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Abstract

Background—The prevalence of allergic diseases doubled in developed countries in the last 

several decades. Cyclooxygenase (COX) inhibiting drugs augmented allergic diseases in mice by 

increasing allergic sensitization and memory immune responses. However, whether COX 

inhibition can promote allergic airway diseases by inhibiting immune tolerance is not known.

Objective—To determine the role of the COX pathway and PGI2 signaling through the PGI2 

receptor (IP) in aeroallergen-induced immune tolerance.

Methods—Wild type (WT) BALB/c mice and IP KO mice were aerosolized with ovalbumin 

(OVA) to induce immune tolerance prior to immune sensitization with an intraperitoneal injection 

of OVA/alum. The COX inhibitor indomethacin or vehicle was administered in drinking water to 

inhibit enzyme activity during the sensitization phase. Two weeks after sensitization, the mice 

were challenged with OVA aerosols. Mouse bronchoalveolar lavage fluid was harvested for cell 

counts and Th2 cytokine measurements.

Results—WT mice treated with indomethacin had greater numbers of total cells, eosinophils, 

and lymphocytes, and increased IL-5 and IL-13 protein expression in BAL fluid compared to 

vehicle-treated mice. Similarly, IP KO mice had augmented inflammation and Th2 cytokine 
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responses compared to WT mice. In contrast, the PGI2 analog cicaprost attenuated the anti-

tolerance effect of COX inhibition.

Conclusion—COX inhibition abrogated immune tolerance by suppressing PGI2 IP signaling, 

suggesting that PGI2 signaling promotes immune tolerance and clinical use of COX inhibiting 

drugs may increase the risk of developing allergic diseases.
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Introduction

Allergic disease is one of the most common causes of chronic illness and affects 40–50 

million Americans. In the last several decades, the reported prevalence of allergic rhinitis, 

asthma, and atopic eczema increased markedly in developed countries.1, 2 Mounting 

evidence suggests that drugs inhibiting cyclooxygenase (COX) enzymes in the arachidonic 

acid metabolic pathway may be contributing to the increased allergy prevalence. 

Epidemiological studies reveal a correlation between frequent use of COX inhibiting 

medications and increased risk of developing allergic disorders and asthma.3 Recently, a 

positive association was reported between the intake of non-aspirin non-steroidal anti-

inflammatory drugs (NSAIDs) and current asthma in adult survivors of childhood asthma.4 

In addition, there was a higher prevalence of new-onset asthma in subjects who regularly 

used NSAIDs other than aspirin compared to nonusers.5 In animal studies, COX inhibition 

with indomethacin increased allergic sensitization, allergen-specific immune memory 

response, and augmented allergic airway inflammation and Th2 immune responses,6–10 

supporting a role for the COX pathway in the development of allergic diseases. Similarly, 

mice deficient in COX enzymes have increased allergic inflammation compared to wild type 

(WT) mice.11

People without allergic diseases have antigen-specific immune tolerance to common 

aeroallergens. Some studies support the possibility that regulatory T cells (Treg) suppress 

allergic diseases and contribute to allergen-specific immune tolerance.12, 13 Treg cells are a 

subtype of CD4 T cells that are critical for the maintenance of self-tolerance and tolerance to 

foreign antigens by inhibiting effector T cell responses.14 The establishment and 

maintenance of tolerance induced by repeated airway exposures to low-dose ovalbumin 

(OVA) were dependent on Treg cells that express both cell surface and soluble TGF-β.13 

Therefore, Treg cells may be a mechanism by which immune tolerance prevents the immune 

system from responding to innocuous environmental antigens. While we and others have 

reported that COX inhibition increased allergic airway inflammatory responses,6–10 the 

effect of COX products and COX inhibition on allergen-induced immune tolerance in the 

airways is not known.

