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Abstract

LPS produced by Gram-negative bacteria effectively stimulates the maturation of BMDCs. Previous studies have shown that

DClps might induce tolerance in autoimmune diseases and cancer in vivo, whereas it remains unclear whether DClps can

modulate the immune microenvironment in allergic asthma. We sought to elucidate the potential effects of DClps on OVA-

sensitized/challenged airway inflammation in a mouse model of asthma, which may help facilitate the application of specific

tolDCs in allergic asthma patients in the future. We generated and obtained DClps from wild-type mice to evaluate their

functional characteristics by ELISA and FACS. We also induced OVA-sensitized/challenged asthmatic mice and intraperitoneally

treated these mice with DClps to assess the effects of these injected cells by histopathologic analysis and performing inflammatory

cell counts in BALF. Changes in memory CD4+ T cells, Tregs and phosphorylated protein in lung digests were analyzed.

DClps exhibited lower levels of CD80 and MHCII and increased levels of anti-inflammatory cytokines such as IL-10 and TGF-β

than DCia. Additionally, DClps treatment dramatically ameliorated airway inflammation and diminished the infiltration of

pulmonary inflammatory cells. In addition, we prolonged the modeling time of asthmatic mice and demonstrated that DClps

treatment decreased the proliferation activity of pulmonary memory CD4+ T cells, which further rendered the downregulation

of Th2 cytokines. However, the number of pulmonary Tregs did not discernibly change. DClps treatment also markedly reduced

the phosphorylation level of STAT6 protein.
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Abstract

Background: Lipopolysaccharide (LPS) produced by Gram-negative bacteria effectively stimulates the mat-
uration of bone marrow (BM)-derived dendritic cells (BMDCs). Previous studies have shown that LPS-
activated BMDCs (DClps) might induce tolerance in autoimmune diseases and cancer in vivo, whereas it
remains unclear whether DClps can modulate the immune microenvironment in allergic asthma.

Objectives: We sought to elucidate the potential effects of DClps on OVA-sensitized/challenged airway
inflammation in a mouse model of asthma, which may help facilitate the application of specific tolerogenic
dendritic cells (tolDCs) in allergic asthma patients in the future.

Methods: We generated and obtained DClps from wild-type mice to evaluate their functional characteristics
by ELISA and FACS. We also induced OVA-sensitized/challenged asthmatic mice and intraperitoneally
treated these mice with DClps to assess the effects of these injected cells by histopathologic analysis and
performing inflammatory cell counts in bronchoalveolar lavage fluid (BALF). Changes in memory CD4+ T
cells, regulatory T cells (Tregs) and phosphorylated protein in lung digests were analyzed.

Results: DClps exhibited lower levels of CD80 and MHC class II molecules (MHCII) and increased levels
of anti-inflammatory cytokines such as IL-10 and TGF-β than immature DCs (DCia). Additionally, DClps
treatment dramatically ameliorated airway inflammation and diminished the infiltration of pulmonary in-
flammatory cells. In addition, we prolonged the modeling time of asthmatic mice and demonstrated that
DClps treatment decreased the proliferation activity of pulmonary memory CD4+ T cells, which further
rendered the downregulation of type 2 T helper (Th2) cytokines. However, the number of pulmonary Tregs
did not discernibly change. DClps treatment also markedly reduced the phosphorylation level of STAT6
protein.

Conclusion: Our findings demonstrate that LPS stimulation may lead to a tolerogenic phenotype in BMDCs,
which can induce tolerance and regulate the microenvironment of asthmatic mice, possibly through the upreg-
ulation of anti-inflammatory cytokines, inhibition of pulmonary memory CD4+ T cells and downregulation
of STAT6 phosphorylation.

Keywords

asthma; lipopolysaccharide; bone marrow-derived dendritic cells; memory CD4+ T cell

Abbreviations

BMDCs, bone marrow-derived dendritic cells; DClps, LPS-activated BMDCs; tolDCs, tolerogenic dendritic
cells; Tregs, regulatory T cells; DCia, immature DCs; DC10, IL-10-induced DCs; TCM cells, central memory
T cells; TEM cells, effector memory T cells.

DCs are considered essential for regulating CD4 T cell immunity, controlling Th1 and Th2 differentiation,
inducing Tregs, and mediating tolerance1. Physiologically, immature DCs are distributed in peripheral
tissues; upon stimulation by proinflammatory factors (LPS or CD40 ligand), immature DCs can further
differentiate into mature DCs that express high levels of CD80 and CD86 and migrate to secondary lym-
phoid organs to elicit adaptive immune responses2. Nevertheless, DCs may present distinct phenotypic and
functional characteristics according to the stimulus that they received. Ample evidence has demonstrated
that DCs differentiated under certain conditions are capable of inducing immune tolerance in multiple dis-
ease models ranging from autoimmune to allergic diseases3-7. These specific tolDCs are distinguished by the
decreased expression of costimulatory molecules and proinflammatory cytokines along with enhancement of
anti-inflammatory cytokines, thus leading to T cell anergy and Treg activation8.

