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Abstract—Interleukin-27 receptor (IL-27R) is expressed in a variety of immune cells and
structural cells, including dendritic cells. The mechanism of IL-27 in asthma has not been
fully elucidated. This study aimed to examine whether IL-27 regulated the CD39/ATP
axis of dendritic cells in asthma. Our results showed that in ovalbumin (OVA)-induced
asthma mouse model, IL-27Ra~"~ asthmatic mice showed increased airway resistance,
increased infiltration of inflammatory cells in lung tissue, proliferation of goblet cells,
enhanced expression of Muc5 AC around airway epithelium, increased total number of
cells and eosinophils, increased levels of total IgE, OVA-IgE, IL-4, IL-5, IL-13 and IL-17
A, and increased expression of transcription factors GATA-3 and RORyt in lung tissue. The
expression of CD39 mRNA and protein in the lung tissue of IL-27Ra ™'~ asthmatic mice
decreased, and the expression of NLRP3, ASC and Caspase-1 in NLRP3 inflammasome
components increased. The concentration of ATP was significantly increased compared
with WT asthmatic mice. In vitro experiments showed that the expression of CD39 in lung
dendritic cells of IL-27Ra ™/~ asthmatic mice decreased, while the expression of NLRP3
inflammasome components NLRP3, ASC and Caspase-1 increased. These findings indi-
cate that IL-27 directly and indirectly regulates immunoinflammatory responses in asthma
by acting on dendritic cells CD39/ATP Axis.
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inflammation is the core pathophysiological process
of asthma. Interleukin (IL) family members (such as
IL-4, IL-5,IL-13, and IL-17) are important factors that
mediate airway inflammation. In recent years, with the
in-depth study of asthma phenotypes and immunologi-
cal mechanisms, at least dozens of new cytokines have
been confirmed to be involved in the pathogenesis of
asthma, but there is still a lack of a thorough under-
standing of the development mechanism of interleukins
in asthma [1].

IL-27 is a multifunctional immune regulatory
factor, which is differentially regulated in multiple
sclerosis/experimental autoimmune encephalomyelitis
(EAE), inflammatory bowel disease (IBD), rheumatoid
arthritis (RA) and other immune diseases, and plays a
pro-inflammatory or anti-inflammatory role. In recent
years, reports on IL-27 involved in the regulation of
airway inflammation and airway hyperresponsiveness
in asthma have been increasing, but different studies
have controversially discussed the role and mechanism
of IL-27 in the pathogenesis of asthma [2].

Dendritic cells (DC) are professional antigen-pre-
senting cells, which are widely distributed in the airway,
interstitial lung, pleura, and bronchial lymph nodes.
It was previously believed that dendritic cells were
the key initiators to induce allergen-specific immune
responses in asthma. Dendritic cells are important cells
for the synthesis and secretion of IL-27. Lipopolysac-
charide (LPS) can activate the Toll-like receptor (TLR)
-4 of dendritic cells and induce the increase of IL-27
synthesis through signal molecules such as myeloid dif-
ferentiation factor (MyD)88, nuclear factor (NF) -kB
and interferon regulatory factor (IRF) -3. Dendritic
cells also express the IL-27 receptor, and the IL-27
secreted by dendritic cells has an ‘autocrine action’ on
the dendritic cells themselves. In different disease envi-
ronments, [L.-27 differentially regulates dendritic cell
function in the form of ‘autocrine’ [3].

CD39 is expressed in vascular endothelial cells,
dendritic cells, regulatory T cells (Treg), and other cell
types, and its expression level is regulated by cytokines,
oxidative stress, and other factors. CD39 has a protec-
tive effect on cells, tissues, or organs in inflammation,
injury, and autoimmune diseases because it can hydro-
lyze ATP and inhibit the pro-inflammatory effect of
dangerous signal ATP. Therefore, we hypothesized that
IL-27 affects airway inflammation and airway hyper-
responsiveness in asthmatic mice by affecting the den-
dritic CD39 /ATP axis [4].
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MATERIALS AND METHODS

Animals and Animal Models

Normal C57BL/6 female mice (Wild Type,
WT) were purchased from the Experimental Animal
Research Center of Hubei Province and raised in the
Animal Experimental Center of Wuhan University
(SPF). The IL-27Ra gene knockout (IL-27Ro~") mice
with C57BL/6 as the background were donated by Pro-
fessor Cao Ju, Department of Clinical Laboratory, the
First Affiliated Hospital of Chongqing Medical Univer-
sity, and raised in the Animal Experimental Center of
Wuhan University (SPF).

6-8-week-old mice with an average body weight of
about 20 g (18-22 g) were selected and sensitized twice
by intraperitoneal injection with 200 pL of OVA (Sigma-
Aldrich Chemical Co, St. Louis, MO, USA) sensitizing
solution containing Alum adjuvant, with an interval of
2 weeks. The number of days of the first sensitization
was recorded as day 0, and the number of days of the
second sensitization was recorded as day 14; on days
25, 26, and 27, nasal administration was given at a fixed
time for three consecutive days to stimulate. Before nasal
drip, 1% pentobarbital sodium was injected intraperito-
neally (60 mg/kg body weight of mice), and the stimula-
tion was performed after the anesthesia was satisfactory.
Mice in the control group were intraperitoneally injected
with 200 pl PBS buffer twice on days 0 and 14. On days
25, 26, and 27, when the mice were challenged for three
consecutive days, the dosage and administration methods
were the same as those in the asthma group.