Prostaglandin I2 (PGI2) is one of the lipid products formed in the COX pathway of 

arachidonic metabolism. The other lipid molecules produced in the COX pathway are PGE2, 

PGD2, PGF2α and thromboxane A2 (TXA2). PGI2 binds to the G protein-coupled receptor 

IP and exerts its biological activities through autocrine and paracrine mechanisms. We have 

Zhou et al. Page 2

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



previously described the immune suppressive function of PGI2 and PGI2 analogs inhibited 

Th1 and Th2 effector cytokine production in vitro.15, 16 Jaffar et al. reported that endothelial 

cell-derived PGI2 inhibited the recruitment of Th2 cells in the lung in an adoptive T cell 

transfer model.17 In contrast, IP knockout (KO) mice have augmented Th2 immune 

responses and increased airway inflammation and hyperresponsiveness to OVA.18 IP KO 

mice also had increased Th1 responses in a mouse model of respiratory syncytial virus 

(RSV) infection.19 Therefore, PGI2 modulates immune responses and possibly immune 

tolerance as well.

Studies have shown that the COX pathway regulates the generation and maintenance of 

immune tolerance.20, 21 COX-2-products produced by mucosal dendritic cells were required 

for the development of functional Treg cells and the maintenance of immune tolerance 

induced by oral ingestion of OVA.20 Inhibition of COX-2 in dendritic cells derived from 

mediastinal lymph nodes caused increased Th2 differentiation and IL-4 production, which 

was directly related to impaired Treg cell differentiation and immune tolerance.20 

Regulatory T cells suppressed anti-tumor immune activity in a COX-2 dependent manner in 

colorectal cancer patients,21 also suggesting a role for the COX pathway in Treg function 

and immune tolerance. However, COX products may also modulate immune tolerance 

independent of Tregs. For instance, PGE2 promoted immune tolerance in the gut that was 

not related to Treg number or function.22 In this study, we found that COX inhibition 

ablated immune tolerance by suppressing IP signaling and the effect was not associated with 

Treg cell numbers. This has important clinical implications in that medications that inhibit 

PGI2 production may adversely affect immune tolerance.

Materials And Methods

Mice

Wild type BALB/c mice were obtained from The Jackson Laboratory. IP KO mice were 

generated by homologous recombination in embryonic stem cells and were backcrossed to a 

BALB/c background for 6 generations.23 Age-matched WT BALB/c mice and IP KO mice 

were used at 8–12 weeks old. 5-lipoxygenase (LO) KO mice on a mixed 129-C57BL/6 

background were purchased from The Jackson Laboratory and then backcrossed 10 

generations to BALB/c in our lab. Animal experiments were reviewed, approved by the 

Institutional Animal Care and Use Committee at Vanderbilt University, and were conducted 

according to the guidelines for the Care and Use of Laboratory Animals prepared by the 

Institute of Laboratory Animal Resources, National Research Council.

Induction of immune tolerance and allergic inflammation

The mouse immune tolerance protocol (Figure 1) was modified from the method reported by 

Ostroukhova and colleagues.24 The “tolerance protocol” consisted of 3 phases: tolerance 

induction, OVA sensitization, and OVA challenge. For this protocol, wild type BALB/c, IP 

KO and 5-LO KO mice were exposed to aerosols of 1% OVA/PBS solution using an 

ultrasonic nebulizer for 40 min per day from day −14 to day −10 (5 days) to induce immune 

tolerance. At day 0, mice were OVA sensitized by an intraperitoneal (i.p.) injection of 0.1 

ml OVA/alum solution (10 μg OVA formulated with 20 mg of aluminum hydroxide). 
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Starting at day 14, the mice were challenged with an OVA aerosol for 40 min per day for 4 

days. The “allergy protocol” consisted of sensitization with an intraperitoneal injection of 

OVA/alum at day 0 and OVA challenge with 4 days of OVA aerosols from days 14–17.

