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Abstract

Hemin, a substrate of heme oxygenase (HO)-1, induces HO-1 expression on a variety
of cells to exert anti-oxidant and anti-inflammatory roles. However, the role of HO-1 in
allergic diseases for dendritic cells (DCs) is not fully understood. Here, we report that
HO-1 modulates asthmatic airway inflammation by hemin-treated DC-released extra-
cellular vesicles (DCEVs). Following induction of bone marrow-derived DCs by hemin
and then by house dust mite (HDM) in vitro, mouse CD4+ naive T cells were cocul-
tured with DCEVs to determine T helper (h) cell differentiation. C57BL/6 mice were
sensitized by different stimuli-induced DCEVs and challenged with HDM to analyze
the changes of inflammatory cells and cytokines in the lung and bronchoalveolar lavage
fluid. The results showed that hemin-treated DCEVs (hemin-DCEVs) express phos-
phatidylserine (PS), CD81, heat shock protein 70, and HO-1, which facilitates regula-
tory T (Treg) cells differentiation in vitro and in vivo. In HDM-induced asthmatic mouse
model, hemin-DCEVs inhalation reduced eosinophils infiltration and mucus secretion
in the airway, decreased the levels of IL-4, IL-5, and IL-13 in the lung and the num-
ber of Th2 cells in mediastinal lymph nodes (MLNs), and increased the number of Treg
cells in MLNs. Thus, our study demonstrated, for the first time, that EVs from HO-1-
overexpressing DCs alleviate allergic airway inflammation of eosinophilic asthma by
potentiating Treg cells differentiation and limiting proinflammatory cytokine secre-
tion, which expands our understanding of HO-1 function, opening the door for HO-1

inducer-like hemin as a novel therapeutic strategy for asthma or other allergic diseases.
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1 | INTRODUCTION

Bronchial asthma is a chronic inflammatory airway disease character-
ized by chronic airway inflammation, bronchial hyper-responsiveness,
and reversible airway obstruction.! As the most important antigen-
presenting cells, dendritic cells (DCs) bridge the innate and adaptive
immune responses and play a pivotal role in the induction of allergic
airway inflammation.? By capturing allergens and migrating into the
draining lymph nodes, DCs present antigen-MHC to naive T cells and
promote polarization of naive T cells to T helper (Th) cells, ultimately
leading to airway inflammation.>* On the other hand, DCs also main-
tain immune homeostasis by induction of apoptosis or anergy with-
out costimulatory signals required for promoting the differentiation of
interacting T cells into regulatory T (Treg) cells.?

In addition to direct cell-to-cell contact, DCs manipulate adaptive
immunity through secretion of extracellular vesicles (EVs).%” EVs are
nano-sized membranous vesicles secreted by a variety of cell types
including epithelial cells, macrophages, T cells, platelets, and DCs.8-11
EVs not only play a role in physiologic processes, but also participate
in pathophysiologic process, such as viral infection and cancer.12-15 |n
addition, EVs transport antioxidant and anti-inflammatory substances
to protect cells and organs, and EVs from macrophages are reported
to carry suppressor of cytokine signaling 3 and exert anti-inflammation
by inhibiting JAK-STAT3 signaling.1° EVs are currently classified into
two categories: exosomes (EXOs, 30-150 nm) and particles (ectosome,
microparticles, 100 nm to >1 um).*¢1” Immunomodulatory function of
EVs is dependent on types of inclusions.'® For instance, perivascular
DCs transfer antigen-bearing EVs to neighboring mast cells and DCs,
thereby potentiating inflammatory and immune response to blood-
borne antigens.® In contrast, induction of immune tolerance is also
reported by DC-derived EVs from a previous study showing that imma-
ture DC-derived EXOs induce Treg cells differentiation by negatively
regulating rho-associated protein kinase 2 in renal allograft model
mice.r? Further investigating anti-inflammatory function of EVs could
unveil potential therapeutic targets to control allergic airway inflam-
mation.