Statistical Analysis

The measurement data were expressed as
mean + standard error (x (-) £ SEM). SPSS 17.0
statistical software was used to analyze the data, and
Graph Pad Prism 5 software was used for drawing.
When analyzing the data, the normal distribution test
(Kolmogorov—Smirnov test) and the homogeneity
of variance test (Levene’s Test for Homogeneity of
Variance test) were first performed in groups. One-
way ANOVA was used to compare the means between
multiple groups. Further comparison between the two
groups, the LSD test was used when the variance was
homogeneous, and Dunnett’s T3 test was used when
the variance was not homogeneous. When P < 0.05, the
difference was statistically significant.
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Additional Methodological Details

For further information on materials and methods
such as specimen collection, pathological section stain-
ing, quantitative real-time PCR (qPCR) detection, Western
blot detection, and enzyme-linked immunosorbent assay
(ELISA), please refer to the Supplementary information 1.

RESULTS

IL-27Ra Gene Knockout Aggravates Airway
Hyperresponsiveness and Pulmonary Inflammation

Airway resistance index (RI) results showed that the
growth rate of RI value in asthmatic mice was significantly
faster than that in normal control mice. When the con-
centration of Mch> 12.5 mg/ml, the airway resistance of
IL-27Ra~"~ asthmatic mice was significantly higher than
that of WT asthmatic mice (P <0.05 or P<0.01) (Fig. 1a).
The results of pulmonary dynamic compliance (Cdyn)
showed that Only when the concentration of Mch reached
50 mg/ml, the Cdyn value of IL-27Ra™/~asthmatic mice
was significantly lower than that of WT asthmatic mice
(P<0.05) (Fig. 1b).

The results hematoxylin—eosin (HE) and schiff peri-
odic acid shiff (PAS) staining showed that the lung tissue
structure of WT normal mice and IL-27Ra~normal mice
was intact, and there was no obvious inflammatory cell
infiltration (Fig. 1c and g). There was almost no expres-
sion of PAS-positive (PAS*) goblet cells in bronchial epi-
thelial cells (Fig. 1d and h). Inflammatory cell infiltration
was observed around the bronchi and small blood vessels in
the lung tissue of WT asthmatic mice, mainly eosinophils,
and PAS™ goblet cells in bronchial epithelial cells increased
significantly (Fig. 1e and f). The inflammation of lung tis-
sue in IL-27Ra™"~ asthmatic mice was more severe than
that in WT asthmatic mice, and the PAS* area normalized
by a perimeter of basement membrane (PBM) was also sig-
nificantly increased (Fig. 1i and j).

IL-27Ra Gene Knockout Promotes the Expression
of MucSAC Protein in Bronchial Epithelium

Semi-quantitative analysis of the average optical
density value (AOD value) of Muc5AC protein in the
bronchus showed that there was no significant difference
in the AOD value of Muc5AC protein between WT nor-
mal mice (0.104 +0.008) and IL-27Roa~’"normal mice

(0.121 £0.010) (P> 0.05). Compared with WT normal
mice (0.104 +0.008), the AOD value of Muc5AC pro-
tein in WT asthmatic mice (0.287 +£0.010) was signifi-
cantly increased (P <0.001), but the latter was still lower
than that of IL-27Ra~~asthmatic mice (0.345+0.015),
and the difference between the groups was statistically
significant (P <0.05). This indicates that IL-27Ra gene
knockout promotes the expression of Muc5AC protein in
the bronchial epithelium of mouse lung tissue (Fig. 2).

IL-27Ra Gene Knockout Increased
the Expression of Serum IgE

The results showed that there was no significant
difference in serum total IgE content between WT normal
mice (8.40+ 1.57 pg/ml) and IL-27Ra~'"normal mice
(9.80+1.92 pg/ml) (P >0.05). Compared with WT nor-
mal mice (8.40+ 1.57 pg/ml), the serum total IgE level
of WT asthmatic mice (19.73 +3.08 pg/ml)was signifi-
cantly increased (P <0.01), but the latter was still lower
than the serum total IgE level of IL-27Ra~/~asthmatic
mice (28.58 +£3.55 pg/ml), and the difference between the
groups was statistically significant (P <0.05) (Fig. 3a).

The serum OVA-IgE levels in WT normal mice
and IL-27Ra~'"normal mice were lower than the lower
limit of detection (< 0.32 ng/ml), while those in WT
asthmatic mice and IL-27Ra~/~asthmatic mice were
significantly increased. The serum OVA-IgE level in
IL-27Ro~asthmatic mice (5.43 +0.53 ng/ml) was higher
than that in WT asthmatic mice (3.29 +0.36 ng/ml), and
the difference was statistically significant (P <0.05)
(Fig. 3b).