In some experiments, WT BALB/c and 5-LO KO mice were treated with the COX inhibitor 

indomethacin (30 μg/ml) or vehicle (1% ethanol) in drinking water during sensitization 

(Figure 1) phase from day −2 to day 2. Some groups of mice were also treated with 

intraperitoneal injections of cicaprost (a gift from Dr. M. Huebner, Schering-Plough 

Corporation). The mice were injected twice daily from day −2 to day 2 with 300 ng 

cicaprost in 100 μl of PBS per mouse per injection.

BAL cell analysis

On day 18, bronchoalveolar lavage (BAL) fluid was collected 9 and white blood cells in the 

BAL were immediately counted for total number of cells. The BAL cells were also used for 

cytospin preparation. The cytospin slides were stained using the DiffQuik kit (American 

Scientific Products) for differential cell counts to enumerate macrophages, eosinophils, 

lymphocytes and neutrophils.

Histological analyses of Lung Sections

The mice were sacrificed on day 18 and the lung block was removed. Lung tissue was fixed 

in 10% formalin solution, paraffin-embedded, cut in 6 μm sections, mounted, and stained 

with hematoxylin and eosin for routine histology to evaluate inflammation. Slides were 

examined by a pathologist blinded to experimental groups to score interstitial inflammation 

using 0–3 scoring system: 0 - no inflammatory; 1 - a few inflammatory cells; 2 - increased 

accumulation of inflammatory cells; 3 - abundant accumulation of inflammatory cells.

Cytokine and IgE measurements by ELISA

The levels of IL-5 and IL-13 in BAL fluid were measured by Quantikine and Duoset ELISA 

kits (R&D Systems) according to the manufacturer’s instructions. Total IgE was determined 

by the Clonotyping ELISA kits (Southern Biotech). Ovalbumin-specific IgE in mouse sera 

was quantified as following. Immulon 2HB plates were coated with 2 μg ovalbumin in 

bicarbonate buffer (pH 9.6) per well overnight at 4 °C and blocked with 1% BSA. Serum 

samples were diluted in 0.1% Tween 20-PBS and incubated for 2 hours at room 

temperature. OVA-specific-IgE was detected by using goat-anti-mouse IgE conjugated with 

HRP (Southern Biotech). Plates were developed with TMB substrate solution (R&D 

Systems) and reactions were stopped with 1N HCl. Absorbance values at OD450 were 

measured. Concentrations of ovalbumin-specific IgE were determined using a standard 

curve made with serum from hyper-immunized mice.

Measurement of LTE4

The urine of WT BALB/c mice was collected at the last day of indomethacin treatment 

(Figure 1A). The amounts of LTE4 were quantitated by gas chromatography-mass 

spectrometry (GC-MS) as previously described.25 Creatinine in the urine was measured by a 

chemical assay based on Jaffe’s reaction according to the manufacturer’s instructions 

(Exocell Inc) for LTE4 normalization.
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Flow cytometry

Mononuclear cells were isolated from mouse spleens, mediastinal lymph nodes (MLN) and 

lungs. The lung cells were stimulated with PMA (50 ng/ml), ionomycin (1 μg/ml) for 20 h 

and GolgiStop (BD Biosciences) for 6 h for IL-10 staining. The cells were stained with 

LIVE/DEAD® Fixable Blue Dead Cell Stain Reagent (Invitrogen) and with fluorochrome-

conjugated antibodies against CD4 (RM4-5, BD Bioscience), CD25 (PC61.5, eBioscience), 

FoxP3 (150D/E4, eBioscience), and IL-10 (JES5-2A5) for flow cytometric analyses of Treg 

cells.

Statistical analysis

The p values were calculated by using unpaired Student’s t-test or one-way ANOVA with 

Bonferroni post hoc test. Values of p < 0.05 were considered significant.