2



P
os

te
d

on
A

u
th

or
ea

20
J
u
l

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

52
69

49
.9

92
83

59
9

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

A large number of in vitro protocols have been established to generate tolDCs that exert prophylactic impacts
on Th1-mediated immunopathogenesis, whereas how Th2-mediated allergic reactions are modulated remain
obscure9, 10. IL-10, an anti-inflammatory and immunoregulatory cytokine, was confirmed to be a more
potent inducer of tolDCs than vitamin D(3), dexamethasone, TGFβ, and rapamycin11. IL-10 can suppress
the expression of MHCII and certain costimulatory molecules on DCs; furthermore, IL-10-induced DCs
(DC10) can secrete IL-10, leading to Treg activation12, 13. Koya et al. proved that DC10 can dramatically
attenuate lung allergic responses, with high IL-10 production and low T cell activation14. In contrast, the
role of DC10 in the Th2-mediated inflammation has been indicated to skew the Th1/Th2 balance to Th2 in
vivo via selectively preventing IL-12 synthesis15.

While IL-10/TGFβ-activated DCs can abrogate experimental asthma, several research groups have already
demonstrated that LPS, which is most frequently used to stimulate DC maturation in vitro to initiate inflam-
matory responses, can also cause DCs to produce sufficient IL-10 and exert immunosuppressive effects5, 16.
For example, Zhou et al. revealed that LPS pretreatment modified the phenotype of DCs, thus blocking
experimental autoimmune encephalomyelitis (EAE) development by suppressing effector CD4+ T cells5. Ad-
ditionally, Kushwah et al. proved that although LPS-activated DC maturation may lead to DC apoptosis,
immature DCs can immediately take up apoptotic DCs and then convert into tolDCs that induce augmented
TGFβ secretion and Foxp3+ Treg differentiation17. In contrast, BMDCs were found to upregulate expression
of CD80 and CD86 following LPS treatment3. Taken together, these findings suggest that LPS might play
different roles in modulating phenotypes and functions of DCs under various conditions. Moreover, asthma is
a disease with complex immune microenvironment. Whether LPS confers tolerogenic capabilities in BMDCs
and the potential mechanisms warrant further investigation.

Herein, we critically evaluated the impact of the intraperitoneal adoptive transfer of LPS-treated BMDCs
on airway inflammation and pulmonary memory CD4+ T cells, Tregs, and signal transcription molecules
expression in asthmatic models.

Materials and methods

Mice

6-week-old female C57BL/6 mice were obtained from Silaike Experimental Animal Limited Liability Com-
pany (Shanghai, China). All animals were treated in accordance with the National Institutes of Health
Guidelines and Regulations.

Isolation and characterization of BMDCs from mice

BMDCs were differentiated from BM cells obtained from femurs and tibiae of C57BL/6 mice. Briefly, BM
cells were seeded in RPMI-1640 supplemented with 1% antibiotics/antimycotics and 10% heat-inactivated
fetal calf serum (FCS) containing 20 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF).
The total culture period was 9 days. On day 3, fresh medium was added at the same volume as the preexisting
medium. On day 6, half of the culture medium was replaced with fresh medium. On day 8, nonadherent
DCs were resuspended in complete medium supplemented with GM-CSF alone (to generate immature DCs;
DCia) or with 50 ng/mL IL-10 or 10 ng/mL LPS (to generate tolerogenic cells; DC10 and DClps) for 24 h.
On day 9, cells from each culture were pulsed for 2 h at 37 with 1 μM OVA (Sigma-Aldrich, Grade V; St
Louis, MO, USA) and then the cells were harvested. Meanwhile, noninduced BM cells were collected and
cultured under the same conditions except that there was no GM-CSF in the culture medium for 9 days.

Harvested BMDCs and BM cells were characterized by evaluating the expression of CD11c, CD80, and
MHCII. Cells were washed and stained at 4 for 30 min with APC-Cy7 conjugated anti-CD11c, APC-
conjugated anti-CD80, and FITC-conjugated anti-MHCII (eBioscience, Inc., San Diego, CA, USA) and
were subsequently analyzed by flow cytometry (FACS Canto II; BD Biosciences, San Jose, CA, USA) to
determine the positive rate for the expression of labeled antigens. All data were analyzed with Flow Jo
software.