Heme oxygenase (HO) is a rate-limiting enzyme that degrades
heme into biliverdin, free divalent iron, and carbon oxidant. HO con-
tains three subtypes, HO-1, HO-2, and HO-3.2° HO-1 is induced
by a variety of stimuli including heme, heavy metals, and inflamma-
tory cytokines, and exerts anti-inflammatory, anti-oxidative stress, and
anti-smooth muscle proliferation functions.2%22 Qur previous studies
demonstrated that HO-1 inhibits Th2 and Th17 responses,?32* pro-
motes Treg cells formation and IL-10 release,?> and alleviates allergic
airway inflammation. Studies from several groups have found that the
expression of HO-1 determines the maturity of DCs and affects DC-
primed inflammation.2¢-28 However, whether and how DCs exert anti-
inflammatory function in a cell-dependent or cell-independent man-
ner is unclear. In this study, we explored the role and mechanism of
DC-released EVs (DCEVs) in maintaining lung immune homeostasis

through hemin-induced HO-1 expression.

2 | MATERIALS AND METHODS

2.1 | Sorting and treatment of bone
marrow-derived DCs (BMDCs)

BM cells of femur and tibia of C57BL/6 (Shanghai Laboratory Ani-
mal Center, Shanghai, China) and enhanced green fluorescent pro-
tein (EGFP*) mice (Model Animal Research Center of Nanjing Uni-
versity, Nanjing, China) at 6-8 wk of age were passed through a 70
um cell strainer and centrifuged for 5 min at 400 xg. After RBC lysis
(Beyotime, Shanghai, China), cells were incubated with recombinant
murine IL-4 (1 ng/ml) (R&D Systems, Minneapolis, MN, USA) and GM-
CSF (10 ng/ml) (R&D Systems) for 48 h. Suspended cells were gently
removed and adherent cells were further cultured. On day 6 of culture,
the CD11C* BMDCs isolated by negative selection with anti-mouse
CD11C magnetic beads (Miltenyi, Teterow, Germany) were collected
and further pretreated with or without hemin (7.5 umol/L, Sigma-
Aldrich, St Louis, MO, USA) for 2 h to induce HO-1 expression and then
stimulated with house dust mite (HDM; 50 ug/ml, Greer lab, Boston,
MA, USA) or treated with PBS as a control for 24 h.

2.2 | Isolation of EVs

Bovine EV-depleted FBS was obtained by overnight ultracentrifuga-
tion of RPMI 1640 supplemented with 50% FBS (Gibco, Grand Island,
NY, USA) at 100,000 xg for 20 h. On day 6 of DC differentiation, cells
were washed in PBS and further cultured in RPMI 1640 with 20% EV-
depleted FBS for 48 h. EVs were isolated as described in the following
text. Briefly, conditioned medium was centrifuged at 350 xg for 15 min
at 4°C to pellet cells. Supernatant was centrifuged at 3000 xg for 20
min at 4°C, and finally centrifuged for 1 h at 17,500 xg at 4°C. Pel-
lets were washed in 40 ml PBS and re-centrifuged at the same speed
before being resuspended in 200 ul sterile PBS and stored at —80°C.
Protein concentrations of EVs were determined by bicinchoninic acid
assay (Beyotime).

2.3 | Western blot

Whole-cell extracts from BMDCs or DCEVs were obtained utilizing
ice-cold radioimmune precipitation assay buffer (Beyotime) containing
protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific,
Waltham, MA, USA). The extracts containing 30-50 ug proteins were
separated on 10% SDS-PAGE and then transferred to polyvinylidene
fluoride membranes. The membrane was blocked with Tris-buffered
saline Tween 20 buffer containing 5% skim milk and incubated with
the following primary antibodies: antigen-MHC Il (Abcam, Cambridge,
UK), CD81 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), heat
shock protein (HSP)70 (Abcam), HO-1 (StressMarq Bioscience, Vic-

toria, CA). The samples were incubated overnight followed by the
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addition of their corresponding horseradish peroxidase-conjugated
anti-rabbit or anti-mouse 1gG secondary antibodies (Cell Signaling
Technology, Danvers, MA, USA). The signals were visualized via
enhanced chemiluminescence using a Thermo ECL kit (Thermo Fisher
Scientific) in accordance with the manufacturer’s instructions.

2.4 | Nanoparticle tracking analysis

The size and concentration of EVs were measured using nanopar-
ticle tracking analysis (NTA) at VivaCell Biosceinces with ZetaView
PMX 110 (Particle Metrix, Meerbusch, Germany) and correspond-
ing software ZetaView 8.04.02. Isolated EVs samples were appropri-
ately diluted using PBS buffer (Biological Industries, Kibbutz, Israel) to
measure the particle size and concentration. NTA measurement was
recorded and analyzed at 11 positions. The ZetaView system was cal-
ibrated using 110 nm polystyrene particles. Temperature was main-
tained around 23°C and 30°C.

