulate HIF, respectively, were determined.
HIF-1a levels were also measured in endobronchial biopsies and bronchial fluid of asthma patients
and nasal fluid of rhinitis patients after challenge.

Results—Deletion of HIF-1f resulted in diminished AAI and diminished production of
ovalbumin-specific IgE and IgG;. EDHB enhanced the inflammatory response, which was muted
upon simultaneous inhibition of Vascular Endothelial Growth Factor (VEGF). EDHB and 2ME
antagonized each other with regard to their effects on airway inflammation and mucus production.
The levels of HIF-1o and VEGF increased in lung tissue and bronchial fluid of asthma patients
and in the nasal fluid of rhinitis patients after challenge.

Conclusions—Our results support the notion that HIF is directly involved in the development of
AAL. Most importantly, we demonstrate for the first time that HIF-1a is increased after challenge
in asthma and rhinitis patients. Therefore we propose that HIF may be a potential therapeutic
target for asthma and possibly for other inflammatory diseases.

Keywords
Allergic Airway Inflammation; Asthma; Hypoxia Inducible Factor; Rhinitis

INTRODUCTION

Asthma is one of the most common chronic diseases in the world. Even with maximal
medical therapy many asthmatic patients do not achieve adequate asthma control (1)
resulting in a need for additional anti-asthmatic drugs.

The transcriptional response to hypoxia is primarily mediated by the hypoxia-inducible
factor (HIF) family of transcription factors. HIFs are heterodimeric proteins containing one
a subunit and one B subunit. HIF-1a and HIF-2a. are both expressed widely, as is HIF-1p
(the Aryl Hydrocarbon Receptor Nuclear Translocator {ARNT}). HIF-2 (ARNT2) has a
more limited tissue distribution. The B subunits are constitutively expressed, and regulation
of HIFs occurs mainly via effects on the a subunits. Under normoxic conditions, the HIF-a
subunits are hydroxylated on key proline residues, thereby allowing for their recognition by
the von Hippel-Lindau (pVVHL) tumor suppressor protein that targets HIF-a for proteasomal
degradation. Hydroxylation of both prolines is catalyzed by a family of three iron-containing
prolyl hydroxylases in a reaction requiring O, and 2-oxoglutarate (2). HIF-1a inhibition also
occurs through the hydroxylation of an asparagine residue by an O, iron, and 2-
oxoglutarate-dependent dioxygenase, Factor Inhibiting Hypoxia Inducible Factor-1a., which
prevents HIF-1a from interacting with the coactivator p300 under normoxic conditions (3).
During hypoxia, HIF-1a and/or HIF-2a dimerize with ARNT and/or ARNT2, and this
complex then binds hypoxia response elements (HRES) in the promoters of target genes and
up-regulates their transcription (4). HIF target genes include those for several pro-
inflammatory cytokines, chemokines, and adhesion molecules, including VEGF. However
HIF-1a and HIF-2a regulate unique as well as shared target genes, and play nonredundant
roles in the organism (5-6).
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It has been proposed that HIF plays a role in human allergic airway diseases (7-11). We
previously reported that the non-specific HIF inhibitor 2-methoxyestiadiol (2ME) reduced
the allergic pulmonary inflammatory and airway remodelling responses to ovalbumin in a
mouse model (9). Guo and coworkers (10) demonstrated that mice heterozygous for a
HIF-1a null allele exhibited diminished lung eosinophilia in response to an ovalbumin
challenge. However, only limited aspects of the allergic airway response were studied by
these last investigators. We therefore decided to thoroughly evaluate the role of HIF in a
mouse model of allergic airway response using both genetic and pharmacological
perturbations. Our investigations provide compelling evidence for a role of HIF in the
development of allergic lung inflammation in the mouse. Importantly, we also demonstrate
directly that exposure to allergen leads to upregulation of HIF-1a and VEGF expression in
asthmatic and rhinitis patients, as it does in our mouse model of allergic airway
inflammation.