Establishment of OVA-induced asthmatic mice and adoptive transfer of diverse BMDCs into asthmatic mice

3
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To establish an asthma phenotype, 6-week-old female C57BL/6 mice were intraperitoneally sensitized with
PBS containing 100 μg OVA in 2 mg alum or PBS/alum as a control on days 0 and 7. Animals were then
intranasally challenged with 100 μg OVA in PBS or PBS as a control under anaesthetic on days 14-18. For the
treatment models, 1×106 cells (DCia, DC10 or DClps prepared as described above) were intraperitoneally
transferred on days 14-16.

At 24 h after the last challenge, mice were anesthetized, and bronchoalveolar lavage (BAL) was performed
with cold PBS. Subsequently, lungs were obtained for histology and fixed with 4% paraformaldehyde in PBS.
BALF was centrifuged (1200 rpm for 10 min, at 4°C), and cells were obtained to assess the total cell number
and differential cell counts. All samples were independently processed and assayed.

Isolation of memory CD4+ T cells from OVA-induced asthmatic mice

We established another asthma phenotype in mice to obtain pulmonary memory CD4+ T cells. The OVA
sensitization and challenge protocol was similar to the previous protocol, and BMDCs were adoptively
transferred to OVA-sensitized mice for 3 consecutive days. However, the mice were not sacrificed on day 19.
Mice were rechallenged with OVA for 5 consecutive days (day 35-39) and sacrificed on day 40 for the detection
of memory T cells. We generated single-cell suspensions of lung parenchymal cells by enzymatically digesting
tissues, and identified pulmonary memory CD4+ T cells with flow cytometry. The phenotypic analysis of
effector memory CD4+ T cells and central memory CD4+ T cells were performed by evaluating the expression
of CD4, CD44, CD62L, and CCR7. A total of 1×106 cells were washed and subsequently stained with FITC-
conjugated anti-CD4, PE-conjugated anti-CD44, APC-conjugated anti-CD62L and PerCP-Cy5.5-conjugated
anti-CCR7 (eBioscience). All data were analyzed with Flow Jo software.

Mixed lymphocyte reaction (MLR) of memory CD4+ T cells and BMDCs

Pulmonary memory CD4+ T cells and BMDCs were prepared as described above. BMDCs were pretreated
with culture medium containing 200 μg/mL mitomycin C for 20 min at 37°C (Kyowa Hakko Kogyo, Tokyo,
Japan). Pulmonary memory CD4+ T cells were labeled with carboxyfluorescein diacetate succinimidyl ester
(CFSE, Invitrogen Ltd., UK) prior to culture to evaluate T cell proliferation. Mitomycin C-treated DCs
(l×105/well) and isolated memory CD4+ T cells (4×l05/well) were cocultured in 96-well plates at a ratio
of 1:4 at 37°C, 5% CO2 atmosphere for 1, 3 or 5 days respectively. The coculture systems were divided
into five groups: the control group, the OVA group, the OVA+DCia group, the OVA+DC10 group and
the OVA+DClps group, and BMDCs were generated as previously described. After MLR, the proliferation
activity of memory CD4+ T cells was evaluated with CFSE on days 1, 3, and 5. On the last day, cells
were stimulated with phorbol myristate acetate (PMA; 100 ng/ml, Sigma) and Inomycin (5 μmol/L, Sigma)
overnight, and then cell supernatants were collected to assess IL-4 and IFN-γ secretion by ELISA.

Pulmonary Tregs of OVA-induced asthmatic mice after the adoptive transfer of DClps

As noted, lung tissues of asthmatic mice that were sacrificed on day 19 were immediately collected to
determine the number of Tregs in the lung. Single-cell suspensions of lung parenchymal cells were generated
by the enzymatic digestion of tissues, and Tregs were characterized as CD4+CD25+Foxp3+ cells by flow
cytometry. A total of 1x106 cells were washed and stained with FITC-conjugated anti-CD4, PE-conjugated
anti-CD25 and APC-conjugated anti-Foxp3 (eBioscience) antidodies, and subsequently analyzed by flow
cytometry. All data were analyzed with Flow Jo software.

BMDC tracking in the lung

We labeled transferred DCs with the fluorescent dye PKH26 (Sigma-Aldrich) according to the instructions.
Briefly, we used 1 mL dilution buffer to suspend 2×106 DCs and then mixed the cell suspension with the same
amount of labeling solution containing 4×10-6 M PKH26 dye in dilution buffer. After 4 min of incubation at
room temperature, we added 2 mL fetal bovine serum (FBS) to terminate the reaction and washed the cells
with a control buffer. Finally, 5 × 106 DCs labeled with PKH26 dye were mixed in 1 mL PLA-CMC solution
for the subsequent adoptive transfer. PKH26-labeled DCs were intraperitoneally injected into asthmatic
mice (1x106 cells/mouse), as described above. After 1, 3 and 7 days, we obtained lung tissues from each
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animal and acquired single-cell suspensions by the enzymatic dispersal of the lungs. Delivered DCs in the
lung were assessed via the expression of MHCII and PKH26 as determined by flow cytometry. All data were
analyzed with Flow Jo software.

