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Background: Heme oxygenase-1 (HO-1) is an inducible enzyme that exerts multiple physiological functions.
Results: Induction of HO-1 inhibits Th17-mediated neutrophilic airway inflammation in vivo and suppresses Th17 cell differ-

entiation in vitro.

Conclusion: HO-1 exhibits anti-inflammatory activity in non-eosinophilic asthma (NEA) by inhibiting Th17 responses.
Significance: HO-1 may become a novel therapeutic target in NEA.

Allergic asthma is conventionally considered as a Th2
immune response characterized by eosinophilic inflammation.
Recent investigations revealed that Th17 cells play an important
role in the pathogenesis of non-eosinophilic asthma (NEA),
resulting in steroid-resistant neutrophilic airway inflammation.
Heme oxygenase-1 (HO-1) has anti-inflammation, anti-oxida-
tion, and anti-apoptosis functions. However, its role in NEA is
still unclear. Here, we explore the role of HO-1 in a mouse model
of NEA. HO-1 inducer hemin or HO-1 inhibitor tin protopor-
phyrin IX was injected intraperitoneally into ovalbumin-chal-
lenged DO11.10 mice. Small interfering RNA (siRNA) was deliv-
ered into mice to knock down HO-1 expression. The results
show that induction of HO-1 by hemin attenuated airway
inflammation and decreased neutrophil infiltration in bronchial
alveolar lavage fluid and was accompanied by alower proportion
of Th17 cells in mediastinal lymph nodes and spleen. More
importantly, induction of HO-1 down-regulated Th17-related
transcription factor retinoic acid-related orphan receptor yt
(RORyt) expression and decreased IL-17A levels, all of which
correlated with a decrease in phosphorylated STAT3 (p-STAT3)
level and inhibition of Th17 cell differentiation. Consistently,
the above events could be reversed by tin protoporphyrin IX.
Also, HO-1 siRNA transfection abolished the effect of hemin
induced HO-1 in vivo. Meanwhile, the hemin treatment pro-
moted the level of Foxp3 expression and enhanced the propor-
tion of regulatory T cells (Tregs). Collectively, our findings indi-
cate that HO-1 exhibits anti-inflammatory activity in the mouse
model of NEA via inhibition of the p-STAT3-RORyt pathway,
regulating kinetics of RORyt and Foxp3 expression, thus pro-
viding a possible novel therapeutic target in asthmatic patients.
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Asthma is a common chronic inflammatory disease, the inci-
dence of which is gradually increasing worldwide due to factors
such as environmental pollution. It is of particular concern that
severe asthma comprises an important source of morbidity in
asthmatic patients and brings a tremendous economic burden
to society. Classically, eosinophilic inflammation mediated by
Th2 cells is considered a hallmark of asthma. However, recent
studies using sputum induction and bronchial alveolar lavage
(BAL)? techniques indicate that ~50% of asthma is based on
non-eosinophilic inflammation-involved polymorphonuclear
neutrophils, mast cells, leukomonocytes, and macrophages
(1-3). These findings suggest that severe asthma may be a dif-
ferent subtype, namely non-eosinophilic asthma (NEA), rather
than just an increase in asthma symptoms per se (4). Different
from patients with eosinophilic asthma, patients with NEA
exhibit non-Th2-type airway inflammation characterized by
increased neutrophil levels without elevation of serum IgE (5).
Studies indicate that Th17 cells play a crucial role in neutro-
philic inflammation, as they secrete IL-17 to induce granu-
lopoiesis, neutrophil chemotaxis, and the anti-apoptotic
properties of granulocyte-colony stimulating factor (6).
Clinical evidence has also shown that gene expression of
IL-17 is elevated in asthmatic patients, a circumstance that is
correlated with clinical severity (7). Notably, Th17 cell-me-
diated airway inflammation and airway hyper-responsive-
ness are steroid-resistant (8). Therefore, it is imperative to
explore novel therapeutic strategies for NEA.

Heme oxygenase (HO) is a rate-limiting enzyme for heme
metabolism that catalyzes heme into carbon monoxide (CO),
biliverdin, and free iron. Three HO isozymes have been identi-
fied, including inducible HO-1, constitutive HO-2, and isomer
HO-3. HO-1 is a ubiquitous stress-inducible protein with broad
physiological anti-apoptotic, anti-proliferation, and immuno-
regulatory functions (9-12). As a substrate of HO-1, hemin is

3 The abbreviations used are: BAL, bronchial alveolar lavage; HO-1, heme oxy-
genase-1; SnPP, tin-protoporphyrin; OVA, ovalbumin; BALF, bronchial
alveolar lavage fluid; NEA, non-eosinophilic asthma; MLN, mediastinal
lymph node; FCM, flow cytometry; FAM, carboxyfluorescein; RORt, reti-
noic acid-related orphan receptor yt.
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widely used to induce HO-1, exerting a protective effect in a
variety of animal models (13-15). It is reported that the expres-
sion of HO-1 protein and its activity are significantly increased
after hemin treatment, whereas the competitive inhibitor tin
protoporphyrin IX (SnPP) induces the expression of HO-1
accompanied by blocked enzymatic activity in both animal
models and cultured cells (16 -21). Our previous studies indi-
cate that induction of HO-1 by hemin is able to suppress
allergic airway inflammation in a mouse model of eosino-
philic asthma (16). The current study sets out to examine the
effect of HO-1 induction on Th17-mediated neutrophilic
airway inflammation in DO11.10 T-cell receptor transgenic
mice and investigate the mechanism by which HO-1 regu-
lates Th17 immunity.

EXPERIMENTAL PROCEDURES

Mice—DO11.10 T-cell receptor transgenic mice on a BALB/c
background were purchased from Model Animal Research Center
of Nanjing University and maintained in specific pathogen-free
conditions in the Research Center for Experimental Medicine of
Ruijin Hospital affiliated with Shanghai Jiao Tong University
School of Medicine. All animal experiments were approved by and
performed in compliance with the guidelines of the Ethics Com-
mittee of Ruijin Hospital affiliated with Shanghai Jiao Tong Uni-
versity School of Medicine.