2.5 | Scanning electron microscopy (SEM)

For SEM, EVs were loaded on a poly-L-lysine-coated coverslip and fixed
with 2% glutaraldehyde in PBS at room temperature for 1 h. Samples
were vacuum-dried and dehydrated by critical-point drying with CO,.
The specimens were mounted on metallic supports with carbon tape
and ion sputtered with cathodic gold. Analysis of samples was per-
formed using a Zeiss Ultra 55 with high-resolution Schottky thermal
field emission gun (Schottky SEM-FEG).

26 |
(FCM)

The detection of EVs by flow cytometry

To detect the expression of phosphatidylserine (PS) in EVs, EVs recov-
ered were labeled with Annexin-V-FITC (BD Biosciences, San Jose, CA,
USA) for 15 min. After rinsing, all labeled EVs were detected using FCM
on the CytExpert Flow Analyzer. Pacific blue 450 nm laser channel
was used to circle the cell size. In addition, CD4* naive T (1.5 x 10°
cells/well) isolated by positive selection with anti-mouse CD4 mag-
netic beads (R&D Systems) were collected and further cultured with
EGFP*DC-derived EVs (secreted by 1.2 x 107 cells) for 48 hin 100 ul of
T cell medium per well (96-well plate), and analyzed by FCM. Cells were
stained for the surface marker anti-CD4-APC (Biolegend, San Diego,
CA, USA). After rinsing, all labeled cells were detected using FCM on
the CytExpert Flow Analyzer. Data were analyzed with CytExpert.

2.7 | T cell differentiation and FCM analysis

CD4* naive T (1.5 x 10 cells/well) isolated by positive selection
with anti-mouse CD4 magnetic beads (R&D Systems) were collected
and further cultured with different stimuli-induced DC-derived EVs
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(secreted by 1.2 x 107 cells) for 6 d in 100 ul of T cell medium per well
(96-well plate), and analyzed by FCM. For intracellular cytokine stain-
ing, cells were stimulated for 4 h with 1 ug/ml PMA (Sigma-Aldrich)
and 1 ug/ml ionomycin (Calbiochem, Germany) in the presence of 10
ug/ml brefeldin A (Sigma-Aldrich). Cells were stained for the surface
marker anti-CD4-V450 (BD Bioscience), anti-CD4-FITC (eBioscience,
Waltham, MA, USA), and anti-CD25-APC (Biolegend). Cells were then
fixed, permeabilized and labelled with intracellular and intranuclear
staining reagents according to the manufacturer’s instructions (eBio-
science), and further stained with anti-IL-17A-phycoerythrin (PE)-
cyanine (Cy7), anti-forkhead box P (Foxp)3-PE (Biolegend), anti-IFN-y-
APC, or anti-IL-13-PE (Thermo Fisher Scientific). All labeled cells were
detected using FCM on the CytExpert Flow Analyzer. Data were ana-

lyzed with FlowJo software.

2.8 | Preparation of asthmatic mouse model
Wild-type (WT) C57BL/6 mice at 6-8 wk of age were utilized in this
study and were housed in the specified pathogen-free facilities in the
Research Center for Experimental Medicine of Ruijin Hospital affil-
iated to Shanghai Jiao Tong University School of Medicine. All ani-
mal experiments were approved by the Ruijin Hospital Animal Ethics
Committee. The asthmatic mouse model induced by HDM was per-
formed using previously described methods.2? To establish hemin stim-
ulated (hemin-DCEVs) pretreatment model, mice were treated with
100 ug hemin-DCEVs in 50 ul of sterile PBS intratracheally at day
1 before sensitization and challenged with HDM. DCEVs induced by
HDM, HDM + hemin, and hemin stimulation were obtained in vitro.
C57BL/6 mice were sensitized with 100 ug DCEVs in 50 ul of sterile
PBS onday 0, and were intranasally challenged with 10 ug HDM in 50 ul
sterile PBSondays 7,8, 9, 10,and 11. The control group received equiv-
alent amount of PBS or HDM on days 0, 7, 8, 9, 10, and 11. On day 14,
all mice were anesthetized with isoflurane and sacrificed, the inferior
lobe of the right lung was fixed in 4% formaldehyde solution for histol-
ogy analysis, and the other parts were used for ELISA detection.