Results

COX inhibition abrogated the immune tolerance induced by repeated airway OVA 
exposure in WT mice

WT BALB/c mice underwent the tolerance and allergy protocols and were treated with 

either the COX inhibitor indomethacin (Figure 1A, Indo/Tolerance mice, Figure 1B, Indo/

Allergy mice) or vehicle solution (ethanol, EtOH) (Figure 1A, EtOH/Tolerance mice; Figure 

1B, EtOH/Allergy mice) during sensitization from day −2 to day 2 to determine the effect of 

COX inhibition on immune tolerance and allergic inflammation. We found that mice in 

EtOH/Tolerance group had significant decreases in the numbers of total cells, eosinophils 

and lymphocytes in BAL compared to EtOH/Allergy mice (Figure 2A, 2C & 2D), indicating 

that the initial OVA aerosols induced immune tolerance, which suppressed inflammation in 

the lung in OVA sensitized and challenged mice. Indo/Tolerance mice had significantly 

greater numbers of total cells, macrophages, eosinophils and lymphocytes (Figure 2A~ 2D), 

relative to the EtOH/Tolerance group, indicating that COX inhibition with indomethacin 

abrogated immune tolerance and led to allergic inflammation in the lung after sensitization 

and challenge. Mice in the Indo/Tolerance group also had significant increases in the 

numbers of total cells, macrophages, eosinophils and lymphocytes than EtOH/Allergy mice 

(Figure 2A~2D), indicating that COX inhibition not only abrogated immune tolerance, but 

further augmented allergic inflammation in the lung to a level comparable to that in Indo/

Allergy mice. Indo/Allergy mice had significantly greater numbers of total cells, eosinophils 

and lymphocytes than EtOH/Allergy mice (Figure 2A, 2C & 2D), indicating a stimulatory 

effect of COX inhibition on allergic inflammation, consistent with our published findings.10

We also found that mice in Indo/Tolerance group had significant increases in IL-5 and IL-13 

protein expression in BAL compared to mice in EtOH/Tolerance group in which IL-5 and 

IL-13 protein expression was undetectable (Figure 2F & 2G). The mice in Indo/Tolerance 

group had comparable levels of IL-5 and IL-13 in the BAL to the mice in EtOH/Allergy 

group (Figure 2F & 2G), indicating that COX inhibition with indomethacin abrogated 

immune tolerance and caused Th2 immune responses after OVA sensitization and challenge. 

However, the levels of IL-5 and IL-13 in the BAL of Indo/Tolerance mice were significantly 

lower than Indo/Allergy mice (Figure 2F & 2G), suggesting that although the inflammatory 
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cell numbers in BAL were comparable between Indo/Tolerance and EtOH/Allergy groups, 

COX inhibition did not reverse the Th2 cytokine production in the tolerance mice to the 

levels of indomethacin-treated allergy mice (Indo/Tolerance mice vs. Indo/Allergy mice). 

Consistent with our previously published findings, mice in Indo/Allergy group had 

significantly increased levels of IL-5 and IL-13 than that in EtOH/Allergy group, indicating 

a stimulatory effect of COX inhibition on Th2 responses.9, 10, 26 Taken together, our results 

suggest that COX inhibition during sensitization phase abrogated immune tolerance as 

measured by airway inflammatory cell numbers and composition and Th2 cytokines.

To determine whether cysteinyl leukotrienes, a 5-lipooxygenase (5-LO) product of 

arachidonic acid metabolism, is elevated and contribute to increased allergic inflammation 

under COX inhibition condition, WT mice were subjected to the tolerance induction phase 

and OVA/alum sensitization phase, and treated with either EtOH or indomethacin (Figure 

1A). Mouse urine was collected at the last day of indomethacin treatment for LTE4 

measurement. The LTE4 levels were not significantly different between WT/EtOH and WT/

Indo mice (131±34 pg/mg creatinine vs. 114±31 pg/mg creatinine, p=0.74, n=6–8 mice). To 

further investigate the role of 5-LO pathway in indomethacin-abrogated immune tolerance, 

we used 5-LO KO mice in the immune tolerance protocol and treated the mice with EtOH or 

indomethacin during the sensitization phase. Compared to 5-LO KO EtOH/Tolerance mice, 