Induction of the Non-eosinophilic Asthma Model and Admin-
istration of Hemin or SnPP— 6 —8-Week-old female DO11.10
transgenic mice were randomly divided into four groups
including OVA, OVA + hemin, OVA + SnPP, and control
groups (n = 6 in each group). The mice in OVA, OVA + hemin,
and OVA + SnPP groups were intranasally challenged with 100
g of OVA (Sigma) in 50 ul of normal saline after anesthetiza-
tion by inhalation of isoflurane on days 0, 1, and 2. The mice in
the control group were intranasally challenged with normal
saline. All animals were sacrificed on day 3. Mice were intra-
peritoneally administered 75 pumol/kg hemin (Sigma) or 75
pmol/kg SnPP (Porphyrin Products) on days —2 and —1 in
OVA + hemin and OVA + SnPP groups, respectively. Hemin
or SnPP was dissolved in 0.2 mol/liter NaOH, titrated to pH 7.4
with 0.2 mol/liter HCI, and then diluted with phosphate-buff-
ered saline (PBS).

Bronchoalveolar Lavage Fluid (BALF)—Twenty-four hours
after the final challenge (day 3), all mice were anesthetized with
isoflurane and sacrificed after collecting blood via the ophthal-
mic vein. After blunt dissection of the tracheas, the lungs were
lavaged three times with ice-cold saline (0.4 ml each) using a
22-gauge intravenous catheter, and the BALF was collected.
This procedure recovered 80-90% of the infused fluid. The
collected BALF was centrifuged at 453 X gat4 °C for 5 min. The
supernatant was then stored at —80 °C before further study.
The cells were resuspended in 0.5 ml PBS, and the total cell
numbers were counted with a hemocytometer. A small amount
of the cell suspension was fixed in 95% ethanol for 30 min for
routine H&E staining. On the basis of the findings with H&E
stain, cell differentials were counted with at least 200 leukocytes
in each sample under the microscope (Olympus AX70, Japan).
The cell types were judged according to standard hemocyto-
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logic procedures as macrophages, neutrophils, lymphocytes, or
eosinophils.

Histopathology— After perfusion with PBS, the right low pul-
monary lobes were resected and fixed with 10% neutral buff-
ered formalin and embedded in paraffin. Four-micrometer-
thick sections were stained with H&E.

Real-time PCR—Lung tissue was removed and homogenized,
and total RNA was extracted with TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Reverse tran-
scription was performed using PrimeScript reverse transcrip-
tase (TaKaRa) to obtain ¢cDNA samples. Real-time PCR was
performed using an ABI Prism 7300 (Applied Biosystems) with
the following program: 95 °C for 10 s and 40 cycles of amplifi-
cation at 95 °C for 5 s, 60 °C for 31 s, and 95 °C for 15 s and
finally 60 °C for 30 s and 95 °C for 15 s. Relative levels of target
mRNA were compared with $-actin using the 2~ **<* method.
All primers were synthesized by Shanghai Shengon Biotech
Company (Shanghai, China). Sequences were as follows: 3-ac-
tin forward 5'-GGC TGT ATT CCC CTC CAT CG-3/, reverse
5'-CCA GTT GGT AAC AAT GCC ATG T-3'; Foxp3 forward
5'-CAC AAT ATG CGA CCC CCT TTC-3', reverse 5'-AAC
ATG CGA GTA AAC CAA TGG TA-3’; retinoic acid-related
orphan receptor yt (ROR+yt) forward 5'-GAC CCA CAC CTC
ACA AAT TGA —3’, reverse 5'-AGT AGG CCA CAT TAC
ACT GCT-3’; T-bet forward 5'-TTT CCA AGA GAC CCA
GTT CAT TG-3', reverse 5'-ATG CGT ACA TGG ACT CAA
AGT T-3'; GATA-binding protein 3 (GATA-3) forward
5'-CTC GGC CAT TCG TAC ATG GAA-3/, reverse 5'-GGA
TACCTCTGC ACCGTA GC-3'.

Western Blot Analysis—Lung tissues were homogenized with
ice-cold radioimmune precipitation assay buffer (Beyotime,
Shanghai, China) containing protease inhibitors. Whole-cell
extracts from CD4™" T cells stimulated with recombinant IL-6
(R&D Systems, Minneapolis, MN) or IL-2 (R&D Systems) were
also obtained utilizing ice-cold radioimmune precipitation
assay buffer. The extracts containing 30 ug of proteins were
separated on 12% SDS-PAGE and then transferred to polyvi-
nylidene fluoride membranes. The membrane was blocked
with Tris-buffered saline Tween 20 buffer containing 5%
skim milk and incubated with the following primary anti-
bodies: rabbit anti-mouse RORyt IgG (1/1000 dilution, Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-mouse IgG
Foxp3 (1/1000 dilution, Santa Cruz Biotechnology), mouse
anti-mouse phosphorylated STAT3 (p-STAT3) (Tyr-705)
(1/1000 dilution, Cell Signaling), and mouse anti-mouse
phosphor-Stat5 (Tyr-694) (1/1000 dilution, Cell Signaling).
The samples were incubated overnight followed by the addi-
tion of their corresponding horseradish peroxidase-conju-
gated anti-rabbit or anti-mouse IgG secondary antibodies
(1/5000 dilution, Cell Signaling). The signals were visualized
via enhanced chemiluminescence using a Thermo ECL kit
(Thermo Fisher Scientific, Waltham, MA) in accordance
with the manufacturer’s instructions.