Effects of IL-27Ra Gene Knockout
on the BALF Cells

The results showed that there was no signifi-
cant difference in the total number of BALF cells
between WT normal mice and IL-27Ra~'"normal mic
(P>0.05). Compared with the above two groups, the
total number of BALF cells in WT asthmatic mice
and IL-27Ra~'~asthmatic mice increased significantly
(P<0.001 and P<0.01), and there were significant dif-
ferences in the number of different types of cells. Com-
pared with WT asthmatic mice, the absolute values of
eosinophils, neutrophils, and lymphocytes increased, and
the difference was statistically significant (P <0.01 or
P <0.001) (Fig. 4) (Supplementary information 2, Fig. 2).
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«Fig. 1 Effect of IL-27Ra gene knockout on airway hyperresponsiveness
and lung inflammation in asthmatic mice. a The effect of twofold increas-
ing concentration of methacholine (Mch) on airway resistance index (RI)
in mice; b Effects of twofold increasing concentration of methacholine
(Mch) on dynamic lung compliance (Cdyn) in mice. ¢ and d HE and PAS
staining of lung tissue in WT normal mice; e and f HE and PAS stain-
ing of lung tissue in WT asthmatic mice; g and h HE and PAS staining
of lung tissue in IL-27Ra-/- normal mice; I and J: HE and PAS stain-
ing of lung tissue in IL-27Ra-/- asthmatic mice. * means WT group
compared with WT (Asthma) group, * P<0.05, * * P<0.01; A means
IL-27a-/-group compared with IL-27a-/- (Asthma) group, A P<0.05,
A A P<0.01; # means WT (Asthma) group compared with IL-270-/-
(Asthma) group, # P<0.05, ## P<0.01.

Effects of IL-27Ra Gene Knockout on Th
Cell-related Factors

The results showed that compared with WT nor-
mal mice, the levels of IFN-y and IL-10 in BALF of
IL-27Ra~'"normal mice were decreased (P < 0.05).
The levels of IL-4, IL-5, IL-13, and IL-17 A in BALF
of WT asthmatic mice were higher than those of WT
normal mice, while the levels of IL-10 and IFN-y were
lower (P <0.05), and the levels of I1L-4, IL-5, IL-13,
and IL-17 A were significantly increased (P <0.05 or

Fig. 2 Effect of IL-27Ra gene knockout on the expression of Muc5AC protein in bronchial epithelium of asthmatic mice (x200). a The expression
of Muc5AC protein in bronchial epithelium of WT normal mice; b The expression of Muc5SAC protein in bronchial epithelium of WT asthmatic
mice; ¢ The expression of Muc5AC protein in bronchial epithelium of IL-27Ra-/-normal mice; d The expression of Muc5SAC protein in bronchial

epithelium of IL-27Ra-/- asthmatic mice.
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Fig. 3 Effects of IL-27Ra gene knockout on serum total IgE and OVA-specific IgE (OVA-IgE) in asthmatic mice. a Serum total IgE content;
b OVA-specific IgE content. ND (not detected): cannot be detected below the detection limit. * P <0.05, * * P<0.01, * * * P<0.001.

P <0.01). It is worth noting that the content of IL-10 in
BALF of IL-27Ra™"~ asthmatic mice was also signifi-
cantly higher than that of WT asthmatic mice, and the
difference between the groups was statistically significant
(P<0.001) (Fig. 5atof).

The results showed that compared with WT nor-
mal mice, the expression of T-bet in lung tissue of
IL-27Ra ' "normal mice was decreased (P < 0.05). The
expression levels of GATA-3 and RORyt in lung tissue of
WT asthmatic mice were higher than those of WT normal
mice, while the expression of T-bet and Foxp3 decreased,
and the difference between the groups was statistically
significant (P <0.01). Compared with WT asthmatic
mice, the expression levels of GATA-3 and RORyt in
lung tissue of IL-27Ra"/"asthmatic mice were increased
(P <0.05), while the expression levels of T-bet and Foxp3
were decreased (P <0.05) (Fig. 5g to j).

IL-27Ra Gene =Knockout Promotes
the Expression of NLRP3 Inflammasome

The results showed that there was no significant
difference in the expression levels of NLRP3 and ASC
mRNA and protein in lung tissue of IL-27Ra~~normal
mice compared with WT normal mice (P> 0.05) (Fig. 6a
and b). The mRNA and protein expression levels of
NLRP3 and ASC in lung tissue of WT asthmatic mice
were significantly higher than those of WT normal mice
(P<0.01 or P<0.001) (Fig. 6¢ and d).

The expression level of Caspase-1 in lung tissue of
WT asthmatic mice was higher than that of WT normal
mice but lower than that of IL-27Ra~'"asthmatic mice,
and the difference between groups was statistically sig-
nificant (P <0.05) (Supplementary information, Fig. 3).
Our research further verified that compared with WT
asthmatic mice, the expression levels of IL-1f and IL-18
protein in lung tissues of IL-27Ra ' ~asthmatic mice were
further increased, and the difference between groups was
statistically significant (P <0.05) (Supplementary infor-
mation 2, Fig. 4).