5-LO KO Indo/Tolerance mice had significantly increased numbers of total cells, 

eosinophils, and lymphocytes (Figure E1A–E1D), and increased IL-5 and IL-13 production 

in BAL after OVA challenge (Figure E1F & E1G). This data support that COX inhibition 

abrogated immune tolerance in a mechanism that is independent of 5-LO expression and 

cysteinyl leukotriene generation. 5-LO KO EtOH/Allergy mice had lower levels of IL-5 and 

IL-13 in BAL (Figure E1F & E1G) compared with WT EtOH/Allergy mice, indicating that 

lipid products derived in the 5-LO pathway contributed to Th2 responses in the allergic 

airway inflammation. Indomethacin treatment increased the numbers of total, eosinophils 

and lymphocytes, and augmented IL-5 and IL-13 responses in BAL, consistent with our 

previous findings.

IP deficiency abrogated immune tolerance induced by repeated airway OVA exposures

As shown in Figure 3, WT/Tolerance mice had no eosinophilia in BAL (Figure 3C), 

minimum levels of lung inflammation (Figure E2) and undetectable levels of IL-5 and IL-13 

(Figure 3F & 3G), indicating that immune tolerance was induced and maintained. In 

contrast, IP KO/Tolerance mice had significantly greater numbers of total cells, eosinophils, 

and lymphocytes (Figure 3A, 3C & 3D), greater levels of lung inflammation (Figure E2), 

and significantly increased IL-5 and IL-13 protein expression (Figure 3F & 3G) in BAL 

compared to WT/Tolerance mice. In addition, IP KO/Tolerance mice had comparable 

numbers of total cells and eosinophils (Figure 3A & 3C), greater numbers of lymphocytes 

(Figure 3D), more lung inflammation (Figure E2), and similar levels of BAL IL-5 and IL-13 

protein expression (Figure 3F &3G) compared to IP KO/Allergy mice. These data indicate 

that IP deficiency abrogated immune tolerance. IP KO/Allergy mice had greater numbers of 

total cells and eosinophils (Figure 3A & 3C) and increased IL-5 and IL-13 production 

(Figure 3F &3G) in BAL compared to WT/Allergy mice, consistent with increased Th2 

cytokine responses and allergic airway inflammation in the absence of the IP.27 To exclude 
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the possibility that IP KO mice had greater baseline inflammation than WT mice, we 

harvested blood, BAL and lungs of naïve WT and IP KO mice and determined IL-5 and 

IL-13 levels in BAL fluid, the levels of total serum IgE and OVA-specific IgE, and lung 

histology. We found that IL-5, IL-13, total IgE and OVA-specific IgE were undetectable 

(data not shown), and there was no active inflammation in the lungs (Figure E3) for both 

WT and IP KO mice.

Cicaprost restored immune tolerance in indomethacin-treated mice

The PGI2 analog cicaprost or water (vehicle) was administered by intraperitoneal injections 

to WT BALB/c mice that were undergoing the tolerance protocol during sensitization phase. 

In the same time period, the mice were also treated with indomethacin or EtOH in drinking 

water (Figure 1A). Cicaprost significantly decreased the numbers of total cells, 

macrophages, eosinophils, lymphocytes and neutrophils (Figure 4A–4E) and inhibited IL-5 

and IL-13 protein expression (Figure 4F & 4G) in BAL, compared to water treatment.

COX inhibition and IP deficiency increased levels of serum IgE

WT mice treated with indomethacin during the tolerance protocol had increased levels of 

total IgE and OVA-specific IgE compared to EtOH-treated mice subjected to the tolerance 

protocol (Figure 5A and 5B), indicating COX inhibition modulated humoral immune 

tolerance. Indomethacin also increased total and OVA-specific IgE compared to EtOH-

treated mice that underwent the allergy protocol (Figure 5A and 5B), which is consistent 

with our previous findings.9 Similarly, IP KO mice that underwent the tolerance protocol 

had greater levels of total IgE than WT mice, suggesting a negative regulation of IP 

signaling on allergic inflammation and/or immune tolerance. Indo/Tolerance mice had 

significantly lower levels of total and OVA-specific IgE than EtOH/Allergy mice (Figure 

5A & 5B). IP KO/Tolerance mice had significantly lower levels of total and OVA-specific 

IgE than WT/Allergy mice (Figure 5C&5D). These results indicate that tolerance developed 

in WT Indo/Tolerance and IP KO/Tolerance mice limited the magnitude of B cell responses.