2.9 | Lung histology
The lungs were fixed in 4% formaldehyde overnight and embedded in
paraffin. Lung sections of 5 um were stained with H&E, periodic acid-

Schiff stain and evaluated by light microscope (Olympus, Tokyo, Japan).

2.10 | Bronchoalveolar lavage fluid (BALF)

Seventy-two hours after the final challenge (day 14), all mice were
anesthetized with isoflurane and sacrificed. After blunt dissection of
the tracheas, the lungs were lavaged three times with ice-cold saline
(0.6 ml each) using a 22-gauge i.v. catheter, and BALF was collected. A
total of 80-90% of the infused fluid can be recovered by this proce-
dure. The collected BALF was centrifuged at 460 xg at 4°C for 5 min.
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The cells were then resuspended in 1 ml PBS, and the total cell num-

bers were counted with a hemocytometer.

211 | ELISA

The concentrations of IL-6, IL-23, IFN-y, IL-4, IL-5, IL-13, IL-17A, and
IL-10 (Biolegend) in supernatants of lung tissue homogenate or cell cul-
ture supernatant were analyzed, respectively, with ELISA kits in accor-

dance with the manufacturer’s instructions.

2.12 | The detection of cells in BALF and
mediastinal lymph node (MLN) by FCM

BALF cells recovered were labeled with anti-CD11c-APC, anti-Ly6G-
FITC, anti-CD11b-PE-Cy7 (Biolegend), anti-CD45-APC-Cy7, and anti-
Siglec-F-PE (BD Biosciences) for 45 min. MLN cells were isolated. The
cell clumps were disaggregated into single-cell suspensions using nylon
mesh (70 um pore size) filtration, and erythrocytes were lysed with
RBC lysis. For detection of Th1, Th2, Th17, and Treg cells, the MLN
cells isolated above were stimulated with lymphocyte activator mix-
ture for 5 h and labeled with surface markers anti-CD4-V450 (BD
Biosciences), anti-CD4-FITC (eBioscience), or anti-CD25-APC (Biole-
gend). After washing, fixing, and permeabilizing according to the man-
ufacturer’s instructions, cells were labeled intracellularly with anti-IL-
17A-PE-Cy7, anti-Foxp3-PE (Biolegend), anti-IFN-y-APC, and anti-IL-
13-PE (Thermo Fisher Scientific), and then were incubated for 45 min.
After rinsing, all labeled cells were detected using FCM on the FACScan
Flow Analyzer. Data were analyzed with FlowJo software.

2.13 | Statistical analysis

Data are presented as mean + SD. The P-value was calculated with ordi-
nary 1-way ANOVA with Tukey’s multiple comparisons test (Graph Pad
Prism version 8.0). Differences between samples were considered to
have significance when P < 0.05.

3 | RESULTS

3.1 | HO-1 reduces expression of costimulatory
molecules in BMDCs

To elucidate the effects of HO-1 on DCs function, BMDCs were stim-
ulated by HDM in the presence or absence of hemin. Results showed
that HDM caused a slight but statistical increase in HO-1 expression
in BMDCs. However, hemin combined with HDM stimulation signifi-
cantly increased HO-1 expression (Fig. 1A). In addition, costimulatory
molecules including CD40/CD80/CD86/OX40L/MHC 1l (Fig. 1B) as
well as IL-23 (Fig. 1C) and IL-6 (Fig. 1D) were significantly up-regulated
in the HDM group when compared to that in the PBS group. IL-10

showed mild but not statistically significant increase (Fig. 1E). How-
ever, hemin treatment reversed the phenomena induced by HDM chal-
lenge (Fig. 1C-E). Hence, our results suggest that induced HO-1 may
significantly decrease the production of costimulatory molecules, such
as CD40 and CD86, and in turn reducing cytokines including IL-23 and
IL-6.