ELISA—The concentrations of interferon (IFN)-vy, IL-4,
IL-17A (Biolegend, San Diego, CA), and IL-10 (R&D Systems)
in BALF or cell culture supernatant were analyzed with ELISA
kits in accordance with the manufacturers’ instructions.
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Flow Cytometry—BALF cells were labeled with FITC anti-
Ly-6G (Gr-1) mAb (eBioscience) for 40 min. Mediastinal lymph
nodes (MLNs), and spleens were isolated. The cell clumps were
disaggregated into single-cell suspensions using nylon mesh
(70-um pore size) filtration. Erythrocytes were lysed with hypo-
tonic buffer (0.15 mol/liter NH,Cl, 10 mmol/liter KHCO;, 0.1
mmol/liter Na,EDTA). For detection of Th1, Th2, Th17, and
Treg cells, cells were stimulated with lymphocyte activator
mixture (phorbol 12-myristate 13-acetate/ionomycin/brefel-
din A, BD Pharmingen) for 5 h and labeled with surface markers
FITC anti-CD4 mAb (eBioscience) or allophycocyanin anti-
CD25 mAb (eBioscience). After washing, fixing, and permeabiliz-
ing according to the manufacturer’s instructions (eBioscience),
cells were labeled intracellularly with allophycocyanin anti-IFN-y
mADb (eBioscience), phosphatidylethanolamine (PE) anti-IL-4
mADb (eBioscience), PE-Cy7 anti-IL-17 mAb (Biolegend), or PE
anti-Foxp3 mAb (eBioscience). All labeled cells were detected
using flow cytometry (FCM) on the FACScan Flow Analyzer. The
data were analyzed with Flow]Jo 7.6v software.

HO-1 Activity Assay—HO-1 enzyme activity was quantified
by measuring bilirubin production (16). Briefly, lung tissues
were homogenized on ice in 1 volume of 100 mmol/liter phos-
phate buffer containing 2 mmol/liter MgCl, and centrifuged at
18,000 X g for 15 min at 4 °C. The supernatant was used to
measure HO activity. The reaction mixture, consisting of 200 ul
of sample homogenate, 100 ul of normal liver cytosol (source of
biliverdin reductase), 20 wmol/liter hemin, and 0.8 mmol/liter
NADPH was incubated at 37 °C for 1 h. The optical density was
measured between 464 and 530 nm (extinction coefficient, 40
mmol/liter/cm for bilirubin) to assess bilirubin production
once the reaction was terminated. Values were expressed as
pmol of bilirubin formed/1 h/mg of protein. An NADPH-free
reaction mixture provided a base line against which the mea-
sured concentrations were determined.

HO-1 Small-interfering RNA (siRNA) Treatment in Vivo—
The carboxyfluorescein (FAM)-labeled HO-1 siRNA (sense
5'-GCU GAC AGA GGA ACA CAA ATT-3'; antisense
5'-UUU GUG UUC CUC UGU CAG CTT-3’) against mouse
HO-1 mRNA and scrambled siRNA were synthesized and pur-
chased from Shanghai GenePharma Co., Ltd. 6 —8-Week-old
female DO11.10 mice (n = 6) were injected via tail vein with 5
optical density/20 g of body weight HO-1 siRNA or scrambled
siRNA on day —3. EntransterTM-in vivo transfection reagent
(Engreen Biosystem) was used to deliver the siRNA according
to the manufacturer’s recommendations. Then mice were
intraperitoneally administered 75 wmol/kg hemin on days —2
and —1 followed by intranasal challenge with 100 ug of OVA in
50 ul of normal saline after anesthetization by inhalation of
isoflurane on days 0, 1, and 2. Mice were sacrificed 24 h after the
transfection (day —2) and the final challenge (day 3). Lung tis-

sues were immediately removed and frozen in liquid nitro-
gen. The tissues were embedded in optimum cutting tem-
perature (OCT) compound (Sakura), and sections (7 wm)
were cut from the blocks followed by fixed in cold acetone
for 30 min. Slides were stained with 4',6-diamidino-2-phe-
nylindole (DAPI) and washed with PBS three times. A fluo-
rescence microscopy (Nikon Ti-S) was used for data
acquisition.

Th17 Cell Differentiation in Vitro—Naive CD4™" T cells were
purified from BALB/c mouse spleens via magnetic isolation
(MiltenyiBiotec, Bergisch Gladbach, Germany). For the prepa-
ration of spleen cell suspensions, spleens from 8-week-old
female BALB/c mice were removed and minced with a nylon
mesh (70-um pore size). After the cells were pelleted, erythro-
cytes were lysed with hypotonic buffer. Naive CD4 " T cells were
purified according to the manufacturer’s instructions and then
marked with carboxyfluorescein succinimidyl ester (Invitro-
gen). Cells were seeded at a density of 1 X 10%/well in 48-well
plates and cultured in RPMI 1640 medium (HyClone) supple-
mented with 1% 1r-glutamine (0.2 mol/liter), 10% fetal calf
serum, 100 IU/ml penicillin/streptomycin, 1% HEPES (1 mol/
liter), 1% sodium hydrogen carbonate (100 mmol/liter), and
0.1% 2-B-mercaptoethanol (50 mmol/liter, Invitrogen). The
cells were activated with plate-bound anti-CD3 (2 wg/ml) and
soluble anti-CD28 (2 ug/ml) antibodies (eBioscience). T helper
(Th)-neutral conditions (ThO) included no exogenous cyto-
kines or anti-cytokines. For Th17 differentiation, cells were
stimulated with TGE-B1 (5 ng/ml, Cell Signaling), IL-6 (50
ng/ml, R&D Systems), IL-23 (20 ng/ml, R&D Systems), anti-
IEN-v (10 ug/ml, Biolegend), and anti-IL-4 (10 ug/ml, Bioleg-
end). Hemin and SnPP were dissolved in 0.2 mol/liter NaOH at
a concentration of 50 umol/ml and added to cultures at an
appropriate concentration of 30 nmol/ml.