The abrogation of immune tolerance in IP KO mice was not associated with decreased 
number of Treg cells

To test the hypothesis that IP deficiency abrogates immune tolerance by increasing Treg cell 

numbers, we analyzed Treg cells in the spleen of WT/Tolerance and IP KO/Tolerance mice 

at different time points during the tolerance protocol. We found similar percentages of Treg 

cells as defined as CD4+CD25+FoxP3+ cells in the spleens of WT/Tolerance and IP KO/

Tolerance mice at 3 days after the tolerance induction phase (day −7 in the tolerance 

protocol) (Figure E4A and E4B). By contrast, there were greater percentages of Treg cells in 

the spleen of IP KO/Tolerance mice than in WT/Tolerance mice at 8 days after tolerance 

induction (day −2) (Figure E4C). The percentage of Treg cells in MLNs of IP KO/Tolerance 

mice at day 18 was also greater than in WT/Tolerance mice (Figure E4D). We also analyzed 

Treg cells and IL-10-producing Treg cells (inducible Treg, iTreg) in WT and IP KO mouse 

lungs at day 18. We found that the percentages and the numbers of Treg and iTreg cells in IP 

KO lungs were greater than in WT lungs (Figure E5A and E5B). Therefore, the failure to 

induce tolerance in IP KO mice was not associated with a decrease in Treg number.
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Discussion

In this study, we have shown that the COX pathway has an important regulatory function in 

the maintenance of aeroallergen-induced immune tolerance. In mice in which antigen-

specific tolerance was induced by repeated airway OVA exposures, COX inhibition during 

the sensitization phase abrogated immune tolerance. Given our previous studies implicating 

the IP in regulation of the immune response, we focused on elucidating the role of PGI2 

signaling in this tolerance model. In IP KO mice, immune tolerance was not induced by the 

tolerance protocol, consistent with an important role for PGI2/IP signaling in the 

development and/or maintenance of immune tolerance. We also found that the PGI2 analog, 

cicaprost, markedly attenuated the suppressive effect of pharmacological inhibition of 

prostaglandin formation on tolerance and reduced the inflammatory and Th2 responses in 

Indo/Tolerance mice. These findings raise the possibility that non-steroidal anti-

inflammatory drugs, such as indomethacin, may have detrimental effect on immune 

tolerance to aeroallergens.

The anti-tolerance effect of COX inhibition was reversed by cicaprost injections during the 

sensitization phase, revealing that IP signaling was a major component in COX pathway 

important for the maintenance of OVA-specific tolerance and suppression of allergic airway 

inflammation in this mouse tolerance model. This is consistent with the immune suppressive 

functions of PGI2 on Th2 immunity and allergic inflammation reported by other and our 

research groups.15, 27 Since cicaprost was administered only during the sensitization (OVA/

alum i.p. injection) phase, cicaprost in this tolerance model seems to affect immune 

tolerance, immune sensitization and immune response systemically, while it may also act 

locally in the lung during OVA challenge phase as reported by Idzko et al.28

COX inhibition with indomethacin significantly increased airway inflammation and 

eosinophilia in the airway and the levels of IL-5 and IL-13 cytokines in BAL and the 

amounts of total IgE and OVA-specific IgE in the serum compared to the vehicle control in 

the mice that underwent the tolerance protocol. Therefore, COX inhibition effectively 

abrogated the immune tolerance. However, the increased airway eosinophilia in WT Indo/