There was no significant difference in the
expression of NLRP3 between IL-27Ra~"BMDC control
group and IL-27Ra""BMDC rmIL-27 group (P> 0.05),
but it was significantly higher than that of WT-BMDC
control group and WT-BMDC rmIL-27 group (P <0.01).
The expression levels of NLRP3 mRNA and protein in
the IL-27Ra"BMDC LPS group were significantly
higher than those in IL-27Ra~"BMDC control group
(P<0.001), but there was no significant difference
between IL-27Ra”"BMDC rmIL-27* LPS group
(P>0.05) (Fig. 6e, g and h). The expression levels of
ASC mRNA and protein in the IL-27Ra""BMDC control
group were higher than those in the WT-BMDC control
group (P <0.05 or P<0.01). The expression levels of
ASC mRNA and protein in the IL-27Ra~"BMDC rmIL-
27 group were also higher than those in the WT-BMDC
rmlIL-27 group (P <0.001 or P<0.01) (Fig. 6f, g, and
i). Compared with WT asthmatic mice, the expression
levels of IL-1f and IL-18 protein the supernatant of
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Fig. 4 Effects of IL-27Ra gene knockout on the total number and differential count of bronchoalveolar lavage fluid (BALF) cells in asthmatic mice.
a Total cell count in BALF; b, ¢, and d BALF cells were stained with Wright-Giemsa and counted for eosinophils (Eos), neutrophils (Neu) and lym-

phocytes (Lym). * * P<0.01, * * * P<0.001.

BMDC culture medium of IL-27Ra ™~ ~asthmatic mice
were increased, and the difference between groups
was statistically significant (P <0.05) (Supplementary
information 2, Fig. 5).

IL-27Ra Gene Knockout Reduces
the Expression of CD39

The results of qPCR confirmed that compared with
WT normal mice, the expression level of CD39 mRNA in
lung tissue of IL-27Ra~normal mice tended to decrease,

but the difference was not statistically significant
(P>0.05). The expression level of CD39 mRNA in lung
tissue of WT asthmatic mice was lower than that of WT
normal mice (P <0.001), while the expression level of
CD39 mRNA in lung tissue of IL-27Ra~asthmatic mice
was significantly lower than that of IL-27Ra~~normal
mice and WT asthmatic mice (P <0.001 and P <0.05)
(Fig. 7a). The results of Western blot also confirmed that
the expression level of CD39 protein in lung tissue of WT
asthmatic mice and IL-27Ro~'~asthmatic mice was lower
than that of WT normal mice and IL-27Ra~'"normal
mice (P <0.05 and P <0.001), respectively. Compared
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with WT asthmatic mice, the expression level of CD39
protein in lung tissue of IL-27Ro~asthmatic mice was
further decreased, and the difference between groups was
statistically significant (P <0.05) (Fig. 7b and c).

The results showed that there was no significant
difference in the mean fluorescence intensity (MFI)
of CD39 expression in lung dendritic cells (CD11c *
F4/80-cell population) between WT normal mice and
IL-27Ra~'"normal mice. Compared with WT normal
mice, the MFI value of CD39 in lung dendritic cells
of WT asthmatic mice was significantly decreased
(P <0.05), while the expression level of CD39 in lung
dendritic cells of IL-27Roa~"asthmatic mice was further
decreased compared with WT asthmatic mice, and the
difference was statistically significant (P <0.05) (Fig. 7d
and e).

The results of qPCR showed that the expression
level of CD39 in the IL-27Ra~"BMDC control group
was lower than that in the WT-BMDC control group
(P<0.01). Compared with WT-BMDC control group,
the expression of CD39 in WT-BMDC rmIL-27 group
and WT-BMDC LPS group was increased (P <0.01
or P<0.001), but in IL-27Ra~’"BMDC group, only
the expression of CD39 in LPS group was increased
(P<0.001), while there was no significant difference
between rmIL-27 group and control group (P> 0.05).
The results of the Western blot also confirmed that under
normal conditions, the expression level of CD39 in
WT-BMDC was higher than that in IL-27Ra~'"BMDC
(P<0.01). rmIL-27 or LPS intervention could increase
the expression level of CD39 in WT-BMDC, and the
difference between groups was statistically significant
(P<0.05 or P<0.001) (Fig. 7f to h).

IL-27Ra Gene Knockout Increases
the Expression of ATP in BALF and BMDC

The results showed that the ATP content in BALF
of IL-27Ra~~normal mice was higher than that of WT
normal mice, but there was no significant difference
between the groups (P> 0.05). Compared with WT nor-
mal mice, ATP content in BALF of WT asthmatic mice
was significantly increased, while ATP content in BALF
of IL-27Ra~'~asthmatic mice was higher than that of WT
asthmatic mice, and the differences between groups were
statistically significant (P <0.001) (Fig. 8). Our study
further verified the effect of IL-27Ra gene knockout
on the ATP hydrolysis function of mouse BMDC. The

results showed that the ATP content in the supernatant of
the IL-27Ra~"BMDC rmIL-27 group was also signifi-
cantly higher than that in the WT-BMDC rmIL-27 group
(95.333+7.579 pmol/L vs.16.713 +3.888 pmol/L), and
the difference was statistically significant (P <0.001)
(Supplementary information 2, Fig. 6).

