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Summary

The anti-inflammatory role of heme oxygenase-1 (HO-1) has been studied

extensively in many disease models including asthma. Many cell types are

anti-inflammatory targets of HO-1, such as dendritic cells and regulatory T

cells. In contrast to previous reports that HO-1 had limited effects on baso-

phils, which participate in T helper type 2 immune responses and antigen-

induced allergic airway inflammation, we demonstrated in this study, for

the first time, that the up-regulation of HO-1 significantly suppressed the

maturation of mouse basophils, decreased the expression of CD40, CD80,

MHC-II and activation marker CD200R on basophils, blocked DQ-ovalbu-

min uptake and promoted basophil apoptosis both in vitro and in vivo,

leading to the inhibition of T helper type 2 polarization. These effects of

HO-1 were mimicked by exogenous carbon monoxide, which is one of the

catalytic products of HO-1. Furthermore, adoptive transfer of HO-1-modi-

fied basophils reduced ovalbumin-induced allergic airway inflammation.

The above effects of HO-1 can be reversed by the HO-1 inhibitor Sn-proto-

porphyrin IX. Moreover, conditional depletion of basophils accompanying

hemin treatment further attenuated airway inflammation compared with

the hemin group, indicating that the protective role of HO-1 may involve

multiple immune cells. Collectively, our findings demonstrated that HO-1

exerted its anti-inflammatory function through suppression of basophil

maturation and activation, but promotion of basophil apoptosis, providing

a possible novel therapeutic target in allergic asthma.
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T helper type 2 response.

Introduction

Heme oxygenase (HO) is a rate-limiting enzyme in heme

catabolism, catalysing the decomposition of heme to

equal amounts of carbon monoxide (CO), biliverdin and

free iron, whereas HO-1, an inducible isoform of HO, is

regarded as a protective heat-shock protein1 and has

important anti-inflammatory functions.2–5 A large num-

ber of studies have shown that HO-1 played extensive

protective roles in inflammatory diseases such as

asthma,4,6–9 inflammatory bowel disease10–13 and uvei-

tis.14,15 In addition, HO-1 exerts its effects on multiple

immune cells, such as promoting maturation, differentia-

tion and function of dendritic cells,16,17 inhibiting the

antigen-presenting function of dendritic cells,18 inducing

tolerance of dendritic cells19 and suppressing degranula-

tion of mast cells.20,21 In previous studies, HO-1 was

found to enhance the function of CD4+ CD25+ regulatory

T cells.13,22 Recent studies have shown that the expression

of HO-1 is significantly up-regulated in T helper type 2

Abbreviations: APC, allophycocyanin; BMBs, bone marrow-derived basophils; CO, carbon monoxide; DT, diphtheria toxin;
HO-1, heme oxygenase-1; IL-4, interleukin-4; MLNs, mediastinal lymph nodes; OVA-sIgE, ovalbumin-specific immunoglobulin E;
PE, phycoerythrin; Sn-PP, Sn-protoporphyin; Tg, transgenic; Th2, T helper type 2
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(Th2) -mediated allergic diseases23–26 and further induc-

tion of HO-1 expression could significantly inhibit aller-

gic inflammation.4,6,22,27,28

Recently, there has been great progress in research into

the biological functions of basophils in allergic diseases. It

has been shown that FceRIa+ CD49b+ c-Kit� basophils act

as antigen-presenting cells by taking up and processing anti-

gens in helminth infection or after papain injection.29–32 In

addition, basophils express MHC class II and co-stimula-

tory molecules, as well as secreting interleukin-4 (IL-4)

and thymic stromal lymphopoietin,30–33 which are critical

checkpoints in the development and regulation of Th2 cell

immunity. Moreover, depletion of circulating basophils

can significantly inhibit Th2 immune responses in animal

models of parasite infection and allergic dermatitis.29,34

The important role of basophils in allergic airway inflam-

mation has also been identified in our previous study.35

Moreover, it has been reported that both hemin and exoge-

nous CO significantly raised cGMP levels in basophils and

inhibited IgG anti-Fce (anti-IgE)-induced activation of

basophils.36 As CO is one of the catalytic products of HO-

1, the involvement of HO-1 in regulating the behaviours of

basophils needs to be further investigated.

Our hypothesis is that HO-1 expressed by basophils

can suppress allergic airway inflammation by regulating

basophil functions. In this study, we demonstrated that

bone-marrow-derived basophils (BMBs) express HO-1;

furthermore, up-regulated HO-1 expression inhibits the

maturation and activation of basophils, but promotes

their apoptosis, suggesting a novel effect of HO-1 to reg-

ulate basophil functions and attenuate Th2 immune

responses.

Materials and methods

Mouse sensitization, challenge and hemin or Sn-proto-
porphyrin IX treatment

Six- to 8-week-old BALB/c mice (Shanghai Laboratory

Animal Company, Shanghai, China), DO11.10 mice (The

Jackson Laboratory, Bar Harbor, ME, USA) and Bas-

TRECK transgenic (Tg) mice (a kind gift from Riken

Yokohama Branch Centre for Integrative Medical

Sciences) were used for the experiments. All mice were

maintained in the specified pathogen-free facilities in the

Research Centre for Experimental Medicine of Ruijin

Hospital and all animal procedures were approved by the

Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong

University School of Medicine. An asthmatic mouse

model was established as described previously.35 Mice

received intraperitoneal injections of 100 lg (0�2 ml) of

ovalbumin (OVA; Sigma-Aldrich, St Louis, MO) dissolved

in aluminium hydroxide adjuvant suspension on days 0

and 14. On day 14, 50 ll normal saline containing 2 mg/

ml OVA was administered intranasally under isoflurane

inhalation anaesthesia. Then, the mice were challenged on

days 23, 24 and 25 with intranasal administration of 50 ll
normal saline containing 2 mg/ml OVA to initiate allergic

airway inflammation (OVA group). The control group

was sensitized with 0�2 ml aluminium hydroxide adjuvant

suspension and challenged with PBS instead of OVA. All

mice were killed on day 26. Hemin (Sigma-Aldrich) or

Sn-protoporphyrin IX (SnPP) (Frontier Scientific Inc.,

Logan, UT) was administered as described previously.20

Ovalbumin-sensitized and -challenged mice received an

intraperitoneal. injection of 75 lmol/kg hemin or hemin

plus 75 lmol/kg SnPP on days –2, –1, 12, 13, 21, 22 and

25 in hemin and hemin plus SnPP groups, respectively.