Histopathologic analysis of the lung

The left lung was removed from each mouse and infused with 4% paraformaldehyde after BAL, embedded in
paraffin, sectioned at 5 um, and stained with hematoxylin and eosin (H&E) according to standard procedures
for evaluating histopathological changes in bronchial and lung tissues. Right lung specimens were collected
and frozen at -80degC for protein analysis by western blotting (WB).

Peribronchial and perivascular inflammation were estimated with a subjective scale of 0–3 based on a scoring
system: a score of 0 indicated that there was no detectable inflammation; 1 indicated that most bronchi or
vessels were surrounded by a thin layer (one to five cells thick) of inflammatory cells; 2 indicated that most
bronchi were surrounded by a thin layer (1–5 cells) of inflammatory cells; 3 indicated that most bronchi
or vessels were surrounded by a thick layer (>5 cells) of inflammatory cells18. The average peribronchial
and perivascular inflammation scores reflected the total lung inflammation of treated animals. The score is
presented as a mean value of each animal.

Cytokine release capacity of BMDCs

BMDCs (DCia, DC10, and DClps) were harvested after 9 days of culture, as described above. Cells from
each culture were pulsed for 2 h at 37 with 1 μM OVA. The cell culture supernatant was collected and stored
at -80 for subsequent cytokine detection of IL-10, TGF-β, MCP-3 and IFN-γ by ELISA (R&D Systems).

WB analysis

Expression levels of STAT1, 4, and 6 and their phosphorylated protein levels in lung digests were assessed
by WB. Total protein from mouse right lung tissue was extracted by using RIPA Protein Extracted Reagent
(Thermo). 40 μg lysate samples were fractionated by 10% sodium dodecyl sulfate (SDS)-PAGE and trans-
ferred to polyvinylidene fluoride (PVDF) membranes (Roche, USA). After incubation with blocking buffer
containing 5% skim milk in TBST (12.5 mM Tris-HCl pH 7.5, 68.5 mM NaCl, 0.1% Tween 20) for 1 h, the
membrane was then incubated with primary antibodies overnight, including rabbit anti-STAT1, and rab-
bit anti-phosphorylated STAT1, rabbit anti-STAT4, rabbit anti-phosphorylated STAT4, rabbit anti-STAT6,
rabbit anti-phosphorylated STAT6 antibodies. The anti-mouse GAPDH antibody was used as a loading
control. The membrane was washed with TBST and incubated with horseradish-peroxidase-conjugated sec-
ondary antibody (Jackson ImmunoResearch) and then developed with and electrochemiluminescence (ECL)
substrate solution (Millipore). The membrane was incubated with rabbit anti-murine GAPDH for assess-
ment of internal protein loading control after incubation with stripping buffer for 15 min at 25. The density
of each band was quantified using image analysis software (ImageJ).

Statistical analysis

All data are representative of at least three independent experiments. Each error bar represents the standard
deviation (SD). Multigroup comparisons were assessed by either one-way ANOVA with Tukey’s post hoc test
or by Wilcoxon signed rank tests (FACS analyses) with a commercial software program (GraphPad Prism
8.0, San Diego, CA). P < 0.05 was considered statistically significant.

Results

Phenotypic and functional characteristics of BMDCs primed under different conditions

We defined the typical phenotypes and characteristics of BMDCs based on two features: the expression of
specific costimulatory molecules and the secretion of certain cytokines. As shown in the results, BM cells
were triple negative for CD11c, CD80 and MHCII, while BMDCs were triple positive for those markers (Fig.
1B). Interestingly, the expression levels of CD80 and MHCII were lower on DC10 and DClps than DCia (Fig.
2B).
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In addition to surface molecules expression, the secretion of certain inflammatory cytokines (IL-10, TGF-β,
and IFN-γ) is considered essential for characterizing the tolerogenic potential of BMDCs. BMDCs expressed
CCR1, CCR2, and CCR3, all of which bind MCP-319. Thus, we collected BMDC supernatant and examined
IL-10, TGF-β, MCP-3 and IFN-γ. Both DC10 and DClps secreted high levels of IL-10 and TGF-β, yet the
secretory capacity of these cytokines was markedly lower in DCia. No distinct differences were found in the
secretion of MCP-3 or IFN-γ among cells. (Fig. 2A).