The Role of the JAK/STAT Signaling Pathway
in the Regulation of BMDC CD39 Expression
by IL-27

Among the phosphorylated (p-) JAK family mem-
bers, the expression of p-JAK1 and p-JAK?2 proteins in
WT-BMDCs showed significant changes within 60 min
after rmIL-27 intervention: In the initial 15 min, the
expression levels of p-JAKI1 and p-JAK2 proteins in
WT-BMDCs were significantly higher than those before
rmIL-27 intervention (P <0.001), and the p-JAK1/
JAK1 ratio increased and remained at a high level for
the next 45 min. Since rmIL-27 promoted the simultane-
ous increase of JAK2 expression, the p-JAK2/JAK?2 ratio
did not change significantly. The above phenomenon was
not observed in IL-27Roa"/"BMDC after rmIL-27 inter-
vention, and the expression of p-JAK1 and p-JAK2 in
IL-27Ra- / -BMDC remained at a low level.

After rmIL-27 intervention, the expression level
of WT-BMDC STAT group members increased or
decreased within a certain range, but there was no sta-
tistical difference (P > 0.05), while IL-27Ra~/"TBMDC
was hardly affected by rmIL-27. Among the phospho-
rylated STAT family members, the expression levels
of p-STAT1 and p-STAT3 in WT-BMDCs after rmIL-
27 intervention were significantly higher than those
before intervention (P < 0.05) (Supplementary infor-
mation 2, Fig. 7).

DISCUSSION

At present, animal experiments have confirmed the
role of IL-27 in inhibiting the pathogenesis of asthma, but
different clinical studies have reported different levels of
IL-27 expression in asthma patients. This may be closely
related to the different immune response intensities of
different disease individuals after allergen stimulation. It
is also affected by multiple factors such as allergen type,
time limit of hypersensitivity reaction, disease course,
and research object (tissue/cell). The inhibitory effect
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«Fig. 6 Effect of IL-27Ra gene knockout on the expression of NLRP3
inflammasome asthmatic mice. a Western blot was used to detect the
expression of NLRP3 protein in lung tissue of mice in each group;
b Western blot was used to detect the expression of ASC protein in
lung tissue of mice in each group. ¢ and d qPCR was used to detect the
expression levels of NLRP3 and ASC mRNA in lung tissues of mice
in each group. Effect of IL-27Ra gene knockout on the expression of
NLRP3 inflammasome in BMDC. e and f qPCR was used to detect
the mRNA expression levels of NLRP3 and ASC in WT-BMDC and
IL-27Ra-/-BMDC after 48 h of rmIL-27 or/and LPS intervention;
g, h and i Western blot was used to detect the expression levels of
NLRP3 and ASC proteins in WT-BMDC and IL-27Ra-/-BMDC after
48 h of rmIL-27 or/and LPS intervention; * P<0.05, * * P<0.01, * *
* P<0.001.* P<0.05, * * P<0.01, * * * P<0.001.

of IL-27 on airway inflammation and airway hyperre-
sponsiveness in asthma may be the combined effect of
different types of Th cells regulated by IL-27. IL-27
inhibits Th2 cell differentiation and reduces the secre-
tion of cytokines such as IL-4, IL-5, and IL-13, which
are critical in promoting IgE synthesis, inducing eosino-
phil chemotaxis and recruitment, and increasing airway
mucus secretion (mainly Muc5AC protein). [5—7] At the
same time, IL-27 can inhibit Th17 cell differentiation and
IL-17 secretion by down-regulating the expression levels
of RORa and RORY in ThO cells, and reduce the release
of pro-inflammatory factors such as IL-6, IL-8, and pros-
taglandin (PG) E2 from airway epithelial cells, fibro-
blasts, and stromal cells, and exert an inhibitory effect
on Th17 immune response. [8] It is worth noting that our
study confirmed that the contents of IFN-y and IL-10 in
BALF of IL-27Ra"/"normal mice were lower than those
of WT asthmatic mice, but the content of IL-10 in BALF
of IL-27Ra"/"asthmatic mice was significantly higher
than that of WT asthmatic mice, and IFN-y also showed
an increasing trend [9].

Although basic studies have confirmed that, on the
one hand, IL-27 not only promotes T-bet expression by
inducing STAT1 phosphorylation but also up-regulates
the expression level of surface molecule IL-12Rp2 and
increases IL-12-dependent IFN-y synthesis, on the other
hand. IL-27 can promote the expression of early growth
response gene (Egr) -2 and B lymphocyte-induced
maturation protein (Blimp) -1 in Tr1 cells through STAT1
and STATS3 signaling pathways, and play a positive
regulatory role in the synthesis of IL-10. IL-27 may
cooperate with other factors to promote the differentiation
of Thl and Tr1 cells, induce the synthesis of IFN-y and
IL-10, and directly or indirectly inhibit the excessive
immune response of the body. In addition, for the non-
corresponding situation the content of IFN-y and IL-10 in

BALF of IL-27Ra™/"asthmatic mice increased (or tended
to increase), while the expression of T-bet and Foxp3
in lung tissue decreased, we speculated that the causes
include: (1) IL-27 may regulate Th cell differentiation
and cytokine synthesis through different mechanisms, and
there are differences in the regulatory pathways between
the two; (2) IL-27 may regulate Th cell differentiation
and cytokine synthesis through different mechanisms. (2)
The cells that produce IFN-y and IL-10 are not limited to
Thl, Treg and Tr1 cells. Recent studies have confirmed
that innate lymphoid cells (ILC) are also an important
source of these factors Current studies have shown that
IL-27, as an immunomodulatory factor, inhibits airway
inflammation and airway hyperresponsiveness in asthma.
Most studies have confirmed that this is related to the
differential regulation of Th cells by IL-27. However,
asthma is a chronic inflammatory airway disease
involving multiple cells and cellular components. In
addition to T cells, IL-27 may also regulate other types
of cells such as dendritic cells, macrophages, and natural
killer cells (NK) [10, 11].