Hemin or SnPP was dissolved in 0�1 mol/l NaOH, diluted

with PBS and titrated to pH 7�5 with 0�2 mol/l HCl. A

total volume of 0�2 ml was used for intraperitoneal. injec-

tion. To examine basophil antigen uptake, OVA immu-

nized animals were anaesthetized with isoflurane and

given 30 lg DQ-OVA (Invitrogen, Carlsbad, CA) in 50 ll
PBS intranasally on day 23, and killed 4 hr later.

Tissue harvest and preparation of single-cell suspension

Twenty-four hours after the last OVA challenge, mice were

killed by CO2 inhalation, a blood sample was collected for

OVA-specific IgE (OVA-sIgE) detection. The lung was per-

fused by heart puncture with 10 ml of cold PBS. The infe-

rior lobe of the right lung was fixed in buffered 4%

formaldehyde solution for histology analysis, and the other

parts were minced and digested by collagenase IV (Sigma-

Aldrich) in an incubator at 37° with 5% CO2 for 45 min,

and then passed through a 70-lm cell strainer to obtain a

single-cell suspension. Mediastinal lymph nodes (MLNs)

were harvested in RPMI-1640 medium. Single-cell suspen-

sions were prepared by grinding lymph nodes against a 70-

lm cell strainer and treated with erythrocyte lysis buffer to

remove red blood cells, and further used for basophil

purification and detection. To detect the Th1/Th2 cell pop-

ulation in MLN, cells were plated in 24-well plates at a den-

sity of 5 9 106 cells/ml and were stimulated with 500 lg/
ml OVA for 5 days. Experiments were performed three

times using five animals of each group.

Enzyme-linked immunosorbent assay

An ELISA for OVA-sIgE was performed as described

before.20 Briefly, 100 ll serum (diluted 1 : 10) or standard

mouse OVA-sIgE (Serotec, Kidlington, UK) were added

into 0�01% OVA pre-coated plates followed by adding

100 ll horseradish peroxidase-conjugated goat anti-mouse

IgE antibody (1 : 2000; Serotec) for 1 hr. Then, 100 ll
3,30,5,50-tetramethylbenzidine reagent was added for

20 min (Jingmei, Yanchen, Jiangshu, China). The reaction

was stopped by 100 ll 1 mol/l sulphuric acid. The absor-

bance at 450 nm in each well was obtained using a plate-
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reader (Bio-Rad, Hercules, CA) and serum OVA-sIgE con-

centration was calculated against the standard curve. The

concentration of IL-4 in serum and supernatants was also

examined by ELISA according to the manufacturer’s proto-

cols (BioLegend, San Diego, CA).

Flow cytometery

Basophils and surface expression of co-stimulatory

molecules were detected by flow cytometry. Cultured

BMBs or lung-tissue-derived basophils were blocked with

anti-FccRII/III (eBioscience, San Diego, CA), then

phycoerythrin (PE) Cy7-anti-FceRIa, allophycocyanin

(APC) -anti-c-kit (BioLegend) and FITC-anti-CD49b

(eBioscience) were used to identify basophils. The PE-

labelled anti-CD40, anti-CD80 and anti-CD1Ad antibod-

ies (BioLegend) were added to determine the surface

expression of co-stimulatory molecules; PE-anti-CD200R

(BioLegend) was used to examine basophil activation.

Briefly, single cells from lung tissues or BMBs were first

treated for 30 min at 4° with 10 lg/ml anti-FccRII/III
followed by treatment for 1 hr at 4° with fluorescence-

labelled anti-mouse FceRIa, c-Kit and CD49b antibodies

or together with one of following fluorescence-labelled

anti-mouse CD40, CD80, MHC II, HO-1 and CD200R in

100 ll staining buffer (5% fetal bovine serum in PBS).

After being washed twice, samples were analysed on a

FACS Calibur (BD Biosciences, San Jose, CA, USA).

To detect DQ-OVA uptake by basophils, lung derived

single-cell suspensions from DQ-OVA-challenged mice or

DQ-OVA-cultured BMBs treated with and without hemin

or hemin plus SnPP were stained with PE Cy7-anti-

FceRIa, APC-anti-c-kit and PE-anti-CD49b antibodies to

examine the uptake of DQ-OVA. Apoptosis of basophils

was detected using Annexin V-FITC Apoptosis Detection

Kit (eBioscience) according to the manufacturer’s proto-

cols. Single cells from lung tissues and BMBs were stained

PE Cy7-anti-FceRIa, APC-anti-CD49b and FITC-anti-

Annexin V in staining buffer. Propidium Iodide (PI) was

added 10 min before analysis by flow cytometry. Flow

cytometry results were analysed using CELLQUEST software

(BD Pharmingen, San Diego, CA).