Breeding and Genotyping of Mice

The original Arnt” allele contained a neo cassette, which was excised as described
previously (12). The Arnt”f mice, which were of a mixed C57BL/6, 129/Sv and FVB/N
genetic background, were back-crossed to homozygous Mx1-Cre* mice in a C57BL/6
genetic background, and at least ten successive times to the C57BL/6 strain. Genotyping of
the ArntF and Arnt2 alleles and the Mx1-Cre transgene was performed by PCR (13). Mx1-
Cre+/— heterozygotes could not be distinguished from Mx1-Cre+/+ homozygotes by this
procedure, and these genotypes are collectively referred to as Mx1-Cre+.

Treatment of Mice

Deletion of the Arnt allele in Mx1-Cre+: Arnt”f male mice was induced by intraperitoneal
(i.p.) injection with 500 pg of polyinosinic-polycitidylic acid (plpC, Sigma, St.Louis, MO)
in PBS on three occasions two days apart. Sensitization was elicited by two i.p. treatments,
five days apart, of 10 ug chicken egg ovalbumin (OVA, grade V, Sigma, St. Louis, MO)
emulsified in 1 mg of aluminum hydroxide (Pierce Chemical, USA) in a total volume of 100
pL. Mice were challenged via intratracheal (i.t.) administration of 0.75 % OVA on two or
three occasions, as indicated. Treatments with ethyl 3,4, dihydroxybenzoate (EDHB)
(Sigma, St.Louis, MO), and/or 9 mg/kg (E)- 3-(3,5-Diisopropyl-4-hydroxyphenyl)-2-[(3-
phenyl-n-propyl)amino- carbonyl] acrylonitrile (SU1498, Calbiochem, San Deigo, CA), or
30 mg/kg 2- methoxiestradiol (2-ME, Sigma, St. Louis, MO) were performed as indicated.
Control mice received vehicle solvent only. Mice were euthanized by inhalation of
isofluorane. All experiments were performed in accordance with UCLA and INCMN
Mexico City regulations.

Lung histology and morphometric analysis

Calculations of inflammatory area and PAS staining were done as described previously
(14.).

Immunocytochemistry

Deparaffinized 4-um sections were used for immunohistochemical analysis using the LSAB
kit (DAKO, Carpinteria, CA, USA) and antibodies against HIF-1a (1:250; Santa Cruz
Biotechnology, Santa Cruz, CA), HIF-2a (1:750; Novus Biologicals, Littleton, CO), ARNT,
ARNT?2 or VEGF (1:500, 1:500, and 1:750, respectively; Santa Cruz). All samples from
each group were processed at the same time in a single experiment using a single batch of
antibody diluted in PBS with Normal Goat Serum (NGS).
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Bronchoalveolar lavage (BAL)

Mice were euthanized by exsanguination. Differential counts were performed on four to six
H&E stained cytospin preparations for each experimental group. VEGF in BAL supernatant
fluid of rhinitis subjects was determined by ELISA as described previously (15).

OVA-specific IgG1 and IgE

OVA-specific IgE and 1gG1 levels were measured in mouse serum samples using ELISA
(15).

Human Subjects

Asthma patients—Eleven mild to moderate cat allergic asthmatic subjects (6 female/5
male), ages ranging 18 to 43 (18.5+7.0), with a mean FEV1 of 96+8% were studied at
baseline with fiberoptic bronchoscopy in which endobronchial biopsies and bronchoalveolar
lavage (BAL) were obtained. Three days later, subjects underwent a naturalistic cat room
challenge in which they were exposed to three cats housed in a vivarium room, until their
FEV dropped by 20% or for an hour, whichever occurred first. The average FELd1
concentration in air samples from the cat room was 17.2+5.8 ng Fel d 1/cu meter air Three
days later, subjects again underwent repeat fiberoptic bronchoscopy with endobronchial
biopsies and BAL. Further details are provided in supplementary materials.