In this study, we first confirmed that the expression
level of CD39 in the lung tissue of asthmatic mice was
lower than that of normal control mice, while the ATP
content in BALF was significantly higher than that of
normal control mice. Secondly, we found that although
there was no significant difference in the expression level
of CD39 in the lung tissue between WT normal mice and
IL-27Ra”/"normal mice, the expression level of CD39
in lung tissue of IL-27Ra"/"asthmatic mice was signifi-
cantly lower than that of WT asthmatic mice. Correspond-
ingly, the ATP content in BALF of IL-27Ra "/ asthmatic
mice was significantly higher than that of WT asthmatic
mice, but there was no significant difference between
WT mice and IL-27Ra™/"mice under normal condi-
tions. Therefore, it is speculated that the increase of
airway responsiveness and airway inflammation in asth-
matic mice caused by IL-27Ra gene knockout may be
closely related to the decrease of CD39 expression and
the increase of ATP content in the airway of asthmatic
mice. The dysfunction of IL-27 may be an important fac-
tor leading to the imbalance of the CD39/ATP axis in the
lung tissue of asthmatic mice [12].

NLRP3 inflammasome is involved in airway
inflammation. Studies have confirmed that compared with
WT asthmatic mice, NLRP3 gene knockout (NIrp37/7),
ASC/PYCARD gene knockout (Pycard™"), or Caspase-1
gene knockout (Caspase-17/7) asthmatic mice estab-
lished by OVA sensitization and challenge model have
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Fig. 7 Effects of IL-27Ra gene knockout on the expression of CD39 mRNA. a qPCR was used to detect the expression of CD39 mRNA in the
lung tissue of mice in each group. b and ¢ Western blot was used to detect the expression of CD39 protein in the lung tissue of mice in each group.
d Flow cytometry to detect the expression of CD39 in mouse lung dendritic cells flow diagram; e The effect of IL-27Ra gene knockout on the
expression of CD39 mean fluorescence intensity (MFI) in lung dendritic cells of asthmatic mice. f gPCR was used to detect the expression of CD39
mRNA in WT-BMDC and IL-27Ra-/-BMDC after rmIL-27 or/and LPS intervention; g and h Western blot was used to detect the expression of
CD39 protein in WT-BMDC and IL-27Ra-/-BMDC after rmIL-27 or (and) LPS intervention. * P<0.05, * * P<0.01, * * * P<0.001.* P<0.05, *

*P<0.01.* P<0.05, * * * P<0.001.

significantly reduced inflammatory cell infiltration in
lung tissue, serum IgE level and Th2 and Th17 cytokine
content in BALF, indicating that NLRP3 inflammasome
is essential in the occurrence or aggravation of asthmatic
airway inflammation. In addition, Lee TH et al. proposed
that neutrophilic airway inflammation is inseparable from
the activation of NLRP3 inflammasome. IL-1f produced

after the activation of NLRP3 inflammasome positively
regulates the differentiation of Th17 cells, which pro-
motes the secretion of IL-6 and IL-8 and induces neutro-
phil recruitment, which may be an important factor in the
acute attack of asthma. Our study confirmed that IL-27Ra
gene knockout can lead to an imbalance of CD39/ATP
axis function in lung tissue of asthmatic mice: IL-27
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Fig. 8 Effect of IL-27Ra gene knockout on ATP content in bronchoalveolar lavage fluid (BALF) of asthmatic mice. * * * P <0.001.

dysfunction leads to insufficient expression of CD39, and
excessive ATP activates downstream NLRP3 inflamma-
some, which induces inflammatory waterfall effect in the
lesion microenvironment through IL-1f and IL-18, and
promotes Th2 and Th17 immune response bias [13].

We speculate that the possible mechanism is that
there are a large number of endogenous * danger signals’
that can activate NLRP3 inflammasome in the airway of
mice during acute asthma attacks. The most representative
one is that allergens induce a large amount of ATP
released by a variety of immune cells and inflammatory
cells. IL-27Ra gene knockout leads to decreased CD39
expression or limited hydrolysis function of some specific/
non-specific cells in the lung tissue of asthmatic mice,
and a large amount of ATP is accumulated in the internal
environment. The P2X7 receptor induces the assembly
and activation of NLRP3 inflammasome components
NLRP3, ASC, and Pro-caspase-1 to form Caspase-1
with enzymatic cleavage function. The latter acts on the
precursor of IL-1 family members to make them active
mature IL-1p and IL-18, both of which are released

into the extracellular to promote Th2 and Th17 immune
responses. Finally, the airway reactivity of asthmatic mice
was increased and the airway inflammatory characteristics
were aggravated [14].