Lung histology

The lungs were fixed in 4% buffered formaldehyde over-

night and embedded in paraffin. Lung sections of 5 lm
were stained with haematoxylin and eosin and examined

using light microscopy (Olympus, Tokyo, Japan).

BMB culture and HO-1 or CO-releasing molecule
interference

Culture of BMB was performed as described previously.33

Briefly, bone marrow cells from normal mice were

cultured for 10 days with 10 ng/ml IL-3 (R&D Systems,

Minneapolis, MN) in complete RPMI-1640 medium

supplemented with 10% fetal bovine serum, 50 lmol/l

2-mercaptoethanol, 2 mmol/l L-glutamine, 100 U/ml

penicillin and 100 U/ml of streptomycin. To study the

effect of HO-1 on basophil maturation, hemin was added

at concentrations of 10, 20 and 30 lmol/l to induce HO-

1 expression. In the hemin plus SnPP group, 30 lmol/l

hemin plus 30 lmol/l SnPP were used to inhibit HO-1

enzyme activity, respectively. All media were changed

every 48 hr. Maturation of basophils was determined by

the percentage of basophils after bone marrow culture

according to the surface markers CD49b, c-kit and

FceRIa. To further study the HO-1 affecting the expres-

sion of basophil surface markers, cultured BMBs were

treated for an additional 48 hr with or without 30 lmol/l

of hemin or hemin plus 30 lmol/l SnPP. The concentra-

tion of bilirubin in BMBs cultured medium was calcu-

lated by spectrophotometry at a wavelength of 438 nm.

To investigate whether CO, one of the main catalytic

products of HO-1, exerted a similar role on basophils,

basophils were treated with an exogenous CO-releasing

molecule (Sigma-Aldrich) at concentrations of 5, 25 and

50 lmol/l.

Th2 cell polarization

Splenic naive T cells from DO11.10 mice were purified

using a MagCellect kit from R&D Systems according to the

manufacturer’s instructions. Th2 cell polarization were per-

formed as described elsewhere.32,33 Briefly, 1 9 106 naive T

cells were co-cultured with 0�5 9 106 sorted and hemin or

hemin plus SnPP pre-treated BMBs in 48-well plates in the

presence of 20 U/ml IL-2 (R&D Systems), 10 ng/ml IL-3,

100 lg/ml Dinitrophenyl (DNP)-OVA (Biosearch Tech-

nologies, Novato, CA), and 10 lg/ml anti-DNP IgE

(Sigma-Aldrich). As control, 1 9 106 naive T cells alone

were used. Fresh complete RPMI-1640 medium with 10 U/

ml IL-2 was added at day 3. After 5 days of culture, cells

were stimulated by 20 ng/ml PMA (Sigma-Aldrich) and

1 lg/ml ionomycin (Sigma-Aldrich) for a further 6 hr.

Two hours before collection, Brefeldin A (eBioscience) was

added into the culture medium at the ratio of 1 : 1000.

The collected cells were surface stained with FITC-anti-

CD4 antibody (BD Pharmingen). After washing, fixing and

permeabilizing, cells were intracellularly stained with PE-

anti-IL-4 and APC-anti-interferon-c antibodies (eBio-

science), and examined with flow cytometry to detect the

Th1/Th2 subsets.

Immunocytochemistry of HO-1 expression in basophils

To further confirm the HO-1 expression in basophils,

sorted BMBs were further treated with of hemin or

hemin plus SnPP for 48 hr in the presence of 10 ng/ml
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IL-3. Basophils were collected and were washed twice.

Cytospin was performed. After fixation and permeabiliza-

tion, basophils were intracellularly stained with rabbit anti-

mouse HO-1 primary antibody (Sigma-Aldrich), followed

by further staining of horseradish peroxidase-conjugated

anti-rabbit IgG (Sigma-Aldrich). Expression of HO-1 was

visualized by adding DAB and stained for counting using

haematoxylin (Sigma-Aldrich). Slides were examined with

an Olympus microscope (940 magnification).

RT-PCR detection of HO-1 mRNA

The expression of HO-1 mRNA was detected by real-time

PCR. Briefly, total RNA was extracted from FACS-purified

BMBs using an RNeasy Mini kit (Qiagen, Valencia, CA).

First-strand cDNA synthesis was accomplished with an

Omniscript Reverse Transcriptase Kit (Qiagen). The

expression of HO-1 and b-actin was amplified by real-time

PCR using primer pairs (HO-1 sense, 50-CCC ACC AAG

TTC AAA CAG CTC-30, and HO-1 antisense, 50-AGG
AAG GCG GTC TTA GCC-30; b-actin sense, 50-ATG CCA

ACA CAG TGC TGT CT-30, and antisense, 50-AAG CAC

TTG CGG TGC ACG AT-30). The real-time PCR was per-

formed using an RT2 Real-time PCR Master Mix (SABio-

sciences, Frederick, MD) for 40 cycles at 95° for

15 seconds, 55° for 40 seconds and 72° for 30 seconds.

The mRNA level of HO-1 in each sample was normalized

to b-actin mRNA and quantified using the 2�DDCt method.

The result was expressed as fold difference between hemin,

hemin+SnPP treatment groups and control groups.