Tolerance group compared with WT EtOH/Tolerance group (Figure 1C) was not 

proportionally correlated with Th2 cytokine levels (Figure 1F and 1G). The airway cellular 

data (Figure 2A~2D) conclusively reveal that COX inhibition abrogated tolerance, and the 

significant increase in IL-5 and IL-13 in the Indo/Tolerance group compared to the EtOH/

Tolerance group (Figure 2F & 2G) (even though it is substantially less than that of the Indo/

Allergy group) may have been sufficient to induce the airway eosinophilia seen. In contrast 

to WT mice, we found that the augmentation of inflammatory cell infiltration and the 

increases of IL-5 and IL-13 production in BAL of IP KO mice were correlated better (Figure 

3). To explain the difference of inflammation-cytokine patterns between WT and IP KO 

mice, we speculate that indomethacin administered during the sensitization phase did not 

have an effect on PGI2 formation during the OVA challenge phase in the lung and PGI2 

formed in the lung during the OVA challenge phase might have suppressive function on Th2 

cytokine responses, leading to lower IL-5 and IL-13 levels in WT mice. Such PGI2-mediated 

suppression was absent in IP KO mice because of IP-deficiency.
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COX-2 inhibition with NS-398 has been previously shown to suppress immune tolerance 

induced by oral ingestion of OVA.20 In that study, COX expression by DCs in mesenteric 

lymph nodes was associated with intestinal immune tolerance, induction of Treg cells and 

decreased production of IL-4 and Gata3 expression by T cells.20 During COX-2 inhibition, 

IL-4 was upregulated and responsible for the inhibition of oral tolerance and impeded the 

conversion of naïve T cells into mucosal Treg cells.20 In our study, we did not find 

detectable levels of IL-4 in BAL and in the supernatant of the lung homogenate in either WT 

or IP KO mice after the mice underwent the tolerance protocol (data not shown), suggesting 

that IL-4 is not responsible for the diminished immune tolerance.

In this study, we noticed that the inflammatory cell infiltration in the airway did not always 

correlate with the level of serum IgE. WT Indo/Tolerance mice had greater numbers of total 

and eosinophils in BAL (Figure 2A and 2C) and higher levels of serum IgE and OVA-

specific IgE (Figure 5A and 5B), compared to WT EtOH/Tolerance mice, indicating a break 

of immune tolerance. However, the levels of IgE and OVA-specific IgE in Indo/Tolerance 

mice were lower than that of EtOH/Allergy and Indo/Allergy mice. Indomethacin treatment 

of the tolerance mice (Indo/Tolerance) did not reverse the IgE response to the levels of 

EtOH/Allergy or Indo/Allergy mice, but induced greater numbers of BAL inflammatory 

cells than that in EtOH/Allergy mice, and comparable numbers of cells to that of Indo/

Allergy mice (Figure 2A–D). Similarly, the serum IgE levels of IP KO/Tolerance mice were 

much lower than WT/Allergy mice (Figure 3 & 5), although IP KO/Tolerance mice had 

comparable numbers of inflammatory cells and Th2 cytokine responses in BAL as WT/

Allergy mice. These results suggest an IgE-independent mechanism for inflammatory 

infiltration to the lung. Such mechanism is supported by our published findings showing the 

development of allergic airway inflammation in the absence of IgE response in 

indomethacin-treated IL-4KO, IL-4R KO and STAT6 KO mice.9

Airway exposure of aeroallergens resulted in the generation of Treg cells and antigen-

specific immune tolerance.29 Although Treg cells are an important component of immune 

tolerance, we found that IP KO mice had the same or greater percentages of Treg cells in the 

spleen, MLNs and lung compared to WT mice. Therefore, the anti-tolerance effect of IP 

deficiency appears not to be mediated by down-regulation of Treg cells. Possibly the 

increased number of Treg cells in IP/Tolerance mice is an effort to suppress the increased 

inflammation in these mice compared to WT/Tolerance mice. Chinen and colleagues 

reported an essential role of PGE2 in maintenance of immune tolerance to commensal 

microorganisms in the gut22. The PGE2-mediated immune tolerance requires the cytokine 

signaling of SOCS1 and was independent of Treg cells.22 These results are consistent with 

ours and it is possible that, similar to PGE2, PGI2 signaling may promote immune tolerance 

through Treg-independent mechanisms.