Dendritic cells are an important source of IL-27 pro-
duction. Previous studies have focused on the effects of
IL-27 derived from dendritic cells on T cell proliferation,
differentiation, and secretion in different disease environ-
ments. It has been confirmed that dendritic cells express
IL-27 receptors at the same time, and the synthesized 1L-27
has an ‘autocrine effect’ on dendritic cells themselves.
Visperas A et al. found that in the mouse colitis model,
IL-27 acts on dendritic cells and enhances the ability of LPS
to induce IL-6 and IL-1f synthesis and secretion, and plays
a positive regulatory role in Th17 cell differentiation and
Th17 immune response, eventually causing explosive coli-
tis. Mascanfroni ID et al. [15] confirmed that the synthesis
of IL-6, IL-12, and IL.-23 in dendritic cells from the spleen
of IL-27Ra ™/ mice derived from experimental autoimmune
encephalomyelitis (EAE) increased, while the secretion of
IL-10 decreased, which promoted Th1 and Th17 immune
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responses and aggravated the infiltration of inflammatory
cells in the central nervous system. So, in the asthma dis-
ease environment, whether IL-27 has a similar ‘autocrine’
regulatory effect on dendritic cells is rarely reported in the
relevant literature.

CONCLUSION

IL-27Ra gene knockout leads to increased airway
hyperresponsiveness and airway inflammation in asth-
matic mice. The possible mechanism is that IL-27 dys-
function causes decreased CD39 expression and limited
ATP hydrolysis function of dendritic cells in asthmatic
mice through JAK (1/2)/STAT (1/3) signaling pathway.
The imbalance of the CD39/ATP axis leads to exces-
sive activation of downstream NLRP3 inflammasome,
releases a large number of pro-inflammatory factors such
as IL-1p and IL-18, aggravates the polarization of Th2
and Th17 cells, and ultimately promotes airway inflam-
mation and airway hyperresponsiveness in asthma.

SUPPLEMENTARY INFORMATION

The online version contains supplementary material available at
https://doi.org/10.1007/s10753-023-01945-9.

AUTHOR CONTRIBUTION

Yifei Chen, Miaojuan Zhu and Jiahao Hu wrote the main manuscript
text, and Shaojun He, Shuhua Li and bing Liu prepared the Figures.
Jiong Yang revise the total text. All authors reviewed the manuscript.

FUNDING

Our project is sponsored by National Natural Science Founda-
tion of China (Fund number: 81670024) and Hubei Natural Science
Foundation (Fund number: 2021CFB121) and The advantageous
discipline cultivation project of Zhongnan Hospital of Wuhan Uni-
versity (Fund number: XKJS202011).

AVAILABILITY OF DATA AND MATERIALS

All authors had full access to all of the data in the study and
takes responsibility for the integrity of the data and the accuracy
of the data analysis, including and especially any adverse effects.

DECLARATIONS

Ethics Approval This study was approved by the Ethics
Committee of Zhongnan Hospital of Wuhan University
(ZN2022152).

Chen, Zhu, Hu, He, Li, Liu and Yang

Competing Interests The authors declare no competing
interests.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and repro-
duction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third
party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in
a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Papi, A, C. Brightling, S.E. Pedersen, and H.K. Reddel. 2018.
Asthma. Lancet (London, England) 391 (10122): 783-800.

2. Xiong, P., T. Liu, H. Huang, Y. Yuan, W. Zhang, L. Fu, and
Y. Chen. 2022. IL-27 overexpression alleviates inflammatory
response in allergic asthma by inhibiting Th9 differentiation and
regulating Th1/Th2 balance. Immunopharmacology and immuno-
toxicology 44 (5): 712-718.

3. Gong, H.,, S. Ma, J. Chen, B. Yang, S. Liu, X. Liu, J. Han, X.
Wu, L. Lei, Z. Yin, H. Sun, D. Yu, H. Liu, Y. Xu, and D. Wu.
2022. Dendritic cell-derived IL-27 p28 regulates T cell program in
pathogenicity and alleviates acute graft-versus-host disease. Signal
transduction and targeted therapy 7 (1): 319.

4. Abderrazak, A., T. Syrovets, D. Couchie, K. El Hadri, B. Friguet,
T. Simmet, and M. Rouis. 2015. NLRP3 inflammasome: From a
danger signal sensor to a regulatory node of oxidative stress and
inflammatory diseases. Redox biology 4: 296-307.

5. Michalak-Stoma, A., J. Bartosiniska, D. Raczkiewicz, M. Kowal, J.
Kozak, M. Gujski, D. Krasowska, and G. Chodorowska. 2022. Mul-
tiple cytokine analysis of Th1/Th2/Th9/Th17/Th22/Treg cytokine
pathway for individual immune profile assessment in patients with
psoriasis. Medical science monitor : International medical journal
of experimental and clinical research 28: €938277.

6. Chen, X., R. Deng, W. Chi, X. Hua, F. Lu, F. Bian, N. Gao, Z. Li,
S.C. Pflugfelder, C.S. de Paiva, and D.Q. Li. 2019. IL-27 signaling
deficiency develops Th17-enhanced Th2-dominant inflammation
in murine allergic conjunctivitis model. Allergy 74 (5): 910-921.