Basophil conditional depletion and adoptive transfer

To confirm the HO-1 protective role in basophil-

mediated OVA-induced allergic airway inflammation,

diphtheria toxin (DT) -mediated basophil-specific deple-

tion and basophil adoptive transfer were performed as

described. Bas-TRECK Tg mice were given intraperitoneal

injection of 750 ng/20 g bodyweight DT (Sigma-Aldrich)

in 200 ll PBS daily for two consecutive days before OVA

sensitization and challenge to conditionally deplete baso-

phils. The control mice were treated with PBS. The mice

treated with DT had a transient depletion of basophils,

whereas the majority of mast cells remained unaffected

during the treatment.37 Flow cytometry was performed to

detect the percentage of basophils in peripheral blood

and bone marrow. Bas-TRECK Tg mice were immunized

with OVA and treated by hemin as described above, and

divided into five groups including a control group (PBS

treatment and aluminium hydroxide sensitization and

PBS challenge), OVA group (PBS treatment and OVA

sensitization and challenge), basophil depletion group

(DT treatment and OVA sensitization and challenge),

hemin group (PBS+hemin treatment and OVA

sensitization and challenge) and hemin+DT group

(DT+hemin treatment and OVA sensitization and chal-

lenge). Mice were killed on day 26.

For adoptive transfer of basophils, cultured BMBs

from normal BALB/c mice were purified by FACSAria

according to its cell surface markers (FceR1+ CD49b+

c-kit� CD11c� cells) and confirmed morphologically using

Wright–Giemsa staining. Purified basophils were treated

with 30 lmol/l hemin, SnPP or hemin plus SnPP for 48 hr

and were further treated with 500 lg/ml OVA, 100 lg/ml

DNP-OVA (Biosearch Technologies), and 10 lg/ml anti-

DNP IgE (Sigma-Aldrich) for 4 hr to activate basophils.

The basophils were washed four times with PBS and re-sus-

pended in PBS at 2�5 9 106/ml. The adoptive transfer

model was established as described previously.9 Briefly,

2�5 9 105 basophils treated with hemin, SnPP or hemin

plus SnPP or 2�5 9 105 FceR1� CD49b� CD11c� cells

(control group) in 200 ll PBS were delivered to naive

BALB/c mice via intraperitoneal injection on day 0 and day

14. On days 21, 22 and 23 after adoptive transfer, BALB/c

mice were challenged with 100 lg OVA in 50 ll normal

saline intranasally under isoflurane inhalation anaesthesia.

Mice undergoing a PBS tail vein injection on day 0 and

intranasal challenge with normal saline were regarded as

the control group. Mice were killed on day 24.

Statistical analysis

Experiments were repeated more than three times in vivo

and in vitro. Five mice were used in each group for

in vivo experiments and more than three samples were

calculated in each group of the in vitro experiments. Data

were presented as mean � SEM and analysed with SPSS

16.0 software (SPSS Inc, Chicago, IL, USA). The compar-

ison among groups was performed with an independent-

samples t-test or analysis of variance. P < 0�05 was con-

sidered statistically significant.

Results

Hemin interference induced expression of HO-1 in
basophils and increased bilirubin production

HO-1 is an inducible enzyme in various cell types in

response to stress such as oxidative stress, heavy metals,

cytokines, etc. According to others and our previous

studies, as the substrate of HO-1, hemin can significantly

induce HO-1 expression and enhance its activity, whereas

SnPP can also increase HO-1 expression but significantly

inhibits HO-1 activity. These two chemicals were widely

used in many experiments. Therefore, we examined the

inducible expression of HO-1 in BMBs derived from nor-

mal BALB/c mice treated with hemin or hemin plus

SnPP. Cultured BMBs were sorted by flow cytometry, the

purity was > 95%. Sort-purified BMBs were further trea-

ted with or without hemin and hemin plus SnPP for
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48 hr in an IL-3 environment. Real-time PCR revealed

that both hemin and hemin plus SnPP treatment signifi-

cantly enhanced HO-1 mRNA expression (Fig. 1a left).

Flow cytometry analysis showed that 47% cultured BMBs

expressed HO-1, but > 91% and 71% BMBs were cells

positive for HO-1 after treatment with hemin and hemin

HO-1
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Figure 1. Hemin interference induced expression of HO-1 in basophils and increased bilirubin production. Cultured and FACS-purified bone-

marrow-derived basophils BMBs from BALB/c mice were further treated with 30 lmol/l of hemin or hemin plus SnPP for 48 hr in the presence

of 10 ng/ml interleukin-3 (IL-3). Cells without hemin and SnPP treatment were control groups. The concentration of bilirubin was determined

after 48 hr of culture. RT-PCR, flow cytometry and immunocytochemistry were performed for detecting HO-1 expression in basophils. (a) Left,

HO-1 expression from purified basophils by RT-PCR, the level of HO-1 mRNA was normalized to b-actin. Data are presented as fold change in

hemin and hemin plus SnPP groups compared with the control group (*P < 0�05, versus control group); Middle, the percentage of HO-1 posi-

tive basophils (*P < 0�05, versus control group); Right, the concentration of bilirubin in medium (*P < 0�05, versus 0 lmol/l group, #P < 0�01
30 lmol/l group versus 10 lmol/l group and 20 lmol/l group). (b) Intracellular staining for HO-1 in cultured BMBs (gated on

FceRIa+ CD49b+ c-kit� subset). (c) Immunocytochemistry staining for HO-1 in purified basophils, scale bar, 20 lm (DAB stain, 1009). Data

are representative of three independent experiments.
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plus SnPP, respectively (gated on the FceRIa+ CD49b+c-

kit� subset) (Fig. 1a middle and b). Next, we investigated

whether hemin promoted HO-1 activity; the concentra-

tion of bilirubin, which is one of the main metabolites of

HO-1, was detected after different doses of hemin were

added to cultured BMBs. As showed in Fig. 1(a), treat-

ment with different doses of hemin significantly increased

bilirubin levels in medium after 48 hr compared with

controls, especially in 30 lmol/l hemin treatment (Fig. 1a

right). Immunocytochemistry staining further confirmed

HO-1 expression in sorted BMBs (Fig. 1c). These results

indicated that hemin can induce HO-1 expression, and

increase its activity to produce catalytic products such as

bilirubin.