Adoptive transfer of LPS-treated BMDCs alleviated airway inflammation in OVA-induced
asthmatic mice

We used OVA sensitization/challenge to establish an asthma mouse model (Fig. 3A). In this experiment,
BMDCs were generated in vitro and used to treat asthmatic mice, as noted. After OVA stimulation, we found
that the lung tissue of asthmatic mice exhibited typical inflammatory changes, which were characterized by
airway wall thickening, and inflammatory cell infiltration (Fig. 3B). DClps treatment significantly improved
the lung inflammation, reduced the lung injury score (Fig. 3C), as well as dramatically diminished the
number of inflammatory cells in BALF (Fig. 3D). The analysis of cellular composition of BALF showed
DClps remarkably decreased the number of neutrophils and increased the number of lymphocytes (Fig.
3D), suggesting that the adoptive transfer of DClps may be involved in attenuating lung inflammation in
asthmatic mice.

Adoptively transferred LPS-treated BMDCs effectively migrated to the lungs

The function of DCs is intimately associated with their capacity to migrate to target organs20. It was
previously demonstrated that the onset of tolerance in DC10-treated asthmatic mice is progressive; thus,
airway hyperresponsiveness (AHR) in mice is mildly attenuated at 2 weeks after transfer and vanishes entirely
within 3 weeks4. To examine when and whether the injected DClps could successfully migrate to the lungs,
we established a mouse model of asthma and treated asthma model mice with diverse DCs that were primed
under different conditions. We used the fluorescent dye PHK26 as a marker for the trafficking of transferred
DCs in vivo in treated mice, and mice were sacrificed on days 1, 3, and 7. One day after transfer, DClps
labeled with PHK26 appeared in the lungs, with a modest proportion of the labeled cells (2.26%; absolute
BMDCs is 396.). In contrast to DCia with 1.08% (144 cells total), saline control with 0.188% (35 cells total)
(p<0.05). On day 3, the proportion of all DCs labeled with PHK26 peaked in the lungs, among which DClps
increased the most markedly, representing 5.42% of the labelled BMDCs, compared to 1.52%, 0.98% in DCia
and saline group (p<0.05). However, the number of DClps strikingly decreased on day 7 (0.628%, absolute
cell number 82). No detectable difference was found among three groups (p>0.05).

These data indicate that DClps migrated to the lungs more effectively and gradually accumulated in the
lungs within 1 week. Moreover, the decreased percentage of DClps in the lungs was consistent with the
alleviation of lung inflammation in asthmatic mice, which further confirmed that DClps may effectively
migrate to the lungs and take effect within 1 week.

Adoptive transfer of LPS-treated BMDCs influences the number and function of pulmonary
memory CD4+ T cells in OVA-induced asthmatic mice

It is widely believed that Th1/Th2 ratio imbalances may lead to the pathogenesis of allergic asthma, in
which memory T cells play a crucial role in the capacity of initiating Th2 response under repeated allergen
challenges21. Memory T cells can be divided into two distinct subsets, central memory T cells (TCM cells) and
effector memory T cells (TEM cells), according to their homing characteristics and effector functions22, 23.
In order to assess whether DClps could suppress the Th2 immune recall response in airways of treated
mice, we sought to examine the number and function of memory CD4+ T cells in lung tissues. We thus
established asthma model mice and treated these mice with diverse DCs, as described above; however, instead
of sacrificing the mice on day 19, we rechallenged the animals with OVA from days 35-39 (Fig. 4A).

On day 40, mice were sacrificed and lungs were removed to obtain single-cell suspensions for the isolation
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of memory CD4+ T cells. We confirmed that both DC10 and DClps observably decreased the pulmonary
CD4+CD44high memory T cells, whereas the difference in DCia was negligible compared to the OVA group
(Fig. 4B). On the other hand, we next identified CD4+TCM cells that were CD62L+CCR7+ double positive
and CD4+ TEM cells that were CD62L-CCR7- double negative by flow cytometry (Fig. 4B). Surprisingly, we
saw no discernible difference in the proportion of TCM and TEM cells among mice treated with DClps, DC10
or DCia. To gain insight into this phenomenon, we assessed whether the adoptive transfer of DClps affected
the proliferation of pulmonary memory CD4+ T cells with an MLR assay. After MLR, the proliferation
activity of pulmonary memory CD4+ T cells was determined by CFSE. Consistent with the above results,
it was readily apparent the proliferation activity of pulmonary memory CD4+ T cells isolated from mice in
the DC10 and DClps groups was obviously suppressed, compared with the DCia and OVA groups, especially
on day 3 and day 5 (Fig. 5). Meanwhile, we collected the cell supernatant of MLR to assess IL-4 and
IFN-γ secretion by memory CD4+ T cells. We found that compared with cells in the OVA group, both
TEM and TCM cells exhibited a notable decline in the secretion of IL-4 in the DClps and DC10 groups (Fig.
6A), whereas no treatment effect was detectable in the DCia group (Fig. 6B). Interestingly, in the DClps
and DC10 groups, the level of IFN-γ dramatically reduced in only TEM cells but not in TCM cells (Fig.
6B). Taken together, these data indicate that the adoptive transfer of DClps may inhibit the allergen recall
response by suppressing memory CD4+ T cells. Moreover, the reduction in memory CD4+ T cells may
well reduce the conversion of Th2 cells, which further results in the downregulation of Th2 cytokines and
improves the Th1/Th2 imbalance in the immune response.