Rhinitis patients—Ten healthy nonsmoking volunteers (1 male and 9 females) ages 20—
40 were recruited for the study. Subjects reported a history of cat allergy but no history of
perennial allergic rhinitis. Use of antihistamine, intranasal, or immunosuppressive
medication was prohibited three days before or at any time during the study. Allergy
epicutaneous skin testing was performed with Standardized Cat Allergen Extract - 10,000
BAU units/ml (Hollister Stier, WA) to confirm allergic sensitization. Each subject
completed a graded intranasal allergen challenge to determine the cat allergen dose
stimulating nasal allergy symptoms. (See supplementary material) The dose stimulating a
symptom score of >8 was subsequently used for the single allergen dose challenge with
nasal lavage samples collected for analysis. Subjects who did not achieve the required
symptom score during the graded challenge were excluded from further participation. At
least 2 weeks after the graded dose-determination procedures, subjects returned for the
single intranasal cat allergen challenge. Subjects performed nasal lavage with 40 ml of
sterile saline at baseline (prior to intranasal allergen) and 1 hour after intranasal allergen
challenge using previously described methods (15). Nasal lavage samples were spun at 2500
rpm for 30 minutes at 4°C. The cells from the pellet were collected and used for IHC.

All subjects signed an informed consent and study activities were approved by the Human
Subject Protection Committee of the University of California, Los Angeles.

Statistical analysis

Data were expressed as mean + standard deviations. Statistical comparisons were performed
using one-way analysis of variance followed by Fisher’s exact test, the unpaired Student’s t
test or the U Mann Whitney test. For the correlation between HIF-1a and VEGF expression
in the human samples, we used Pearson’s correlation analysis.
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RESULTS

HIF-1a and HIF-2a are upregulated in mouse lung in a mouse model of allergic airway
inflammation

C57BL/6 mice were subjected to a previously described allergenic protocol (14) (Fig. 1A).
Lung sections were subjected to hematoxylin-and-eosin (H&E) staining and also stained for
either HIF-1a or HIF-2a. Representative lung sections and quantitative analysis of the
staining of four mice are presented in Figures 1B, 1C, 1D and 1E. Markedly elevated levels
of HIF-1a and HIF-2a were observed in the nuclei of the bronchial epithelial cells of the
ovalbumin treated mice. Inflammatory cells in the ovalbumin treated mice also expressed
both proteins. Expression was observed in macrophages and lymphocytes.

OVA sensitized/challenged mice conditionally knocked out for Arnt have a reduced
allergic response in the lung

We wished to analyze mice deficient in HIF activity. As described above, both HIF-1¢ and
HIF-2a are expressed in mouse lung. However, whereas Arnt is also expressed in the lung,
Arnt2 is not (16-18). We therefore studied Arnt-deficient mice. Since mice that are
homozygous for an Arnt null allele (like Hif-1a knockout and Hif-2a knockout mice) die in
utero (19-20), it was necessary to use conditional knockout mice in which deletion is
induced in the Arnt gene in adulthood. To achieve this, we developed Arnt:Mx1-Cre*
mice. The Mx1 promoter is silent unless the cell is treated with polyinosinic-polycytidylic
acid (pIpC). Thus in Arnt”:Mx1-Cre* mice injected intraperitoneally with plpC, substantial
inactivation of the Arnt gene occurs in most tissues of the body, including the lung (12).
Immunohistochemical analysis of our mice showed that plpC treatment led to about an 80%
dimunition in the levels of the Arnt protein (Supplementary Figure 1) in lung tissue.