HO-1 and exogenous CO inhibit the basophil
maturation and promote its apoptosis in vitro

To determine whether HO-1 affected basophil maturation

and activation, bone marrow cells from normal mice were

cultured for 10 days with 10 ng/ml IL-3 in complete

RPMI-1640 medium and treated with different concentra-

tions of hemin or hemin plus SnPP. The percentage of

cultured basophils and their expression of Annexin V

were evaluated by flow cytometry. As shown in Fig. 2,

up-regulation of HO-1 by hemin significantly reduced the

percentage of basophils (gated on FceRIa+ CD49b+ c-kit�

subset) but increased the basophil apoptosis in a dose-

dependent manner (gated on FceRIa+ CD49b+ PI� sub-

set), whereas inhibition of HO-1 activity by SnPP

remarkably reversed the above effect (Fig. 2a right and b

left and middle). Next, we investigated whether CO, a

main catalytic product of HO-1, was able to mimic the

effect of HO-1 on basophils. Basophils were treated with

exogenous CO-releasing molecule at concentrations of 5,

25 and 50 lmol/l. The results showed that exogenous CO

enhanced basophil apoptosis in a dose-dependent man-

ner, similar to hemin treatment (Fig. 2b right), indicating

that HO-1 exerts its effect on basophils through CO.

HO-1 affects the maturation and activation of
basophils in vitro

Next, we determined the effect of HO-1 on the matura-

tion and activation of basophils by checking the expres-

sion of basophil surface markers. Bone marrow cells from

normal BALB/c mice were cultured in the same protocol.

After 10 days of incubation, flow cytometry was per-

formed to assess the expression of CD80, CD40 and

MHC II and activation marker CD200R on basophils. As

shown in Fig. 3, up-regulation of HO-1 decreased the

expression of co-stimulatory molecules (CD80, CD40 and

MHC II) and activation marker CD200R on basophils to

various degrees, but inhibition of HO-1 activity by SnPP

significantly reversed the effect of hemin (Fig. 3).

HO-1 inhibits OVA uptake, IL-4 release and basophil-
induced Th2 polarization

Basophils were regarded as one of the professional anti-

gen-presenting cells and the source of ‘early’ IL-4. Here

we investigated whether HO-1 could affect the antigen

uptake and IL-4 releasing ability of basophils, resulting in

decreased Th2 polarization. DQ-OVA is a self-quenched

conjugate of OVA that exhibits green fluorescence on

proteolytic degradation to single dye-labelled peptides in

the cells. It is regarded as a good marker of antigen pro-

cessing. As shown in Fig. 4, cultured BMBs could actively

take up DQ-OVA (Fig. 4a and b left), release IL-4 upon

DNP-OVA and anti-DNP IgE stimulation (Fig. 4b mid-

dle) and polarize naive T cells from spleen of DO11.10

mice to the Th2 subset without exogenous IL-4 (Fig. 4b

right and c). However, up-regulation of HO-1 by hemin

significantly inhibited the uptake by BMBs of DQ-OVA

(Fig. 4a and b left), releasing IL-4 triggered by DNP-OVA

and anti-DNP IgE stimulation (Fig. 4b middle), and pre-

vented Th2 polarization (Fig. 4b right and c).

Up-regulation of HO-1 attenuates Th2 immune
responses and OVA-induced allergic airway
inflammation

Our previous studies proved that basophils exerted an

important role in OVA-induced allergic inflammation

and HO-1 displayed its protective function in the same

animal model. So we explored whether HO-1 can affect

immune characteristics of basophils in vivo. The OVA-

induced allergic airway inflammation animal model was

established as previous described. In the hemin or hemin

plus SnPP groups, mice were pre-treated with hemin or

hemin plus SnPP 2 days before OVA immunization and

challenge, respectively (Fig. 5a). Lung tissue derived baso-

phils were investigated by flow cytometry. Compared with

the OVA group, hemin-treated mice displayed signifi-

cantly fewer OVA-specific Th2 subsets in MLNs (Fig. 5b

and c left), decreased serum IgE level (Fig. 5c right), total

cell number and eosinophil number in bronchoalveolar

lavage fluid (Fig. 5d left) and IL-4 level in lung tissue

(Fig. 5d right), and attenuated allergic airway inflamma-

tion (Fig. 5e). The inhibitory role of HO-1 can be

reversed by addition of SnPP.

HO-1 reduced allergic airway inflammation invoked
by adoptive transfer of basophils

To further evaluate HO-1’s protective role in basophil-

mediated OVA-induced allergic airway inflammation,

adoptive transfer of HO-1-modified basophils was per-

formed as described. FACS-purified FceR1+ CD49b+

c-kit� CD11c� basophils from BMBs of normal BALB/c

mice were treated with 30 lmol/l hemin, SnPP or hemin
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plus SnPP for 48 hr and were further treated with

500 lg/ml OVA, 100 lg/ml DNP-OVA and 10 lg/ml

anti-DNP IgE for 4 hr to activate basophils. After being

washed four times, 2�5 9 105 basophils in 200 ll PBS

were delivered to naive BALB/c mice by intraperitoneal

injection. As shown in Fig. 6, transfusion of basophils sig-

nificantly increased the proportion of Th2 cells in MLN

(Fig. 6a and b left), elevated levels of pulmonary IL-4

(Fig. 6b middle) and serum OVA-sIgE (Fig. 6b right),

invoked airway inflammation characterized by massive

F
cε

R
 I 

α
Hemin 0 µM Hemin 10 µM Hemin 20 µM Hemin 30 µM

CD49b

34·41% 22·08%

33·53% 9·98%

35·75% 17·45%

40·30% 6·51%

51·42% 11·20%

34·83% 2·56% 3·13%55·27%

19·39%22·21%

4·57%32·17%

12·93%50·33%

Hemin+SnPP

Annexin V

25

20

15

10

5 40

50

60

70

80

90
80

%
 A

nn
ex

in
 V

 p
os

iti
ve

 b
as

op
hi

ls

%
 A

nn
ex

in
 V

 p
os

iti
ve

 b
as

op
hi

ls

B
as

op
hi

ls
 %

(F
cε

R
1+

 C
D

49
b+

 c
-k

it– )