STAT Phosphorylation Assays—DO11.10 mice were intra-
peritoneally injected with or without 75 umol/kg hemin or 75
pmol/kg SnPP for 2 days (one time a day) to induce HO-1 with
or without enzymatic activity. Because we determined that the
maximal induction of HO-1 protein and its activity occurred at
24 h after hemin treatment, accompanied with the lowest enzy-
matic activity at the same time after SnPP treatment in a previ-
ous study (16), mice were sacrificed here to isolate spleens 24 h
after the second hemin/SnPP injection. The cell clumps were
disaggregated into single-cell suspensions using nylon mesh
(70 um pore size) filtration followed by lysis of erythrocytes
with hypotonic buffer. CD4™ T cells were purified using a
CD4* T Cell Isolation Kit II (MiltenyiBiotec) according to
the manufacturer’s instructions. Purified CD4* T cells from
normal, hemin-treated, and SnPP treated mice were cul-
tured in medium supplemented with recombinant IL-6 (50
ng/ml, R&D System) or IL-2 (200 units/ml, R&D System) for

FIGURE 1. HO-1 alleviates OVA-induced neutrophilic airway inflammation in DO11.10 mice. A, the total cell counts in BALF (* compared with the control
(CON) group: *, p < 0.05; ***, p < 0.001; # with the OVA group: #, p < 0.05; ##, p < 0.01). B, the differential cell counts identified by morphologic criteria in BALF
(* compared with the control group: *, p < 0.05; **, p < 0.01; ***, p < 0.001; # with the OVA group: #, p < 0.05; ##, p < 0.01). C, cytospin preparations of BALF
cells from four groups stained with hematoxylin and eosin (original magnification X400). Arrows indicate neutrophils with lobed nucleus in BALF. D, flow
cytometric analysis of BALF cells from four groups. Numbers in the graph indicate the percentages of neutrophils (Gr-17) (¥ compared with the control group:
*p < 0.05; # with OVA group, ##p < 0.01). E, histological analysis of lung tissues isolated from DO11.10 mice in control, OVA, OVA + hemin, and OVA + SnPP
groups. Paraffin-embedded lung sections were prepared 24 h after the last OVA challenge and were stained with hematoxylin and eosin to observe inflam-
mation (original magnification X400). Each symbol in the graph represents an individual mouse (n = 6). All results shown are representative of three

independent experiments.
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FIGURE 2. Induction of HO-1 suppresses Th17-mediated response in DO11.10 mice. A, Western blot analysis of HO-1 protein expression in lung tissues extracted
from four groups. B-Actin was used as the loading control. Densitometry analysis was performed by normalizing to -actin levels (* compared with the control group:
*, p < 0.05; # with compared with the OVA group: #, p < 0.05). B, the analysis of HO-1 activity in lung tissues extracted from four groups (* compared with the control
(CON) group: *, p < 0.05; **, p < 0.01; # compared with the OVA group; ##, p < 0.01). C, flow cytometric analysis of mediastinal lymph node (LN) and spleen (SP) cells
isolated from DO11.10 mice in control, OVA, OVA + hemin, and OVA + SnPP groups. Numbers in the upper right quadrants indicate the percentages of Th17
(CD4™IL-177) cells gated on CD4™ T cells. Each symbol in the graph represents an individual mouse (n = 6). D, ELISA analysis of IL-17A in BALF from four groups
(* compared with the control group: *, p < 0.05; ***, p < 0.001; # compared with the OVA group: #. p < 0.05). E, real-time PCR analysis of RORyt mRNA in lung tissues
isolated from four groups (* compared with the control group: *, p < 0.05; **, p < 0.01; # compared with the OVA group, #p < 0.05). F, Western blot analysis of RORyt
protein expressionin lung tissues extracted from four groups. B-Actin was used as the loading control. Densitometry analysis was performed by normalizing to B-actin levels
(* compared with the control group: *, p < 0.05; #, compared with the OVA group: #, p < 0.05). All results shown are representative of three independent experiments.
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1 h to phosphorylate transcription factors STAT3 or STAT5, lenged eosinophilic airway inflammation (16). Thus, we
respectively. Cell lysate was assessed for the expression of investigated the effect of HO-1 on neutrophilic airway
p-STAT3 or p-STAT5 by Western blot analysis. inflammation in DO11.10 mice. The mice are transgenic for

Statistical Analysis—Data are presented as the mean = S.D.  T-cell receptor specific for MHC-II-restricted OVA peptide
The differences between mean values were calculated usingan  and are known to develop a neutrophilic lung inflammation
unpaired ¢ test or nonparametric statistics. p < 0.05 was con-  upon exposure to OVA aerosols without any sensitization

sidered statistically significant. dependent on Th17 cells (22-24). Mice were challenged with
OVA or normal saline, and hemin and SnPP, respectively, were
RESULTS injected intraperitoneally 2 days before OV A inhalation. Twen-

HO-1 Alleviates OVA-induced Neutrophilic Airway Inflam-  ty-four hours after the last challenge, mice were subjected to
mation in DOI11.10 Mice—Previously, we found that up-regu- BAL for airway inflammation analysis. Compared with the con-
lation of HO-1 could protect against OVA-sensitized/chal-  trol group, the OVA group had a significantly higher total num-
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FIGURE 4. Hemin inhibits Th17 cell differentiation in a dose-dependent manner in vitro. A, flow cytometric analysis of magnetically purified naive T cells from
spleens of BALB/c mice cultured under Th17-skewing conditions with or without different concentrations of hemin (10, 20, 30, 40 nmol/ml) for 3 days. Numbers in the
upper right quadrants indicate the percentages of Th17 (CD4* IL-17") cells gated on CD4™ T cells (* compared with the control group: *, p < 0.05; #, with OVA group;
#, p < 0.05). B, ELISA analysis of IL-17A in supernatants of cultured naive T cells (* compared with the ThO condition: *. p < 0.05; **, p < 0.01; ***, p < 0.001; # with the
Th17-skewing condition: #, p < 0.05, ##, p < 0.01; ###, p < 0.001). All results shown are representative of three independent experiments.