Adoptive transfer of LPS-treated BMDCs did not alter the number of pulmonary Tregs

Recent studies have demonstrated that DC10 treatment is associated with the conversion of Th2 effector
T (Teff) cells into CD4+CD25+ Foxp3+ Tregs in the lungs of treated mice, and these Tregs are probably
involved in inflammation regulation24. Hence, we sought to examine whether DClps treatment increased the
number of pulmonary Tregs in a mouse model of asthma. We isolated T cells from the lungs of asthmatic
mice on day 19 and evaluated their expression of certain markers (CD4, CD25, and Foxp3) by FACS.
Furthermore, in line with previous studies that the induction of tolerance did not change the number of
CD4+CD25+Foxp3+ cells in the lungs in asthma models but rather resulted in stronger Tregs activity, we
saw negligible variations in the number of Tregs in treated mice (Fig. 7B). Therefore, our results suggest
that neither DC10 nor DClps treatment altered the number of lung CD4+CD25+Foxp3+ Tregs.

Adoptive transfer of LPS-treated BMDCs decreased the phosphorylation level of STAT6 in
OVA-induced asthmatic mice

Having shown that DClps treatment might be associated with the alleviation of airway inflammation in
treated mice, we explored the potential mechanisms for this phenomenon. The STAT1 and STAT4 pathways
are considered vital for Th1 differentiation, while the IL-4/IL-13/STAT-6 pathway has been confirmed to
be the major modulator of Th2 differentiation in asthma pathophysiology25, 26. To verify whether DClps
modulate the airway inflammation of asthmatic mice by affecting the STATs pathways, we measured the
total protein level and phosphorylation levels of STAT1, STAT4, and STAT6 in lung homogenates by WB
analysis. We found that in asthmatic mice treated with DClps and DC10, the phosphorylation level of STAT6
protein was remarkably decreased, whereas the phosphorylation level of STAT1 and STAT4 protein merely
showed a moderate downward trend that was not statistically significant. We also noted that there were no
recognizable changes observed in DCia-treated mice. On the basis of the above findings, we concluded that
STAT6 signaling may be involved in the regulation of airway inflammation in asthmatic mice treated with
DClps (Fig. 8).

Discussion

In this study, we generated diverse DCs from the bone marrow of wild-type mice that were stimulated with
LPS or IL-10 and delivered these cells to OVA-sensitized/challenged mice. Their impact on pulmonary
allergic inflammation, memory CD4+ T cells and Tregs was determined. Apart from the downregulation
of costimulatory molecules, the upregulation of IL-10 and TGF-β secreted from specific DCs can facilitate
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tolerance10. Our results show that DClps were phenotypically similar to previously reported tolDCs27, 28,
which exhibited signally reduced levels of MHCII and CD80 and enhanced levels of inhibitory cytokines
(IL-10 and TGF-β) relative to DCia. Our observations further confirm that DCs expressing low levels of
costimulatory molecules and high levels of anti-inflammatory cytokines might take on a decided tolerance
advantage.

In vivo studies showed intravenous transfer of DC10 reportedly markedly impeded airway allergic inflam-
mation in murine models of OVA-induced asthma14, 29. Moreover, the intravenous delivery of LPS-induced
tolDCs notably prohibited EAE development in a mouse model6, and Zheng et al. proved that LPS-activated
plasmacytoid DCs effectively alleviated experimental chronic kidney disease30. Intriguingly, there is con-
flicting evidence the intranasal administration of DClps producing high levels of IL-10 enhanced airway
inflammation31, and the intravenous infusion of DC10 failed to reverse the asthma phenotype in sensitized
mice32. Whether DClps can be used to ameliorate allergic asthma has not been completely explored. The
salient discoveries from our study show for the first time that the intraperitoneal transfer of DClps after OVA
challenge considerably reduced inflammatory cell infiltration and the lung injury score in a model of asthma,
suggesting that the delivery routes of DClps might influence their protective effect in treated animals. On
the other hand, the injection of DCia had negligible regulatory effects on airway inflammation; therefore,
our data clearly indicate the pivotal functional differences between LPS-stimulated and nonstimulated DCs
in vivo.