3.2 | Identification and effect of mouse DCEVs on
Th cell differentiation

Morphologically, DC-secreted EVs have a shape of spherical vesicles
and the diameter ranges from 0.1 and 1 um (Fig. 2A, B). According to
recommendations by the International Society for Extracellular Vesi-
cles (ISEV),39 characterization of EVs include general characterization
(two positive protein markers, CD81 and HSP70) and characterization
of single vesicles (FCM, NTA, SEM). Our results showed that all of EVs
ubiquitously express CD81 and HSP70. Interestingly, the expression
of HO-1 but not MHC Il from hemin-treated DCEVs was significantly
increased whereas increased expression of MHC Il only was observed
in PBS- or HDM-treated DCEVs (Fig. 2C). In addition, these EVs can
express PS (Annexin V*) (Fig. 2D). To explore whether EVs communi-
cate with T cells, EGFP*DC-derived EVs were cocultured with CD4+
naive T cells isolated from spleen for 2 d. Results of FCM showed that
these T cells expressed EGFP (Fig. 2E), which indicates EVs directly con-
tact with CD4™ naive T cells.

Toinvestigate the effects of DCEVs on Th cells differentiation, CD4*
naive T cells were co-incubated with different stimuli-induced DCEVs.
The results showed that the proportion of Treg (CD4+ CD25* Foxp3)
cells in the hemin group was significantly higher than that in the PBS
group. In comparison, the proportions of Thl (CD4* IFN- y*), Th2
(CD4* IL-13%), and Th17 (CD4* IL-17A™) cells showed slight but not
significant variation. In contrast, the proportion of Treg cells in HDM
group was significantly decreased, accompanying increased numbers
of Th1, Th2, and Th17 cells. After hemin treatment, the proportion of
Treg cells was significantly increased, following lower numbers of Th1,
Th2, and Th17 cells in the HDM + hemin group compared to that in
the HDM group (Fig. 2F). Further, the expression of HO-1 was signif-
icantly increased whereas the expression of MHC Il was significantly
decreased (Fig. 2C) in hemin-induced DCEVs compared to PBS or HDM
group, suggesting that the expression of HO-1 and MHC Il may be
impacted by the function of DCEVs.

3.3 | The role of DCEVs in HDM-induced allergic
airway inflammation

We further investigated the role of DCEVs in airway inflammation
in an asthmatic mouse model, which was established by DCEVs or
HDM sensitization followed by HDM challenge (Fig. 3A). Mice were
randomly divided into five groups: HDM/HDM, HDM-DCEVs/HDM,
(HDM + hemin)-DCEVs/HDM, hemin-DCEVs/HDM, and PBS/PBS

groups. We observed a significant increase in MLN size (Fig. 3B),



JOURNAL OF
WU ET AL. JLB LEUKOCYTE 841

BIOLOGY

3
F 1.0
m‘!’_ Kk
A S 08|
PBS HDM HDM+hemin =
g 0.6 *
204
. 2 0.4}
HO-1 | m— —‘ 5
@ 0.2 -
S 0.0 .
PBS HDM HDM+hemin
B
] CcD40 7 CcD80 CD86 ] OX40L
0 PBS
= HDM
0 *hk _— = HDM+hemin
- e T— *RE exx
S —_—
c L
o L T d
'5 " *%k%k kkk B -
= =
£ 504 ]
a3 50-. ]
o .
= f
3 HDM+hemin
s ]
= 1 1 1] HDM
] 1| rBS
0= T
CD40 CD80 CD86 OX40L MHCII
C D E
150 500 Tkt Kkk 40
KKk *kk — Skk
_ 400- _
€ 100 E E
g E 300 . 2
Q © 200- e
5 501 = 5
100
0 0-
) & ] S N
& & & & &
X td
S S