ber of cells in BALF (Fig. 1A). Further assessment of cell mor-
phology indicated that the OVA group showed an increase in
macrophage, neutrophil, lymphocyte, and eosinophil counts
(Fig. 1, B and C). Pretreatment with hemin markedly reduced
the total number of cells, especially the number of neutrophils
and lymphocytes, whereas SnPP intervention increased the
number of these inflammatory cells (Fig. 1, A-C). To confirm
the change of neutrophils in BALF, we analyzed the expression
of Gr-1 (a marker on peripheral neutrophils) on BALF cells. As
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shown in Fig. 1D, mice in the OVA group exhibited an
increased proportion of neutrophils (Gr-1") as compared with
the control group. The proportion of neutrophils decreased in
the OVA + hemin group (6.14%) versus the OVA group (19.1%)
but increased in the OVA + SnPP group (23.9%). Meanwhile,
OVA inhalation also led to histological structure changes,
including peribronchial and perivascular leukocyte infiltration,
edema, and epithelial damage (Fig. 1E). In mice treated with
hemin, inflammatory cell infiltration was ameliorated with
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FIGURE 5. Th17 cell differentiation, CD4* T cell proliferation, and STAT3 phosphorylation are inhibited by hemin but not by SnPP. A, flow cytometric
analysis of magnetically purified naive T cells from spleens of BALB/c mice cultured under Th17-skewing conditions with or without hemin or SnPP (30
nmol/ml) for 3 days. Numbers in the upper right quadrants indicate the percentages of Th17 (CD4"IL-17") cells as well as each generation of Th17 cells
(undivided cells (0), generation 1 (1), generation 2 (2), and generation 3 (3)) gated on CD4 ™" T cells. B, Western blot analysis of purified CD4 " T cells isolated from
DO11.10 mice pretreated with or without hemin and SnPP and cultured with IL-6 for 1 h. B-Actin was used as the loading control. Densitometry analysis of
p-STAT3 and total STAT3 was performed by normalizing to B-actin levels (* compared with CD4 ™ T cells from untreated mice: *, p < 0.05). All results shown are

representative of three independent experiments.

much less tissue injury, all of which were exaggerated in the
OVA + SnPP group (Fig. 1E).

HO-1 Suppresses Thl7-mediated Immune Response in Vivo—
Next, we evaluated the effect of HO-1 on Th17 response in
OVA-induced neutrophilic airway inflammation. Western blot
analysis confirmed that the HO-1 protein level in lung tissues
was higher in the OVA group than in the control group and
significantly increased after administration of hemin accompa-
nied by an enhancement in HO-1 activity (Fig. 2, A and B).
Although pretreatment with SnPP also increased the expres-
sion level of HO-1 protein, we observed an unexpected
decrease in HO-1 activity (Fig. 2, A and B). Then MLNs and
spleens were harvested to isolate T cells. The proportion of
IL-17-producing CD4™" T cells (Th17 cells) was analyzed using
FCM. The results showed that the proportions of Th17 cells in
MLNSs and spleen, enhanced by OVA challenge, were markedly
reduced by hemin but reversed by SnPP treatment (Fig. 2C). To
examine whether induction of HO-1 could inhibit the produc-
tion of Thl7-related cytokine IL-17A, the concentration of
IL-17A in BALF was measured using ELISA. As shown in Fig.
2D, OVA-challenged mice had a significantly higher concentra-
tion of IL-17A as compared with the control group, in which
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TABLE 1
Proportions of each generation gated on CD4¥IL-17A™ T cells
Generation Tho Th17 Th17 + hemin Th17 + SnPP
%

Undivided cells 0 9.36 5.90 8.10
Generation 1 0 23.23 24.67 24.47
Generation 2 0 40.15 52.05 37.51
Generation 3 0 27.26 17.38 29.92

this was reduced in mice pretreated with hemin. There was no
significant difference in IL-17A level between the OVA and the
OVA + SnPP groups (Fig. 2D). In addition, Th17-related tran-
scription factor RORyt mRNA expression in lung tissues was
significantly up-regulated in the OVA and the OVA + SnPP
groups but declined in the OVA + hemin group (Fig. 2E).
Meanwhile, we further analyzed the protein levels of RORyt in
lung tissues. Consistent with the results described above, the
expression of RORyt was also elevated in the OVA and the
OVA + SnPP groups but decreased in mice receiving hemin
treatment (Fig. 2F).

Silencing of HO-1 with siRNA Abolished the Effect of HO-1
Induction in Vivo—To delineate more precisely the effect of
HO-1 in OVA-induced neutrophilic airway inflammation,
FAM-labeled siRNA targeting the mouse HO-I mRNA was
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injected into DO11.10 mice to specifically suppress HO-1
expression. Fluorescence microscopy showed that FAM-ex-
pressing cells in lung tissues were visualized 24 h after transfec-
tion, and the signals could exist until the end of the experiment
(Fig. 3A). Furthermore, the results showed that hemin treat-
ment alleviated airway inflammation in mice transfected with
scrambled control siRNA, but HO-1 siRNA transfection abol-
ished the anti-inflammatory effect of hemin (Fig. 3B). Western
blot analysis revealed that HO-1 siRNA transfection signifi-
cantly reduced the hemin-induced protein level of HO-1
expression in lung tissues, whereas scrambled siRNA did not
have this effect (Fig. 3C). We also observed that hemin treat-
ment decreased the protein level of RORyt expression in mice
transfected with scrambled siRNA, but HO-1 siRNA transfec-
tion nullified the hemin effect (Fig. 3D).