When DClps migrate to the lung has not been clarified, nor had it been assessed whether DClps stably
occupy the lung in vivo. Huang et al. previously reported that DC10 that were intraperitoneally delivered
predominantly migrated to the lungs over 1 week and were visibly reduced within 2 weeks, which corresponded
to the time span over which lung inflammation improved13. On the other side, DC10 treatment have been
shown to induce progressive decreases in Th2 responses (cytokines, eosinophilia, and IgE) to levels near
background over the next 2-5 weeks33. Others have confirmed that LPS activation is required for migratory
activity and antigen presentation by tolDCs generated with dexamethasone34. Similarly, our DClps tracking
data showed that injected cells well migrated to lungs but were active for only 1 week. It remains unexplored
why DClps in this study only affected tolerance over 7 days while others have observed impacts over 2-5
weeks13, 33, but the findings were not contradictory since the modelling time of animals and some treatment
conditions differed in these studies.

Allergen-specific Th2 memory cells have been viewed as fundamental for the development of allergic asthma
in both human and animal models, and DCs regulate the generation of memory T cells at each stage via
the interplay between these cells35. We thus rechallenged the animals with OVA and assessed pulmonary
memory CD4+ T cells, as described above. Of note, we showed that DClps and DC10, but not DCia,
markedly decreased the number and proliferation activity of CD4+CD44highmemory T cells. Similarly, our
MLR assay data confirm that IL-4 secretion was reduced in both TCM and TEMcells from DClps-treated
mice, but IFN-γ was reduced only in TEM cells. Nonetheless, there was no difference in the proportion
of TCM and TEM cells in CD4+CD44high memory T cells among the groups. To some extent, this might
suppress the Th2-skewing immune response, thereby reducing the airway inflammation in treated mice. In
addition, ample experimental evidence supports that TCM and TEM cells can be converted to the other cell
type in many conditions 36; hence, their exact mutual proportion need to be investigated in the future.

We showed that the number of Tregs in the lungs differed negligibly between the groups, as determined by
intracellular staining. Interestingly, these data agree well with previous data showing that DC10 treatment
ex vivo and in vivo did not augment the number of CD4+CD25+Foxp3+ T cells but rather contributed to
their activation24, 33, 37. It is important to note that Zhou et al. demonstrated that LPS-stimulated DCs
cannot modulate Treg-associated molecules on CD4+ T cells such as CD25 and Foxp3 ex vivo38. Others
have also highlighted that the induction of tolerance does not necessarily lead to elevation in the number of
CD4+CD25+ Tregs, but it does unequivocally enhance the expression of IL-10, CTLA4 and LAG-3 in OVA-
sensitized mice39 and house dust mite-sensitized mice12, but we did not evaluate these specific markers in
our experiments. Nevertheless, there is contradictory evidence showing that regulatory DCs prohibited both
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antigen-specific IgE production and allergic responses via the expansion of CD4+CD25+Foxp3+ Tregs16,
and Tregs were shown to remarkably increase in kidney-draining lymph nodes and kidneys after the adoptive
transfer of DClps30; thus, wherein we were unable to unequivocally conclude that DClps have an ignorable
impact on the number of Tregs in different diseases.

DCs determine the differentiation of distinct T cell subsets and complex network of environmental signals
and intrinsic cellular mechanisms affect DCs’ tolerogenicity. Signal transducer and activator of transcription
(STAT) is crucial in cytokines-induced cell responses, for example, IFN-γ induced STAT1 phosphorylation
and IL-12 induced STAT4 phosphorylation can promote Th1 differentiation, whereas IL-4 induced STAT6
phosphorylation promotes Th2 differentiation. Medoff et al. demonstrated that STAT6 in BMDCs was
sufficient for the production of C-C motif chemokine ligand such as CCL17, CCL22, which are critical
for Th2 lymphocyte recruitment to allergic airways40. In present study, there is a trend of diminished
expression of py-STAT4 in DClps group compared to OVA group, but it did not reach statistical significance
(p>0.05). Py-STAT6 in DClps and DC10 groups were obviously decreased compared to OVA group, which
indicate DClps adoptive transfer reversed OVA-sensitized airway inflammation by inhibiting Th2-mediated
inflammation.

In short, BMDCs stimulated with LPS exhibited a tolerogenic phenotype. The intraperitoneal transfer of
DClps inhibited the development of Th2 allergic responses by suppressing memory T cells and decreasing
STAT6 phosphorylation in a mouse model of OVA-induced asthma. Further insight into the molecular
mechanism and optimal process underlying the DClps-mediated immune tolerance should be investigated in
the future.
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Figure 1 Generation and characterization of BMDCs from mice. BMDCs were generated from mouse femurs
and tibiae. BMDCs were cultured in 1640 medium with 10% FCS and 20 ng/mL GM-CSF for 9 days. After
incubation with PBS, 50 ng/mL IL-10 or 10 ng/mL LPS for 24h, cells were stimulated with 1 μM OVA for 2h,
and DCia, DC10 and DClps were generated. CD80, CD11c and MHCII triple -positive cells were identified
as BMDCs (lower panel). Noninduced BM cells were triple negative for these markers (upper panel). (A)
Schematic of BMDC culture. (B) Characterization of BMDCs by flow cytometry. One representative dot
plot is shown.