Arnt::Mx1-Cre* and Arnt”f:Mx1-Cre- mice were used. Five mice of each genotype were
subjected to the same allergenic protocol as illustrated in Figure 1A except that they were
also treated i.p. with 500 ug plpC (Figure 2A). Cre™ and Cre* mice untreated with OVA
exhibited no significant inflammatory infiltration. In contrast, OVA treatment in the Cre™
mice elicited a marked perivascular and peribronchiolar inflammatory infiltration comprised
mostly of mononuclear cells. The Cre™ mice treated with OVA exhibited a marked
reduction in the degree of inflammatory cell infiltration, compared with the similarly treated
Cre™ mice (Figures 2B and 2C). OVA treatment of Cre™ mice increased the levels Arnt and
of the HIF target gene, VEGF, in the cytoplasm of cells lining the bronchioles, while there
were fewer Arnt and VEGF-positive cells in Cre* mice treated similarly (Figures 2D to 2G).
The increase in VEGF occurring during the inflammatory response is therefore at least
partially mediated by Arnt, which is consistent with the upregulation of HIF-1a and HIF-2a.
that occur in these cells. OVA treatment increased the concentration of total leukocytes in
mice of both genotypes. However, there were fewer lymphocytes and eosinophils in Cre*
mice compared with Cre™ mice (Figure 2F). Disruption of Arnt was also associated with a
decrease in OVA stimulation of OVA-specific IgE and IgG1 production in the sera of the
mice (Fig. 2G and 2H). Of note, mice sensitized and not challenged, did not exhibit increase
in any of the hallmark paramaters of AAI (data not shown). In conclusion, decreased Arnt
expression diminishes manifestations of the allergic response, including lung inflammation
with eosinophilia, and allergen-specific IgE and IgG1 production.

Increased HIF expression enhances the inflammatory response

Ethyl-3,4-dihydroxybenzoate (EDHB) upregulates HIF-1a (and presumably HIF-2a ) by
inhibiting prolyl hydroxylases competitively with regard to two of their cosubstrates,
oxoglutarate and ascorbate (23-24), and this compound upregulated HIF-1a in mouse lung
(Supplementary Figure 2). We injected Balb/c mice i.p. with EDHB on two occasions, one
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day before each intratracheal challenge with OVA (Figure 3A). EDHB further enhanced the
increase in perivascular and peribronchiolar inflammation elicited by OVA (Figures 3B and
3C).

EDHB and 2-methoxyestradiol, a non-specific inhibitor of HIF activity, antagonize each
other’s effects on airway inflammation and mucus production

We investigated the effect of using 2ME, a non-specific inhibitor of HIF, which we
previously demonstrated to inhibit the AAI response in mice (9), in conjunction with EDHB.
However, 2ME destabilizes HIF-1a indirectly, most likely as a consequence of microtubule
disruption and/or inhibition of mitochondrial respiration (23-24) and thus has a different
molecular target(s) from EDHB. Balb/c mice were treated as outlined in Figure 4A. As
expected, OVA treatment led to increases in inflammatory airway inflammation and also in
the production of mucin within goblet cells. (Increases in mucin are routinely observed in
this mouse model.) (Supplementary Figure 3 and Figures 4B and 4C). EDHB enhanced the
inflammatory response to OVA, as before, and also increased mucus production.
Interestingly, EDHB, even in the absence of OVA, enhanced inflammation. 2ME treatment
after OVA challenge reduced the stimulatory effect of OVA on inflammation and mucus
production. Importantly, treatment with OVA, 2ME, and EDHB had more of an effect on all
the parameters measured than treatment with OVA and 2ME, but had less of an effect on
these same parameters than OVA and EDHB. Thus 2ME and EDHB antagonized each
other’s effects on these manifestations of allergic airway inflammation, supporting the
notion that the effects of each agent on these parameters are indeed mediated by the agents’
effects on HIF, and most importantly, supporting the notion that HIF directly impacts the
allergic airway response.

Attenuation of the allergic inflammatory response after inhibition of VEGF activity

VEGF has been reported to play a role in the airway inflammatory response (25). We
applied a VEGF receptor 2 inhibitor, SU1498, after treatment with EDHB (Figure 5A).
Treatment with SU1498 reduced inflammation induced by EDHB alone, by OVA alone, and
by OVA plus EDHB, indicating that the involvement of HIF in the allergic pulmonary
response is at least partly mediated by upregulation of VEGF (Supplementary Figure 4 and
Figure 5B).