60

40

20

0

CORM concentration

*

*
*

*

*

*
*

*

*
*
**

#

#

#

0 µM 10 µM 20 µM 30 µM 30 µM+
SnPP

0 µM 10 µM 20 µM 30 µM 0 µM 5 µM 25 µM 50 µM30 µM+
SnPP

C
ou

nt

Hemin 0 µM Hemin+SnPPHemin 10 µM Hemin 20 µM Hemin 30 µM

00 101 102 103 104

M1 M1 M1 M1 M1

00 101 102 103 10400 101 102 103 104 00 101 102 103 10400 101 102 103 104

(a)

(b)

52·01

% of
gated cells

61·69

% of
gated cells

68·96

% of
gated cells

71·71

% of
gated cells

44·53

% of
gated cells

Figure 2. HO-1 and exogenous CO inhibited basophil maturation and promoted their apoptosis in vitro. Bone marrow cells from normal BALB/

c mice were cultured for 10 days with IL-3. Different doses of hemin (0, 10, 20 and 30 lmol/l) or CORM (0, 5, 25, 50 lmol/l) were added. In

the hemin plus SnPP group, 30 lmol/l hemin and 30 lmol/l SnPP were used respectively. Flow cytometry analysis was performed to detect the
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eosinophil infiltration in the airway compared with the

control group (no basophil transfer) (Fig. 6c). Further-

more, transfer of hemin-treated basophils showed signifi-

cantly lower levels of serum OVA-sIgE and pulmonary

IL-4, and decreased Th2 cells in MLNs compared with

the basophil transfer group (OVA group). However, the

effect of HO-1 on basophil-mediated allergic inflamma-

tion was reversed by additional SnPP treatment. These

results clearly indicated that HO-1 inhibited basophil-

mediated OVA-induced allergic airway inflammation.
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Figure 4. HO-1 inhibited OVA uptake, IL-4 releasing and basophil-induced Th2 polarization in vitro. (a) Purified BMBs were further treated
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OVA. DQ-OVA taken up by basophils was examined using flow cytometry (gated on FceRIa+ CD49b+ c-kit� subset). (b) Left, the percentage of

DNP-OVA-positive basophils (*P < 0�05, versus control group); Middle, IL-4 level of sort-purified BMBs treated with hemin or hemin plus SnPP

and stimulated with anti-DNP-IgE in the presence of IL-3 for 16 hr (*P < 0�05, versus control group); Right, the percentage of CD4+ IL-4+ pop-

ulation (*P < 0�05, versus naive T-cell group; #P < 0�05, versus control group without hemin or SnPP treatment). (c) Purified BMBs from

BALB/c mice were treated with hemin or hemin plus SnPP and further co-cultured with MACS-screened splenic naive T cells (DO11.10) in the
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Conditional depletion of basophil accompanying
hemin administration further inhibited allergic
inflammation

It is well accepted that HO-1 exerts its protective role

through regulation of multiple immune cells, we

performed DT-mediated basophil-specific depletion to

further confirm the important role of HO-1 in OVA-

induced allergic airway inflammation. As shown in

Fig. 6d, DT treatment significantly decreased the per-

centage of basophils both in bone marrow and periph-

eral blood in Bas-TRACK mice after two injections of

DT (gated on CD49B+ c-KIT� cells). Meanwhile, DT-

mediated basophil-specific depletion significantly reduced
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tured with 500 lg/ml OVA for 5 days followed by intracellular staining of IL-4 and interferon-c (IFN-c). Th1/Th2 subsets were assessed by flow
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the OVA-specific Th2 subset in MLN, decreased the

levels of serum OVA-sIgE and IL-4 in lung tissue, and

attenuated airway inflammation compared with the

OVA group in Bas-TRECK Tg mice after conditional

depletion of basophil or hemin administration (Fig. 6e,

f). Furthermore, conditional depletion of basophil

accompanying hemin administration further decreased

the levels of serum OVA-sIgE, lung tissue IL-4 and

OVA-specific Th2 subset (Fig. 6e), and attenuated aller-

gic inflammation compared with the hemin group

(Fig. 6f), which indicated that depletion of basophils did

not reverse the protective role of HO-1. This observa-

tion suggested that the HO-1 protective role may be

involved in multiple immune cells.

Up-regulation of HO-1 decreased pulmonary basophil
number, inhibited basophil DQ-OVA uptake, but
promoted its apoptosis in vivo

Next, we investigated the effect of HO-1 on basophils in

the mouse model of OVA-induced allergic airway inflam-

mation. We found that OVA immunization and challenge

significantly increased basophil numbers in the lung tis-

sue, enhanced DQ-OVA uptake by basophils and

increased basophil apoptosis compared with the control

group. Furthermore, induction of HO-1 by hemin signifi-

cantly decreased pulmonary basophil numbers (Fig. 7a

and b left) and inhibited the ability of basophils to take

up DQ-OVA (Fig. 7b middle and c upper panel) com-

pared with the OVA group. Meanwhile, induction of

HO-1 by hemin significantly further promoted basophil

apoptosis (Fig. 7b right and c lower panel). However,

inhibition of HO-1 activity by addition of SnPP reversed

the above effect of hemin (Fig. 7a–c).