Induction of HO-1 Suppresses the Differentiation of Thl7
Cells via Inhibition of p-STAT3 in Vitro—Based on the results
in vivo showing that induction of HO-1 significantly reduced
Th17 cell populations, we further evaluated the role of HO-1 in
Th17 cell differentiation in vitro. Purified naive CD4" T cells
from BALB/c mouse spleen were cultured under Th17-skewing
conditions with or without hemin or SnPP to differentiate into
Th17 cells. IL-17A expression was determined by intracellular
labeling, and the proportion of IL-17A-producing cells was
detected in CD4" T cells by FCM. The results showed that
there was a markedly inhibitory effect of hemin on Th17 cell
differentiation occurring in a dose-dependent fashion (Fig. 4A).
The inhibitory effect of hemin was similar at concentrations of
30 and 40 nmol/ml (Fig. 44). Meanwhile, the levels of IL-17A in
supernatants were determined by ELISA analysis. Consistent
with the inhibition of Th17 cell differentiation, the levels of
IL-17A decreased with increasing concentrations of hemin
(Fig. 4B). In addition, we observed that Th17 cell differenti-
ation was not affected when 30 nmol/ml SnPP was added to
the media, a result opposite to that found with hemin (Fig.
5A). Moreover, the proliferation cycles of CD4*IL-17A™* T
cells in each group appeared as three cycles, with a lower
proportion of cells in generation three from hemin (17.38%)
as compared with ThO, Th17, and Th17 + SnPP groups (0,
27.26, and 29.92%, respectively) (Table 1). These results sug-
gested that induction of HO-1 enzymatic activity by hemin
exerted a mildly inhibitory effect on the proliferation of
CD4"IL-17A™ T cells but significantly suppressed Th17 cell
differentiation.

Because STAT3, a downstream mediator of IL-6R and an
important activator of IL-17 and RORyt expression, is neces-
sary for the expression of multiple transcription factors
involved in Th17 differentiation and directly regulates the

IL-17 gene (25), we supposed that HO-1 could inhibit Th17
differentiation via affecting IL-6-induced phosphorylation of
STATS3. Mice were pretreated with hemin or SnPP to elevate
the expression of HO-1 in CD4" T cells, whereas SnPP inhib-
ited the enzymatic activity. After purifying of CD4" T cells
from spleen via magnetic isolation, recombinant IL-6 was
added to the culture media to induce phosphorylation of
STAT3 in CD4™" T cells. The results show that p-STAT3 level
was decreased in CD4" T cells from mice pretreated with
hemin, but the level was only mildly reduced in CD4™ T cells
after SnPP treatment with no statistical difference as compared
with those from untreated mice. However, the total level of
STATS3 expression was not affected by hemin and SnPP treat-
ment (Fig. 5B).

HO-1 Up-regulates Treg Cells Independent of Phosphorylated
STAT5—The balance between Th17 and Treg cells is crucial
for immune homeostasis, as the development of inflammatory
disorders may be triggered by an excess in Th17 function or
increased numbers of Th17 and defects in Treg function or
reduced numbers of Treg (26). Thus, we also investigated the
changes in Tregs in this model. CD4*CD25 Foxp3 " Tregs in
peripheral blood, MLNSs, and spleen were analyzed using FCM.
As expected, the results show that OVA challenge slightly
decreased the population of Tregs in DO11.10 mice. There was
an increased proportion of CD4*CD25" Foxp3* Tregs in the
OVA + hemin group versus the OVA group, whereas inhibition
of HO-1 enzymatic activity by SnPP led to a decline in the pop-
ulation of CD4"CD25" Foxp3™ Tregs (Fig. 6A4). Foxp3 mRNA
and protein levels in lung tissues were further determined by
real-time PCR and Western blot analysis, respectively. The
results demonstrate that the levels of Foxp3 mRNA expression
and protein were significantly up-regulated by hemin pretreat-
ment (Fig. 6, B and C). However, this effect of HO-1 was abro-
gated in the presence of its inhibitor SnPP (Fig. 6, B and C). In
addition, the concentration of anti-inflammatory cytokines
IL-10 in BALF was also measured using ELISA. The results
show that the levels of IL-10 were markedly elevated by 2-fold
in the OVA + hemin group, but no alteration was observed in
the OVA + SnPP group (Fig. 6D).

It is reported that STAT5, which is activated by IL-2 signal-
ing, has been proved to be a direct transcriptional repressor of
the IL-17A gene and critical for Treg cell development and
Foxp3 expression (27-29). Therefore, we assessed the effect of
HO-1 on STATS5 phosphorylation status to further elucidate
the mechanism of HO-1 in regulating Th17/Treg balance.
However, the study shows that there were no significant
changes in the expression of p-STATS5 or total STATS5 in exog-
enous IL-2-stimulated CD4™ T cells from mice that received

FIGURE 6. HO-1 up-regulates Tregs and enhances their functions in vivo but has no significant effect on STAT5 phosphorylation. A, flow cytometric
analysis of peripheral blood (BLD), mediastinal lymph node (LN), and spleen (SP) cells isolated from DO11.10 mice in control, OVA, OVA + hemin, and OVA +
SnPP groups. Numbers in the upper right quadrants indicate the percentages of Tregs (CD4*CD25 *Foxp3 ™) gated on CD4™ T cells (* compared with control
group: *, p < 0.05; #, with OVA group; #, p < 0.05). Each symbol in the graph represents an individual mouse (n = 6). B, real-time PCR analysis of Foxp3 mRNA
in lung tissues isolated from four groups (* compared with the control (CON) group: ***, p < 0.001; # compared with the OVA group: ###, p < 0.001). C, Western
blot analysis of Foxp3 protein expression in lung tissues extracted from four groups. B-Actin was used as the loading control. Densitometry analysis was
performed by normalizing to B-actin levels (* compared with the control group: **, p < 0.01; # compared with the OVA group: ##, p < 0.01). D, ELISA analysis
of IL-10 in BALF collected from four groups (* compared with the control group: *, p < 0.05; # compared with the OVA group: ##, p < 0.01). E, Western blot
analysis of purified CD4™ T cells isolated from DO11.10 mice pretreated with or without hemin and SnPP and cultured with IL-2 for 1 h. B-Actin was used as
loading control. Densitometry analysis of p-STAT5 and total STAT5 was performed by normalizing to B-actin levels. All results shown are representative of three

independent experiments.
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hemin or SnPP treatment as compared with untreated mice
(Fig. 6E). This suggests that induction of HO-1 may not notice-
ably affect IL-2-induced phosphorylation of STAT5 in CD4" T
cells. The shifted equilibrium between Th17 and Treg cells
toward the latter by induction of HO-1 may correlate with its
negative action on the phosphorylation of STAT3 in CD4" T
cells.