HIF-1a expression is increased in asthmatic patients and rhinitis patients after allergen

challenge

We next investigated the potential role of HIF in allergic airway diseases in the human. We
measured HIF-1a and VEGF protein levels in cells from BAL and in endobronchial biopsies
from eleven asthmatic patients before and after exposure to cats in an enclosed room. Cells
from BAL were primarily macrophages (Figure 6A). Both HIF-1a and VEGF levels
increased in bronchial lavage cells after allergen challenge (Figs. 6B, C, and D). HIF-1o was
predominantly nuclear, although some cytoplasmic staining was observed. VEGF was
expressed predominantly in the cytoplasm or in the cell membrane. The levels of both
HIF-1a and VEGF in endobronchial biopsies of the eleven patients were also higher after
challenge (Figure 6E). (This was also true for HIF-2a; Supplementary Figure 5). In addition,
we examined nasal lavage from ten rhinitic patients. We observed increased HIF-1a in nasal
lavage cells after cat allergen challenge in the rhinitis patients (Fig. 6F and 6G). The
expression was predominantly nuclear, although some cytoplasmic staining was observed.
There was a direct correlation between HIF-1a immunostaining and VEGF expression (as
measured by ELISA), in the nasal lavage fluid (Fig. 1H) after challenge (*p<0.05,
r=0.7930). These results suggest that HIF-1 is likely to play a role in the pathogenesis of
allergic disease in the human.
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DISCUSSION

Our studies on mice confirm and extend previous observations suggesting a role for HIF in
allergic airway inflammation (7-10,26). First, we showed that upregulation of HIF-1a and
HIF-2a occurs during allergic airway inflammation in mice. Second, we found that the
inflammatory response to OVA challenge, including inflammatory cell infiltration,
eosinophil recruitment, VEGF expression, and allergen specific-IgE and 1gG1 were all
attenuated in plpC-treated Arntf/fl: Mx1-Cre* mice, in which Arnt expression is diminished.
Arnt can dimerize with certain other members of the bHLHPAS family of proteins,
including the aryl hydrocarbon receptor (AHR), single-minded homologs 1 and 2 (Sim 1 and
2), and NXF (27-29). However, it is unlikely that the diminution in the allergic airway
response observed in the Arnt deficient mice is due to loss of activity with these alternative
dimerization partners, since the Sim proteins function mainly as transcriptional repressors
(30), NXF has a very limited tissue-specific expression, excluding the lung (29), and
C57BL/6 Ahr-null mice do not exhibit a reduced allergic lung inflammatory response after
an OVA challenge protocol very similar to the one we performed here (31).

Third, EDHB markedly enhanced the allergic response to OVA including airway
inflammation and mucin production. Fourth, the effects of EDHB and the non-specific
HIF-1a inhibitor, 2-ME, on the allergic airway response antagonized each other, thus
providing evidence that these agents affect this response via their effects on HIF, and
supporting the notion that HIF activity directly affects this response. Interestingly, the
effects of EDHB were partially inhibited when followed by treatment with the VEGFR2
inhibitor SU1498, suggesting that the role of HIF in the allergic airway response is at least
partly mediated by up-regulation of VEGF.

Interestingly, HIF-1a activity in the alveolar epithelium appeared to protect against the
development of an asthma-like inflammatory response to inhaled cobalt in the mouse (32).
However, cobalt is a hypoxia mimic and direct inducer of HIF-1a and HIF-2a, and the
relevance of this study to ours is unclear.

We show here that allergen exposure leads to upregulation of HIF-1a and VEGF in
endobronchial biopsies and bronchial lavage cells of asthmatic patients and in nasal lavage
of rhinitis patients. To our knowledge, this is the first time that HIF-1o and VEGF
expression have been shown directly to increase in asthmatic and rhinitis patients after
allergen challenge. Our clinical observations therefore support a role for HIF in the
development of allergic airway diseases.