FIGURE 1 Heme oxygenase (HO)-1 reduces the expression of costimulatory molecules in bone marrow-derived dendritic cells (BMDCs).
BMDCs were stimulated with house dust mite (HDM) or HDM followed by hemin (HDM + hemin), PBS-stimulated BMDCs were as control (PBS).
A: Expression of HO-1 and -actin in each group was examined by Western blot analysis. B: Flow cytometry (FCM) of expression of costimulatory
molecules in BMDCs. C-E: The levels of IL-23, IL-6, and IL-10 in cell culture supernatant were detected with ELISA. For statistical analysis of
Western blot, FCM and ELISA, data are pooled from three independent experiments. The data are shown as mean + sD, *P < 0.05; **P < 0.01;
***P < 0.001; ns, not significant
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FIGURE 2 Mouse dendritic cell (DC)-released extracellular vesicles (DCEVs) identification and effect on Th cell subsets differentiation. EVs
were obtained from cell culture supernatants and identified by scanning electron microscopy (SEM), Western blot, flow cytometry (FCM), and
nanoparticle microscopy tracking analysis (NTA), respectively. A: NTA; B: SEA; C: expression of heme oxygenase (HO)-1, MHC I, heat shock
protein (HSP)70, and CD81 were examined by Western blot; and D: expression of phosphatidylserine (PS; Annexin V*) in EVs was detected by
FCM. Mouse CD4™ naive T cells were cocultured in vitro with enhanced green fluorescent protein (EGFP)*DC-derived EVs for 2 d. E: Proportion
of EGPF*T cells was detected by FCM. Mouse CD4* naive T cells were cocultured in vitro with different stimulus-induced DCEVs for 6 d. F:
Proportion of regulatory T cells (Treg; CD4* CD25" forkhead box P [Foxp]3*), Th1 (CD4* IFN-y*), Th2 (CD4™" IL-13%), and Th17 cells (CD4*
IL-17A") were detected by FCM. For statistical analysis of FCM, data are pooled from three independent experiments. The data are shown as
mean =+ SD, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant
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FIGURE 3 Therole of dendritic cell (DC)-released extracellular vesicles (DCEVs) in house dust mite (HDM)-induced allergic airway
inflammation. Mice were sensitized with different stimuli-induced DCEVs (HDM-DCEVs/HDM group, (HDM + hemin)-DCEVs/HDM group,
hemin-DCEVs/HDM group), and challenged with HDM. HDM or PBS-sensitized and challenged mice were as a control group (HDM/HDM,
PBS/PBS). A:illustration of the model; B: the pathologic changes of mouse mediastinal lymph nodes (MLNs) were observed using H&E staining; C:
the pathological changes of mouse lung tissue were observed using H&E staining; and D: the levels of cytokines in lung tissue homogenate were
detected with ELISA. For analysis of ELISA, data are pooled from three independent experiments with three mice each group. The data are shown
as mean + SD. Data for compared with the PBS/PBS group, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Data for compared with the
HDM/HDM group, # p < 0.05; ### p < 0.001; i.n., intranasally
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cells infiltration around airways (Fig. 3C), and the levels of inflamma-
tory cytokines (IL-4, IL-5, IL-13, and IL-17A) in lung tissue (Fig. 3D)
in HDM/HDM and HDM-DCEVs/HDM groups compared to those in
PBS/PBS groups; however, there was aremarkable decrease in all three
measures in (HDM + hemin)-DCEVs/HDM and hemin-DCEVs/HDM
groups compared to those in HDM/HDM and HDM-DCEVs/HDM
groups. These findings demonstrate that HDM-stimulated DCEVs may
carry antigenic components and successfully induce allergic airway
inflammation although the specific component is unknown. However,
hemin-stimulated DCEVs may have beneficial effects on reducing

HDM-induced airway allergic features.

3.4 | Hemin-treated DCEVs alleviate HDM-induced
allergic airway inflammation

To further determine the role of HO-1-overexpressing DCEVs in vivo,
we established an HDM-induced mouse model of eosinophilic asthma
and administrated hemin-DCEVs (Fig. 4A). HDM administration led to
a significant increase in inflammatory cell infiltration around airway
(Fig. 4B) and cytokine levels (IL-4, IL-5, IL-13, and IL17A) (Fig. 4C),
accompanying a decreasing trend of IFN-y (Fig. 4C); however, these
earlier mentioned results were substantially reversed by hemin-DCEVs
when compared to that in HDM-induced mice (Fig. 4B, C). In addition,
recruitment of peribronchial eosinophils and neutrophils and hyper-
secretion of mucus were alleviated in the lungs in HDM + hemin-
DCEVs group mice compared to thatin HDM-challenged mice (Fig. 4D).
Altogether, our observations unveil that hemin-stimulated DCEVs may
be able to prevent airway remodeling induced by HDM.