HO-1 Does Not Noticeably Affect Thi- or Th2-mediated
Response in DO11.10 Mice—To observe the effect of HO-1 on
other T cell subsets in neutrophilic airway inflammation, we
examined Th1/Th2 profiles in the DO11.10 mouse model. The
concentrations of Th1-related cytokine IFN-y and Th2-related
cytokine IL-4 in BALF were detected using ELISA. The results
indicate that the concentrations of IFN-+y and IL-4 in different
groups showed no statistical difference (Fig. 7, A and B). Addi-
tionally, FCM analysis of IFN-vy-producing CD4™" T cells (Th1
cells) and IL-4-producing CD4™" T cells (Th2 cells) indicated
that proportions of Th1 and Th2 cells were much lower as com-
pared with that of Th17 cells in OVA-challenged mice (Fig. 7C).
This study further found that the mRNA levels of Th1 and Th2
lineage-specific transcription factors, T-box transcription fac-
tor (T-bet)- and GATA-binding protein 3, fluctuated slightly
among different groups, with no statistical significance (Fig. 7,
DandE). These data indicate that airway inflammation induced
by OVA challenge results in prominent Th17 responses instead
of Thl or Th2 responses in DO11.10 mice. HO-1 does not
noticeably affect Thl or Th2 response in this model, and its
protective effect on neutrophilic airway inflammation is medi-
ated through the suppression of Th17 responses.

DISCUSSION

It has been observed that NEA involves IL-17A to evoke
recruitment of neutrophils as one of its hallmarks, in which
Th17 cell-mediated neutrophilic airway inflammation is ste-
roid-resistant (8, 30). Therefore, it becomes necessary to iden-
tify novel therapeutic targets for developing effective anti-in-
flammatory medications. To this end we sought to determine
whether HO-1 might be proven anti-inflammatory in NEA. In
the current study we observe the protective role of HO-1 in
OVA-induced neutrophilic airway inflammation in DO11.10
mice. Induction of HO-1 by hemin significantly inhibited Th17
responses through down-regulating Th17-related transcrip-
tion factors and cytokines, all of which correlated with the sup-
pression of Th17 cell differentiation and the decrease of
p-STAT3, so that Th17/Treg balance could be restored. Taken
together, these results indicate a possible role of HO-1 as a
novel regulator of Th17/Treg balance to alleviate neutrophilic
inflammation in NEA.

HO is a rate-limiting microsomal enzyme that catalyzes the
degradation of heme to equimolar amounts of ferrous iron, car-
bon monoxide (CO), and biliverdin, which is rapidly converted
to bilirubin by biliverdin reductase (31). HO-1 is an inducible

form of HO that has emerged recently as a particularly attrac-
tive tool for the prevention and management of a broad range of
human and animal diseases characterized by elevated levels
of reactive oxygen-containing molecules (9). The expression of
HO-1 is up-regulated in response to cellular stress and by sev-
eral factors such as pro-oxidative stimuli, UV light, LPS, hydro-
gen peroxide, heat shock, and heavy metals (31). As an anti-
inflammatory and immunosuppressive protein, HO-1 exerts
immunomodulatory effects mainly through modulating T cell
responses as well as influencing Tregs and probably inhibiting
antigen-presenting cells (31). In recent years pharmacological
or genetic up-regulation of HO-1 has been found to ameliorate
disease symptoms in several autoimmune disorders, including
lupus, rheumatoid arthritis, and experimental autoimmune
encephalomyelitis (11, 32, 33). In a previous study our data
showed that hemin, a major substrate of HO-1, could induce its
expression and increase its activity (16) and plays a protective
role in the eosinophilic asthma animal model. These observa-
tions coincide with those from other laboratories using guinea
pig or rat models (34, 35). In this study our results further indi-
cate that HO-1 is capable of inhibiting OVA-induced neutro-
philic airway inflammation in a NEA mouse model using
DO11.10 T-cell receptor transgenic mice. Moreover, transfec-
tion of HO-1 siRNA in vivo reduced hemin-induced HO-1
expression in DO11.10 mice, consistent with our previous
observation in a neonatal hyperbilirubinemia rat model (21).
The data indicated that knockdown of HO-1 by siRNA abol-
ished the effect of hemin, leading to the aggravation of airway
inflammation. It has been reported previously that inflamma-
tion in OVA-challenged DO11.10 or OTII mice is character-
ized by an increase in neutrophils instead of eosinophils with-
out elevation in serum IgE, similar to NEA, and is mediated by
Th17 responses. Therefore, this is generally considered to be a
useful model for the investigation of antigen-induced Th17-
mediated neutrophilic airway inflammation (22, 23, 36, 37). In
the current study, we observed that OVA challenge resulted in
an increased number of macrophages in BALF, consistent with
findings reported by Nakagome et al. (37) and Tae et al. (38).
The results indicate that the increased neutrophil response in
mice with OVA-induced airway inflammation is accompanied
by an increased number of macrophages. Meanwhile, our
results showed that OVA challenge induced predominant Th17
responses rather than Th1 or Th2 responses in DO11.10 mice,
which were suppressed by HO-1 induction, revealing an anti-
inflammatory role for HO-1 in Thl7-mediated immune
responses.