Up-regulation of HO-1 decreased co-stimulators and
activation marker CD200R expression on pulmonary
basophils, and inhibited IL-4 release from pulmonary
basophils

Co-stimulatory molecules were essential factors in the ini-

tiation of Th2 polarization. Therefore, we investigated the

expression of CD80, CD40 and MHC II and its activation

marker CD200R on pulmonary basophils. The results

showed that OVA immunization and challenge signifi-

cantly increased the levels of CD80, CD40, MHC II and

activation marker CD200R. Furthermore, induction of

HO-1 treated with hemin significantly down-regulated

the expression of co-stimulatory molecules and activation

marker CD200R on pulmonary basophils (Fig. 8a and b

left). Moreover, flow cytometry-sorted pulmonary baso-

phils from the hemin treatment group displayed attenu-

ated ability to release IL-4 compared with the OVA group

(Fig. 8b right). However, inhibition of HO-1 activity by

SnPP reversed the above results.

Discussion

Heme oxygenase-1 is known for its cytoprotective effect

against oxidative injuries and differential immunological

dissonance-related diseases. Induction of HO-1 expres-

sion has had therapeutic effects in a variety of condi-

tions or inflammatory disorders; however, its

immunological regulatory function is suspected. Studies

have shown that HO-1 affected the biological function

of multiple cell types such as dendritic cells,23,24 regula-

tory T cells,9,38 mast cells27 and macrophages.2,39 These

immunocytes played a critical role in allergic diseases.

Vannacci et al.36 reported that treatment with hemin

significantly increased the expression of HO-1 from par-

tially purified human basophils, and decreased the

FceRI-dependent release of histamine from enriched

human basophils in inflammatory and allergic disease

states. The present study also proved that HO-1 was

expressed in flow cytometry-purified BMBs in vitro.

Moreover, in the basophil favourite culture system, the

addition of hemin to bone marrow cells significantly

increased the expression of HO-1 and its catalytic prod-

ucts, bilirubin and CO. It indicated that hemin was able

to functionally promote HO-1 expression and increase

its activity. Furthermore, up-regulation of HO-1 led to a

decreased percentage of basophils and promoted their

apoptosis in a dose-dependent manner. However,

whether the HO-1 induction modulates immune charac-

teristics of basophils and suppresses the Th2 immune

response in allergic airway inflammation remains to be

determined.

Recent studies have demonstrated that basophils, as a

new player, participate in Th2-dominated diseases, such

as allergic airway inflammation. Basophils can function as

professional antigen-presenting cells both in vivo and

in vitro. They were able to take up DQ-OVA, express

MHC II and other co-stimulatory molecules such as

CD40, CD80 and CD86, release IL-4 in the early phase,

induce Th2-cell polarization, and lead to the initiation

and maintenance of a Th2 immune response.40–45 Our

previous studies further showed that in the early phase of

OVA sensitization, temporary depletion of basophils with

MAR-1 or Ba103 antibody attenuated airway inflamma-

tion, represented by the significantly decreased amounts

of the Th2 subset in spleen and draining lymph nodes,

IL-4 level in lung and OVA-sIgE levels in serum. In con-

trast, adoptive transfer of basophils from OVA-challenged

lung tissue to naive BALB/c mice provoked the Th2

immune response.35 In this study, we demonstrated that

OVA sensitization and challenge also resulted in increased

numbers and elevated activation of pulmonary basophils

in a murine model of allergic airway inflammation. In

addition, adoptive transfer of OVA-loaded and -activated

BMBs to naive BALB/c mice invoked allergic airway

inflammation and an OVA-specific Th2 immune
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response, whereas conditional depletion of basophils by

DT in Bas-TRECK Tg mice before OVA sensitization and

challenge significantly attenuated allergic airway inflam-

mation. These data clearly demonstrated the importance

of basophil in OVA-induced allergic inflammation.

Furthermore, we found that induction of HO-1 by

hemin significantly suppressed the expression of CD200R,

one of the activation markers on basophils,46 both in vivo

and in vitro studies, as well as alleviating the Th2 immune

response, accompanied by decreased numbers and weak-

ened antigen uptake ability of basophils in lung tissue,

lowered the expression of MHC II, CD40 and CD80, and

reduced IL-4 secretion. Adoptive transfer of hemin-trea-

ted BMBs to naive mice also displayed less airway inflam-

mation and Th2 immune response, which further

confirmed the inhibitory role of HO-1 on basophils.

Additionally, inhibition of cell apoptosis is one of the

important mechanisms that lead to the exacerbation of

inflammation. Published studies show that HO-1 is cap-

able of anti-apoptosis47 and pro-apoptosis1,48,49 functions

depending on the cell type and disease model. In the pre-

sent study, we found that up-regulation of HO-1 can

promote basophil apoptosis, which contributed to the

remission of allergic inflammation. Therefore, our results

demonstrated, for the first time, that HO-1 may affect

the maturation of BMBs and their recruitment to the

lung tissue and promote its apoptosis.