3.5 | Hemin-treated DCEVs affect proportion of Th
cells in mouse MLNs

To gain insight into the in vivo biologic relevance of hemin-DCEVs,
we attempt to characterize the populations of various T cell subsets,
including Th1 (CD4* IFN- y*), Th2 (CD4* IL-13%), Th17 (CD4* IL-
17A%), and Treg (CD4* CD25* Foxp3™) cells in MLNs. The results
showed that Treg cells were markedly decreased in the HDM group but
were increased by intervention with hemin-DCEVs (Fig. 5A). In addi-
tion, no significant difference was observed in Th1 cells (Fig. 5B). In con-
trast, both Th2 cells (Fig. 5C) and Th17 cells (Fig. 5D) showed a signifi-
cant increase in HDM group but a decrease in mice with hemin-DCEVs
pretreatment. Collectively, our studies delineate that different T sub-
sets may have distinct responses toward the hemin-stimulated DCEVs

as a mechanism of altering the airway allergic reactions.

4 | DISCUSSION

Although amenities of HO-1 in DCs-related immune tolerance have

31,32

beenreported by several studies, our current study goes beyond to

show that not only DCs, but also DC-derived EVs alleviate allergic air-

way inflammation, and this function may depend on the packed HO-1in
the EVs. Furthermore, our results indicated that direct inhibition of Th
cells proliferation and promotion of Treg cells differentiation by these
EVs may explain their immunosuppressive function and thus alleviate
allergic airway inflammation. These findings redefine the understand-
ing of HO-1, have vast implications for the manipulation of “healthy and
unhealthy” DCs, and open avenues for HO-1 inducer-like hemin as a
new therapeutic strategy for asthma or potentially other allergic dis-
eases.

It is reported that DC-derived EXOs contribute to allergic airway
inflammation by presenting allergens and direct contact with CD4+ T
cells.3334 Our findings timely demonstrated the presence and immuno-
suppressive role of DC-derived EVs in asthmatic mice, which in part
supports one previous study reporting increased circulating platelet
EVs in asthma.?> EVs were obtained by differential ultracentrifuga-
tion, and protein concentrations of EVs were determined by bicin-
choninic acid assay. The results showed that these EVs ubiquitously
expressed CD81, a transmembrane protein associated with plasma
membrane, and HSP70, a cytosolic protein, and were vesicle-like struc-
ture with a diameter of 0.1-1 um through SEM, NTA, and FCM, and
with expression of a nonprotein component PS (Annexin V*) as a
marker of EVs.2%37 Our results ascertain that the vesicle structures
obtained by ultracentrifugation were EVs. More importantly, concen-
trated EVs of HDM-stimulated DCs can express MHC Il, bear the
capacity to induce Th2 cells differentiation, and successfully promote
allergic airway inflammation. These results prompt us to speculate that
DCEVs may carry HDM antigenic components, consistent with our
previous study demonstrating that EXOs derived from HDM-treated
airway epithelial cells contain some peptides and proteins specific to
mites and promote allergic airway inflammation in mice models of
asthma.3® In comparison, sensitization with DCEVs stimulated with
both HDM and hemin failed to induce allergic airway inflammation.
This may be explained by the presence of by-products of heminin these
EVs, especially HO-1 and carbon oxidant, all of which are reported to
be anti-inflammatory and have the therapeutic applications in disease
treatment.3?0 Furthermore, in contrast to the proinflammatory role
of EVs from HDM-stimulated DCs, alleviated lung inflammation after
treatment with EVs from hemin-stimulated DCs not only confirmed
the role of DCs but also exhibited a new anti-inflammatory function of
DC-shed EVs. Further exploration revealed that this anti-inflammatory
role depended on manipulating Th17/Treg balance and Th cells prolif-
eration. These findings indicate a novel way for HO-1 in the metabolic
regulation of adaptive immunity thresholds. It would be interesting to
discover whether additional regulatory targets and cells exhibit similar
effects via HO-1.