7. Xu, F.,J. Yi, Z. Wang, Y. Hu, C. Han, Q. Xue, X. Zhang, and
X. Luan. 2017. IL-27 regulates the adherence, proliferation, and
migration of MSCs and enhances their regulatory effects on
Thl and Th2 subset generations. Immunologic research 65 (4):
903-912.

8. Zha, X., S. Yang, W. Niu, L. Tan, Y. Xu, J. Zeng, Y. Tang, L.
Sun, G. Pang, S. Qiao, H. Zhang, T. Liu, H. Zhao, N. Zheng,


https://doi.org/10.1007/s10753-023-01945-9
http://creativecommons.org/licenses/by/4.0/

IL-27 Alleviates Airway Inflammation and Airway Hyperresponsiveness...

10.

11.

12.

Y. Zhang, and H. Bai. 2021. IL-27/IL-27R mediates protective
immunity against chlamydial infection by suppressing excessive
Th17 responses and reducing neutrophil inflammation. Journal of
immunology (Baltimore, Md. : 1950) 206 (9): 2160-2169.
Nguyen, T.H., S. Maltby, H.L. Tay, F. Eyers, P.S. Foster, and
M. Yang. 2018. Identification of IFN-y and IL-27 as critical
regulators of respiratory syncytial virus-induced exacerbation of
allergic airways disease in a mouse model. Journal of Immunology
(Baltimore, Md. : 1950) 200 (1): 237-247.

Lu, D.,J. Lu, X.Ji, Y. Ji, Z. Zhang, H. Peng, F. Sun, and C. Zhang.
2020. IL-27 suppresses airway inflammation, hyperresponsiveness
and remodeling via the STAT1 and STAT3 pathways in mice with
allergic asthma. International journal of molecular medicine 46
(2): 641-652.

Strickland, A.B., D. Sun, P. Sun, Y. Chen, G. Liu, and M. Shi.
2022. IL-27 signaling promotes Thl responses and is required
to inhibit fungal growth in the lung during repeated exposure to
Aspergillus fumigatus. ImmunoHorizons 6 (1): 78—89.

Gerhardt, L., M.M.Y. Hong, Y. Yousefi, R. Figueredo, and S.
Maleki Vareki. 2023. IL-12 and IL-27 promote CD39 expression
on CD8+ T cells and differentially regulate the CD39+CD8+ T
cell phenotype, Journal of immunology (Baltimore, Md. : 1950)
210 (10): 1598-1606.

13.

14.

15.

821

Majumder, D., C. Sarkar, R. Debnath, P. Tribedi, and D. Maiti.
2022. Mechanistic insight into the synergism of IL-27 and IL-
28B in regulation of benzo(a)pyrene-induced lung carcinogenesis
associated ROS/NF-kB/NLRP3 crosstalk. Chemico-biological
interactions 354: 109807.

Denlinger, L.C., D.M. Manthei, M.A. Seibold, K. Ahn, E.
Bleecker, H.A. Boushey, W.J. Calhoun, M. Castro, V.M. Chinchili,
J.V. Fahy, G.A. Hawkins, N. Icitovic, E. Israel, N.N. Jarjour, T.
King, M. Kraft, S.C. Lazarus, E. Lehman, R.J. Martin, D.A.
Meyers, S.P. Peters, D. Sheerar, L. Shi, E.R. Sutherland, S.J.
Szefler, M.E. Wechsler, C.A. Sorkness, and R.F. Lemanske Jr.
2013. P2X7-regulated protection from exacerbations and loss of
control is independent of asthma maintenance therapy. American
Journal of respiratory and critical care medicine 187 (1): 28-33.
Mascanfroni, I.D., A. Yeste, S.M. Vieira, E.J. Burns, B. Patel, I.
Sloma, Y. Wu, L. Mayo, R. Ben-Hamo, S. Efroni, V.K. Kuchroo,
S.C. Robson, and F.J. Quintana. 2013. IL-27 acts on DCs to sup-
press the T cell response and autoimmunity by inducing expression
of the immunoregulatory molecule CD39. Nature immunology 14
(10): 1054-1063.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	IL-27 Alleviates Airway Inflammation and Airway Hyperresponsiveness in Asthmatic Mice by Targeting the CD39ATP Axis of Dendritic Cells
	Abstract—
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Animal Models
	Statistical Analysis
	Additional Methodological Details

	RESULTS
	IL-27Rα Gene Knockout Aggravates Airway Hyperresponsiveness and Pulmonary Inflammation
	IL-27Rα Gene Knockout Promotes the Expression of Muc5AC Protein in Bronchial Epithelium
	IL-27Rα Gene Knockout Increased the Expression of Serum IgE
	Effects of IL-27Rα Gene Knockout on the BALF Cells
	Effects of IL-27Rα Gene Knockout on Th Cell-related Factors
	IL-27Rα Gene =Knockout Promotes the Expression of NLRP3 Inflammasome
	IL-27Rα Gene Knockout Reduces the Expression of CD39
	IL-27Rα Gene Knockout Increases the Expression of ATP in BALF and BMDC
	The Role of the JAKSTAT Signaling Pathway in the Regulation of BMDC CD39 Expression by IL-27

	DISCUSSION
	CONCLUSION
	References