In conclusion, COX inhibition abrogated immune tolerance by suppressing COX-dependent 

IP signaling, suggesting that the frequent use of COX inhibiting drugs may attenuate 

aeroallergen-specific immune tolerance. Our results also suggest a possible role for PGI2 

analogs in allergen immunotherapy and tolerance induction.
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Extended Data

Figure E1. 
WT and 5-LO KO mice were subjected to allergy and immune tolerance protocols and 

treated with EtOH and indomethacin. BAL cell counts (A–E), and IL-5 and IL-13 cytokine 

levels (F–G) in BAL at day 18 were shown. * p<0.05, n=4–5 mice per group. Data are 

representative of 3 experiments.
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Figure E2. 
IP KO mice had increased lung inflammation in the tolerance protocol compared to WT 

mice. Lung sections of mice harvested at day 18 were H&E stained (A) and scored for 

Inflammation (B). * p<0.05, n=5 mice per group.
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Figure E3. 
BAL cell counts and H&E stained lung sections of naïve WT and IP KO mice.
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Figure E4. 
IP deficiency increased the percentage of Treg cells in the spleen and MLN compared to WT 

mice subjected to the tolerance protocol. Mouse spleens were harvested at (A) day −7 (3 

days after tolerance induction phase), (B) day −2 (8 days after tolerance induction phase), or 

day 18 (1 day after OVA challenge phase). MLNs were also harvested on day 18. Treg cells 

(CD4+CD25+FoxP3+ cells) were shown as percentage of gated live CD4 T cells. * p<0.05, 

n=5 mice per group.

Zhou et al. Page 13

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure E5. 
IP deficiency increased the number of Treg and inducible Treg (iTreg) cells in the lung 

compared to WT mice subjected to the tolerance protocol. Mouse lungs were harvested 1 

day after OVA challenge (day 18). Treg cells (CD4+CD25+FoxP3+) and iTreg 

(IL-10+CD4+CD25+FoxP3+) cells were determined by flow cytometry. * p<0.05, n=5 mice 

per group.
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Clinical Implications

Frequent use of COX inhibiting drugs may attenuate aeroallergen-specific immune 

tolerance. PGI2 and its analogs that are clinically used for treating pulmonary 

hypertension may have a therapeutic potential for allergic diseases.
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Figure 1. 
Tolerance and allergy protocols.
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Figure 2. 
COX inhibition abrogated OVA-induced immune tolerance in BALB/c mice. BAL fluid was 

harvested at day 18 and assessed for cell counts and cytokines. * p<0.05, n=4–5 mice per 

group. Data are representative of 3 experiments.
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Figure 3. 
IP deficiency abrogated OVA-induced immune tolerance. BAL fluid was harvested at day 

18 for cell counts and cytokine measurements. * p<0.05, n=5 mice per group. Data are 

representative of 3 experiments.
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Figure 4. 
PGI2 analog cicaprost restored the immune tolerance in the mice treated with COX 

inhibitors. BALB/c mice underwent the tolerance protocol and treated with EtOH or 

indomethacin in drinking water during sensitization phase from day −2 to day 2. The mice 

received cicaprost or water (vehicle) i.p. injections twice daily from day −2 to day 2. BAL 

fluid was harvested at day 18 for cell counts and cytokine measurements. * p<0.05, n=4–5 

mice per group. Data are representative of 2 experiments.
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Figure 5. 
COX inhibition and IP deficiency increased levels of total serum IgE. IgE and OVA-specific 

IgE of mice harvested at day 18 were determined by ELISA. * p<0.05, n=4–5 mice per 

group. Data are representative of 3 experiments.
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