Figure 2 Secretoary capacity and costimulatory molecule expression of BMDCs.

BMDCs incubated with PBS acted as a control. The levels of IL-10, TGF-β, MCP-3 and IFN-γ in the
supernatant of DCia, DC10 and DClps culture medium were measured by ELISA. Costimulatory molecules on
BMDCs were examined by flow cytometry. CD80 and MHCII expression was lower on DC10 and DClps than
DCia. (A) Cytokine and chemokine expression from IL-10- or LPS-activated BMDCs. (B) Costimulatory
molecules on BMDCs. Data are representative of 3 independent experiments with similar results. The
columns and error bars represent the mean and standard error of the mean (SEM) (**: P < 0.01, ns: no
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significant difference).

Figure 3 Adoptive transfer of LPS-BMDCs alleviated OVA-induced airway inflammation in asthmatic mice.
An asthma model was induced in C57BL/6 mice by OVA-sensitization/challenge. BMDCs were adoptively
transferred to OVA-sensitized mice transperitoneally. (A) Schematic of the OVA-induced asthmatic mouse
model. (B) Representative H&E staining of lung sections and images at 100x magnification.

(C) Lung tissue pathology scores. (D) BAL total cell number and differential cell counts. The columns and
error bars represent the mean and& SEM. (*: P<0.05, **: P < 0.01, ns: no significant difference). The
same experiment was repeated 3 times with similar results (n=5 in each group).
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Figure 4 Adoptive transfer of LPS-BMDCs to OVA-induced asthmatic mice reduced the number of pul-
monary memory CD4+ T cells. OVA sensitization and challenge was similar to that in the previous schematic.
BMDCs were adoptively transferred to OVA-sensitive mice for 3 consecutive days. Rechallenge with OVA
was performed for 5 consecutive days starting on day 35. Mice were sacrificed on day 40. Central memory
CD4+ T cells were CD62L and CCR7 double positive by flow cytometry. Effector memory CD4+ T cells
were CD62L and CCR7 double negative by flow cytometry. The proportion of the two subsets of memory
CD4+ T cells was not significantly different among the DCia, DC10 or DClps groups. (A) Schematic of the
OVA-induced asthmatic mouse model. (B) Analysis of CD4+CD44high memory T cells by flow cytometry.

Figure 5 Adoptive transfer of LPS-BMDCs to OVA-sensitized mice inhibits memory CD4+ T cell prolifera-
tion in the lung. The schematic of the OVA-induced asthmatic mouse model is similar to that shown in Fig.
4, and memory CD4+ T cells were obtained from mouse lungs on day 40. After the MLR, the proliferation
activity of memory CD4+ T cells was determined by CFSE. The proliferation of memory CD4+ T cells was
lower in the DClps and DC10 groups than the DCia and nontransferred groups.
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Figure 6 Changes in the cytokine release profile in memory CD4+ T cells from asthmatic mice adoptively
transferred with LPS-BMDCs. The schematic of the OVA-induced asthmatic mouse model is similar to that
shown in Fig. 4, and memory CD4+ T cells were obtained from mouse lungs on day 40. After MLR, the
level of cytokines released from memory CD4+ T cells was measured by ELISA. IL-4 secretion was reduced
in both effector and central memory CD4+ T cells from mice that were adoptively transferred DClps and
DC10. IFN-γ secretion was reduced in effector memory CD4+ T cells but not in central memory CD4+ T
cells from mice that were adoptively transferred with DClps and DC10. (A) Th2 cytokine levels. (B) Th1
cytokine levels. The same experiment was repeated 3 times with similar results (n=5 in each group).
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Figure 7 The number of Treg cells in the lung after the transfer of LPS-BMDCs into OVA-induced asthmatic
mice. Pulmonary Tregs were characterized as CD4+CD25+Foxp3+ by flow cytometry. The number of Tregs
was not significantly different among groups. (A) Schematic of the OVA-induced asthmatic mouse model.
(B) Number of pulmonary Tregs.

Figure 8 The expression and phosphorylation of STATs in mouse lungs after the transfer of BMDCs to
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OVA-sensitized mice. The protocol for OVA-induced allergic asthma and the transfer of BMDCs to OVA-
sensitized mice was the same as in Fig. 3.

Lung tissues were homogenized after the adoptive transfer of BMDCs to OVA-sensitized mice. Mononuclear
cells were isolated from the homogenate. STATs and phosphorylated STATs were detected by WB. The
right columns represent the densitometer analysis of WB. (A) STAT1 and py-STAT1 expression; (B) STAT4
and py-STAT4 expression; (C) STAT6 and py-STAT6 expression. Data are representative of 3 independent
experiments with similar results (*P < 0.05, ns: no significant difference).
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