Our human and animal studies data suggest that HIF levels may serve as a useful biomarker
for poor asthma control and a clinical therapeutic target. With regard to the latter notion,
several compounds have been identified that downregulate HIF and there is a major effort
underway in both academia and the pharmaceutical industry to develop specific small
molecule inhibitors of HIF (33-34). Our studies suggest that such molecules will represent
potential novel treatments for asthma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HIF-1e and HIF-20 are upregulated in mouse lung in a mouse model of allergic airway
inflammation

A. Experimental protocol. B, D. Representative lung sections of C57BL/6 mice treated with
OVA (Cre-/OVA) or Sterile Saline (Cre-/SS) and stained for HIF-1a and HIF-20,
respectively. C, E. Quantification of the immunostaining for HIF-1a and HIF-2a,
respectively, in four mice in each case. T p<0.01.
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Figure 2. OVA sensitized/challenged mice conditionally knocked out for Arnt have a reduced
allergic response in the lung

A. Experimental protocol. B. Representative H&E stained sections of lung tissues were
obtained from OV A-sensitized/challenged mice (OVA) and control mice treated with sterile
saline (SS), of genotype Arntf/f:Mx1-Cre+ (Cre+) or Arntf/f:Mx-1-Cre — (Cre-). All mice
received pIpC. C. The degree of inflammatory infiltration in venules and middle size veins
and in bronchioles from five mice from each experimental group was determined as
described in “Methods.” Results are expressed as averages and standard deviations of
infiltrated area. Empty bars: perivascular infiltrate; solid bars: peribronchiolar infiltrate. D,
F. Immunohistochemical staining of VEGF and Arnt in lung tissue of representative Arntf/
f:Mx1-Cre+ and Arntf/f:Mx1-Cre- mice treated as described in B. E. G. Quantification of
VEGF staining in five mice from each group. H. Total leukocytes and differential cell
counts in BAL from OV A-sensitized/challenged and control Arntf/f:Mx1-Cre+ and Arntf/
f:Mx1-Cre-mice (cells/ml). I and J. IgE and IgG1 levels in the sera of five mice in each
group. *p<0.05, t p < 0.01, Cre+ OVA vs. Cre- OVA (U Mann Whitney).
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Figure 3. Increased HIF expression enhances allergic airway inflammation in BALB/c mice
A. Experimental Protocol. Each group consisted of five mice. B. Representative H&E
stained sections of lung tissues showing blood vessels or bronchioles. C. Quantification of
the inflammatory response for the five mice from each group. *p<0.05, t p<0.01, ¥ p <
0.001
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Figure 4. Inhibition of HIF activity attenuates the stimulatory effect of EDHB on airway
inflammation and mucus production

A. Experimental Protocol. B and C. Quantification of the inflammatory response and mucus
production, respectively, in five mice from each experimental group. *p < 0.05, T p < 0.01,
1 p <0.001.
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Figure 5. Attenuation of the allergic inflammatory response after inhibition of VEGF activity
A. Experimental Protocol. B. Quantification of the inflammatory response in five mice from

each experimental group. *p<0.05.
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Figure 6. Enhanced HIF-1a and VEGF expression in bronchial lavage and lung tissue from
asthmatic patients (A to E) and nasal lavage from rhinitis patients (F to H) after allergen
challenge

A. Representative photomicrographs of HIF-1a and VEGF immunostaining (100X) in
epithelial cells from bronchial lavage of asthma patients before and after naturalistic cat
challenge. The specificity of the antibodies is shown in staining with the 1gG control. B, C.
Frequency of HIF-1a and VEGF positive cells in bronchial lavage from 11 asthma patients.
D. Representative photomicrographs of HIF-1a and VEGF before and after challenge (40X)
in endobronchial biopsies. E. Quantification of the expression of HIF-1a and VEGF, before
and after the cat challenge in 11 patients (pre and post challenge data was collected from the
same patient). *p < 0.05, T p<0.01 (ANOVA). F. Representative photomicrographs of
HIF-1a immunostaining (100X) in rhinitis patients before (a) and after (b) challenge. G.
Quantification of HIF-1a positive cells (left), before and after the challenge. The mean and
standard deviations were derived from data collected from 10 patients. H. Correlation
analysis between HIF-1a immunostaining and VEGF expression as measured by ELISA
(right), after the challenge. The analysis was performed from data collected from the 10
patients. Student t-test *p<0.05, T p<0.01 pre vs. post challenge HIF-1a expression.
Pearson’s analysis *p<0.05, *r=0.7930 Post challenge HIF-1a vs.VEGF.
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