Several investigations have demonstrated the potential role
of HO-1 in the differentiation of various cells, such as osteo-
blasts (39), adipocytes (40), dendritic cells (41), and Kupffer
cells (42), but it is still unclear whether HO-1 can directly affect
Th17 cell differentiation. Thus, we supposed that the beneficial

FIGURE 7. HO-1 does not noticeably affect Th1- or Th2-mediated response in DO11.10 mice. A, ELISA analysis of IFN-yin BALF obtained from four groups.
CON, control. B, ELISA analysis of IL-4 in BALF collected from four groups. C, flow cytometric analysis of mediastinal lymph node (LN) and spleen (SP) cells
isolated from DO11.10 mice in control, OVA, OVA + hemin, and OVA + SnPP groups. Numbers in the upper left and lower right quadrants indicate the
percentages of Th1 (CD4"IFN-y") cellsand Th2 (CD4 *IL-4™") cells gated on CD4 ™ T cells, respectively. Each symbol in the graph represents an individual mouse
(n = 6). D, real-time PCR analysis of T-bet mRNAs in lung tissues from four groups. £, real-time PCR analysis of GATA-binding protein 3 mRNAs in lung tissues

from four groups.
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effect of HO-1 observed in our mouse model may be attributed
to its inhibitory effect on Th17 cell differentiation. To validate
this hypothesis, we conducted an in vitro study by utilizing
purified naive T cells from normal BALB/c mice and culturing
them under Th17-skewing conditions. The results confirmed
our speculation, showing that the proportion of Th17 cells
declined in the presence of hemin. However, the proportion of
Th17 cells was not noticeably affected by SnPP, indicating that
the enzymatic activity of HO-1 is indispensable in its inhibitory
effect. Moreover, hemin can mildly suppress the proliferation
of CD4™" T cells, which may be attributed to the anti-prolifera-
tive effect of CO (an enzymatic product of HO-1) on CD4" T
cells via inhibition of IL-2 secretion (43) and caspase-8 expres-
sion (44). Therefore, our findings demonstrate a somewhat
broader contribution of HO-1 to T cell differentiation.
Recently, imbalances in the development and function of
Th17 cells and Tregs have been demonstrated to play an impor-
tant role in autoimmune diseases. The Th17/Treg balance is
considered to be critical for host immunity and the preserva-
tion of tolerance (45, 46). In addition, it has been proved that
Th17 cells and Tregs can be interconverted and are reciprocally
regulated during differentiation dependent on the cytokine
milieu (47, 48). Tregs are responsible for maintaining immune
homeostasis. They can suppress airway inflammation and
improve airway remodeling by restraining excessive T-cell
immunity, regulating the balance among Th subsets, and
decreasing the production of proinflammatory cytokines (49,
50). The phosphorylation of STATS5 is considered critical for
both Treg development and maintenance as well as Foxp3
expression (29) and is crucial for constraining Th17 cell devel-
opment (51). Th17 cells, as a separate T cell subset involved in
the pathophysiology of inflammatory diseases, require specific
cytokines and transcription factors for their differentiation in
which IL-6 and TGEF-B are recognized as crucial factors (26, 45).
During the process of Th17 cell differentiation, a signal trans-
ducer and activator of STAT3 and its downstream signaling
molecule RORyt are the signature transcription factors (27, 52).
STAT3 is known to be a primary factor in the downstream
signaling of IL-6, the phosphorylation of which induces proin-
flammatory gene expression (53, 54). Furthermore, Treg cell
differentiation can be suppressed by IL-6 via inhibition of the
expression of Foxp3 in a STAT3-dependent fashion and
thereby contribute to immune pathology (29, 55). Thus, it is
believed that STATS3 is a key signaling molecule modulating the
balance of Th17 cells and Tregs. Moreover, it has been reported
that the interaction between HO-1 and STAT3 abrogates
STATS3 activation, so that induction of HO-1 represses andro-
gen receptor activity and affects prostate cancer cell tumorige-
nicity (56), suggesting that HO-1 can interfere with STAT?3 sig-
naling. Therefore, we assessed IL-6-induced phosphorylation
of STAT3 in CD4™ T cells from DO11.10 mice treated with or
without hemin/SnPP to further study the underlying mecha-
nisms of HO-1-regulated Th17/Treg balance. Interestingly,
induction of HO-1 by hemin indeed decreased the protein level
of p-STAT3 in CD4™ T cells. It may be possible that the inhi-
bition of RORYyt expression and decrease of Th17 cell propor-
tion in this animal model may be partly due to reduced phos-
phorylation of STAT3 as a result of HO-1 induction. However,
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we observed that HO-1 did not have an obvious effect on phos-
phorylation of STATS5. As there is a dynamic balance between
the development of Th17 cells and Tregs (57), we consider that
changes in the proportions of Tregs and production of IL-10 in
our current study may be caused by suppressing RORyt and
enhancing Foxp3. However, further analyses are needed to link
the beneficial effect of HO-1 on asthma to an effect on key
transcription factors of signaling events that underlie fate deci-
sions of CD4" T cells toward distinct Th subsets. Moreover,
some researchers have indicated that besides its products,
HO-1 protein itself is involved in cellular signaling and regula-
tion of gene transcription (58, 59), suggesting that nuclear
transfer of HO-1 protein may contribute to its influence on
gene expression. This is a novel point of view under which to
investigate the anti-inflammatory mechanisms of HO-1 in our
future work.

In summary, the present study indicates that induction of
HO-1 suppresses Th17 response accompanied by up-regula-
tion of Tregs in an OVA-induced non-eosinophilic asthma
model. More importantly, TGF-f3 plus IL-6-induced Th17 cell
differentiation in vitro is likely inhibited by HO-1 induction via
down-regulation of p-STAT3. These data suggest that the
inhibitory effect of HO-1 on Th17-mediated inflammation may
be useful for developing novel therapeutic approaches in man-
aging steroid-resistant asthma and other autoimmune diseases.
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