Moreover, these effects were reversed by SnPP, which

blocked HO-1 activity, so indicating that the inhibition

of basophil activation afforded by hemin was possibly

the result of the increased generation of metabolites by

the HO-1 pathway, including free iron, CO, biliverdin

and bilirubin. Accumulating evidence indicates that the

expression of activated HO-1 may provide an endoge-

nous defence mechanism against pro-inflammatory stim-

uli, which involved CO, biliverdin and its metabolite,

bilirubin. In the current study, we used CO-releasing

molecule, an exogenous CO-releasing molecule to mimic

the role of CO. We found that exogenous CO could

increase basophil apoptosis in a dose-dependent manner,

which was similar to the role of HO-1. Conceivably, the

increase of HO-1 activity induced by hemin could serve

CO-mediated inhibitory feedback for the allergic activa-

tion of basophils, which could be relevant in the modu-

lation of basophil-mediated allergic reactions. Our

present results demonstrated that up-regulation of HO-1

by hemin significantly suppressed the expression of

CD200R, which was reversed by SnPP. Taken together,

these results implied that HO-1 is responsible for the

inhibition of the immunological activation of basophils

induced by hemin.

As mentioned above, HO-1 exerted its protective role

by affecting multiple immune cells, such as dendritic cells

and regulatory T cells. So we evaluated the importance of

basophils in the HO-1-mediated immune regulation role

in OVA-induced inflammation. We found that condi-

tional depletion of basophil by DT in Bas-TRECK Tg

mice before OVA sensitization and challenge did not

reverse the protective role of HO-1, indicating the com-

plicated mechanism of HO-1.

In addition to the regulatory effect of HO-1 on baso-

phils, including the inhibition of the antigen-presenting

function, down-regulation of co-stimulatory molecules

expression and reduction of IL-4 production, we further

sorted basophils from cultured cells in vitro by FACS and

then co-cultured FACS-purified BMBs with MACS puri-

fied naive T cells from DO11.10 mice in vitro without

exogenous IL-4 to confirm the inhibitory effect of HO-1

on basophil-mediated Th2 polarization. As reported pre-

viously, co-culture of naive T cells and basophils resulted

in significant Th2 polarization, which was inhibited when

basophils were pre-treated with hemin. Furthermore, the

inhibition of basophil-mediated Th2 polarization by HO-

1 induction could be reversed by SnPP.

Figure 6. HO-1 reduced allergic airway inflammation invoked by adoptive transfer of basophils and conditional depletion of basophils did not

reverse the protective role of HO-1. FACS purified FceR1+ CD49b+ c-kit� CD11c� basophils of bone marrow derived from normal BALB/c mice

were treated with 30 lmol/l hemin, SnPP or hemin plus SnPP for 48 hr and were further treated with 500 lg/ml OVA, 100 lg/ml DNP-OVA

and 10 lg/ml anti-DNP IgE for 4 hr to active basophils. A total of 2�5 9 105 basophils were delivered to naive BALB/c mice using intraperi-

toneal. injection at day 0 and day 14 followed by three intranasal challenges with OVA. (a) Flow cytometry assessed Th1/Th2 subsets in MLNs;

gated on CD4+ cells). (b) Left, the percentage of CD4+ IL-4+ population from MLNs (*P < 0�05, versus control group; #P < 0�05, versus OVA

group); Middle, IL-4 level in lung tissue detected by ELISA (*P < 0�05, versus control group; #P < 0�05, versus OVA group); Right, serum OVA-

sIgE level was detected by ELISA (*P < 0�05, versus control group; #P < 0�05, versus the OVA group). (c) Pathological change in lung tissue

(haematoxylin & eosin stain, 409). Diphtheria toxin (DT) -mediated conditional basophil-specific depletion was performed before OVA sensiti-

zation and challenge or hemin administration. (d) DT treatment significantly decreased the percentage of basophils both in bone marrow and

peripheral blood in Bas-TRACK mice after two injections of DT (gated on CD49B+ c-KIT� cells). (e) Left, the percentage of CD4+ IL-4+ popula-

tion from MLNs assessed by flow cytometry (gated on CD4+ cells; *P < 0�05, versus control group; #P < 0�05, versus OVA group; **P < 0�05,
Hemin versus Hemin+DT group); Middle, IL-4 level in lung tissue determined by ELISA (*P < 0�05, versus control group; #P < 0�05, versus
OVA group; **P < 0�05, Hemin versus Hemin+DT group); Right, serum OVA-sIgE level was determined by ELISA (*P < 0�05, versus control

group; #P < 0�05, versus OVA group; **P < 0�05, Hemin versus Hemin+DT group). (f) Pathological change in lung tissue, scale bar, 100 lm
(haematoxylin & eosin stain, 409). Data are representative of three independent experiments.
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Figure 7. Up-regulation of HO-1 decreased pulmonary basophil number, inhibited basophil DQ-OVA uptake, but promoted its apoptosis. (a)

Flow cytometry analysis was performed to determine basophil amount (gate on CD49b+ basophil-enriched population). (b) Left, the percentage

of basophils (gate on CD49b+ subset; *P < 0�05, versus control group; #P < 0�05, versus OVA group); Middle, the percentage of DQ-OVA posi-

tive basophils (gate on FceRIa+ CD49b+ c-kit� subset; *P < 0�05, versus control group; #P < 0�05, versus OVA group); Right, the percentage of

Annexin V positive basophils (gate on FceRIa+ CD49b+ PI+ subset; *P < 0�05, versus control group; #P < 0�05, versus OVA group). (c) DQ-

OVA uptake (gate on FceRIa+ CD49b+ c-kit� subset) and Annexin V expression of pulmonary basophils using flow cytometry (gate on

FceRIa+ CD49b+ PI+ subset). Data are representative of three independent experiments.
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Collectively, these studies identify the previously unrec-

ognized phenomenon that induction of HO-1 expression

can inhibit maturation and activation of basophils and

promote their apoptosis to modulate their immune char-

acteristics, including the expression of cell surface mole-

cules and IL-4 level. We conclude that basophils are an

important target by which HO-1 exerts protective role in

Th2 cytokine-mediated allergic airway inflammation.
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