An important finding is that HO-1 presence in DC-derived EVs
critically reduces HDM-induced asthmatic disease, which is in line
with previous studies showing HO-1 expression links DCs dysfunction
and suppressed proinflammatory function.2® Critically, we observed
a brake-like, negative regulator effect of EVs on Th cells differentia-
tion in cells culture and asthmatic mice model, which are consistent
with previous studies.*! EVs drive naive T cells to Treg cells differen-

tiation by currently unknown mechanisms, possibly direct EV-to-cell
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FIGURE 4 Hemin-treated dendritic cell (DC)-released extracellular vesicles (DCEVs) alleviate house dust mite (HDM)-induced allergic
airway inflammation. HDM-sensitized and challenged mice were instilled intranasally with 100 ug hemin-DCEVs 1 d before sensitization and
challenge (HDM + hemin-DCEVs group). A: illustration of the model; B: representative images of proximal airway showing inflamed lung areas; C:
the levels of IL-4/IL-5/IL-13/IL-17-A/IFN-y/IL-10 in lung homogenates; and D: flow cytometry (FCM) of eosinophils (CD45* Siglec-F* CD11c™)
and neutrophils (CD45* Ly6G* CD11b*) in bronchoalveolar lavage fluid (BALF). For analysis of ELISA and FCM, data are pooled from three
independent experiments with three mice each group. The data are shown as mean + sD, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant; i.n.,
intranasally
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FIGURE 5 Hemin-treated dendritic cell (DC)-released extracellular vesicles (DCEVs) affect proportion of Th cells in mouse mediastinal
lymph node (MLNs). House dust mite (HDM)-sensitized and challenged mice were instilled intranasally with 100 ug hemin-DCEVs at 1 d before
sensitization and challenge (HDM + hemin-DCEVs group). A: flow cytometry (FCM) of regulatory T cells (Tregs; CD4+ CD25* forkhead box P
[Foxp]3*) in MLNs; B: FCM of Th1 (CD4* IFN-y") in MLNs; C: FCM of Th2 (CD4* IL-13") in MLNs; and D: FCM of Th17 (CD4* IL-17A*) in MLNs.
For statistical analysis of FCM, data are pooled from three independent experiments with three mice each group. The data are shown as

mean + SD, *P < 0.05; ***P < 0.001; ns, not significant

contact or phagocytosis, even without DCs. Mechanistically, the com-
munication ways between EVs and T cells appear to have common
ground. PS externalization on EVs as an eat me signal increases inter-
action with phagocytes such as macrophages and endothelial cells,*?
leading to phagocyte function change, but less is known whether EVs
are phagocytosed by CD4* T cells. Theoretically, this phagocytosis
is the most efficient way to receive the whole content of EVs by T
cells. In this study, DCEVs express high levels of PS (Annexin V*), and

coculture of WT CD4* T cells with EGFP* DC-derived EVs for 2 d
showed that WT CD4* T cells could have engulfed EGFP* DCEVs,
which suggests that EVs containing HO-1 may be delivered to T cells.
This process was possibly mediated in a PS-dependent manner as PS
expression is a strong “eat me” signal. Nevertheless, future studies
are needed to confirm HO-1-associated activity in EVs compared to
that in EV-depleted cell cultures according to recommendations by
ISEV.30
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Careful examination reveals that not only Th2 but also Th17 cells
were decreased in vivo and in vitro after sensitization by EVs from
hemin-stimulated DCs. This is a quite surprising finding as we and
others previously demonstrated,*3-4> that not only Th17 but also
Th2 cell differentiation depends on STAT3 signaling.*®*” Neverthe-
less, a decrease in Th2 and Th17 cells in our data may not neces-
sarily indicate a direct role of EV-carrying HO-1 in the inhibition of
STAT3; instead it may indicate an inhibitory role of hemin by-products,
including HO-1, bilirubin, and carbon oxidant. Also, we could not
demonstrate if the Treg/Th cells balance maintenance benefits from
HO-1 or T cells’-produced IL-10 because Treg cells are reported to
release IL-10.8 In light of this, we consider that lack of compari-
son of EVs from carbon oxidant- or bilirubin-stimulated DCs, analy-
sis of Th cells differentiation by stimulation of IL-10, and so on, may
represent a limitation of our work and therefore deserves further
studies.

In conclusion, our data suggest that EVs derived from DCs par-
ticipate in the occurrence and development of asthma and EVs from
hemin-activated DCs exhibited a trigger-like role for the balance
between Treg and Th cells. Our study leaves unanswered the level of
DC-derived EVs in BALF and circulation of patients with asthma. Also,
it will be interesting to further explore the anti-inflammatory effects of
HO-1 for control of asthma, and the potential role of HO-1 in asthma

treatment.
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