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Abbreviations
M2 cells	� M2 macrophages
AA	� Airway allergy
TLR9	� Toll like receptor 9
KDM5A	� Lysine demethylase 5 A
LGG	� Lactobacillus rhamnosus
DME	� Dust mite extracts
BALF	 �Bronchoalveolar lavage fluid
NLF	 �Nasal lavage fluid
ELISA	� Enzyme-linked immunosorbent assay
ChIP	� Chromatin immunoprecipitation
RT-qPCR	� Real-time quantitative RT-PCR
NC	� Naive control
Pol II	� RNA polymerase II

Introduction

Airway Th2 polarization is the canonical pathological fea-
ture of airway allergy (AA), which is an adverse reaction 
to the harmless airborne antigens by the immune system in 
the airway tissues [1]. The mechanism is unclear [2]. AA 
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Abstract
Background  Dysfunctional immune regulation plays a crucial role in the pathogenesis of airway allergies. Macrophages are 
one of the components of the immune regulation cells. The aim of this study is to elucidate the role of lysine demethylase 
5 A (KDM5A) in maintaining macrophages’ immune regulatory ability.
Methods  DNA was extracted from Lactobacillus rhamnosus GG to be designated as LgDNA. LgDNA was administered to 
the mice through nasal instillations. M2 macrophages (M2 cells) were isolated from the airway tissues using flow cytometry.
Results  We found that airway M2 cells of mice with airway Th2 polarization had reduced amounts of IL-10 and KDM5A. 
Mice with Kdm5a deficiency in M2 cells showed the airway Th2 polarization. The expression of Kdm5a in airway M2 
cells was enhanced by nasal instillations containing LgDNA. KDM5A mediated the effects of LgDNA on inducing the Il10 
expression in airway M2 cells. Administration of LgDNA mitigated experimental airway allergy.
Conclusions  M2 macrophages in the airway tissues of mice with airway allergy show low levels of KDM5A. By upregulat-
ing KDM5A expression, LgDNA can increase Il10 expression and reconcile airway Th2 polarization.
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mainly includes allergic rhinitis and allergic asthma [3]. AA 
attacks have a paroxysmal nature. In the early stages, the 
attack of airway allergy is self-limiting. In advanced stages, 
medical help is needed to stop airway allergy attacks [1]. If 
AA is not properly managed, complications may arise. [1]. 
Symptom control is the main focus of current treatment for 
airway allergies. Allergen specific immunotherapy is an eti-
ology targeting therapy for AA. However, its effectiveness 
needs to be improved [4]. In fact, airway allergies have had 
a significant negative impact on human health. The mecha-
nism of AA needs to be further investigated and new rem-
edies developed for its treatment.

The basic pathological feature of AA is the Th2 polariza-
tion in the airway tissues [5, 6]. Th2 polarization indicates 
that a large number of Th2 cells aggregate in the local tissue 
to produce more than needed amounts of Th2 cells [7]. Th2 
cytokines facilitate the development of plasma cells and 
the production of IgE. IgE sensitizes mast cells. Re-expo-
sure to specific antigen induces the sensitized mast cells to 
release allergic mediators to evoke allergy attacks [8]. The 
immune regulatory system is responsible for tightly regulat-
ing immune reactions in the body. The Th2 polarization is a 
sign that the immune regulatory system in the local tissue is 
not functioning properly [5, 6].

The immune regulatory system consists of several cell 
fractions. Regulatory T cells, regulatory B cells, and M2 
macrophages are recognized having immune regulatory 
functions [9–11]. The dysfunctional M2 cells in AA subjects 
have been reported [11]. Insufficient production of IL-10, 
a cytokine that regulates immune response, was observed 
in M2 cells of asthma patients [11]. There is still a need to 
investigate the underlying mechanism further.

Probiotics have been used as supplements to improve 
health conditions or as joint treatment alongside other rem-
edies [12]. Probiotics are beneficial microbes that reside in 
the body and contribute to overall health. The mediators 
in probiotics that enhance immune functions are not fully 
comprehended yet. The current method of administration 
for live probiotics is through ingestion [13]. Some of these 
bacteria, if not all, may die in the digestive tract, especially 
during passage through the harsh environment of the stom-
ach. DNA is then released from dead probiotics. It is well 
known that DNA can activate Toll like receptor 9 (TLR9) 
to modulate targeted cell functions [14]. Whether probi-
otic DNA regulates immune functions to affect the ongoing 
inflammatory response has not yet been fully understood.

In this study, we found that airway M2 cells from AA mice 
showed lower levels of Lysine Demethylase 5 A (KDM5A). 
KDM5A plays a crucial role in gene transcription in many 
cases [15]. We hypothesize that upregulating KDM5A may 
improve the immune regulatory environment in the airways, 
and consequently reconcile airway Th2 polarization. To test 

the hypothesis, we treated mice with LgDNA, the DAN 
from probiotics, Lactobacillus rhamnosus GG. This remedy 
increased the expression of KDM5A and IL-10 in M2 cells, 
and thus, mitigated experimental airway Th2 polarization 
and airway allergy.

Materials and methods

Reagents

Antibodies (Abs) of F4/80 (Cat#sc-52664, fluorochrome: 
AF488), arginase (sc-271430, AF546), CD206 (sc-58986, 
AF594), IL-10 (sc-57245, AF648), KDM5A (sc-365993, 
AF680), H3K9me3 (sc-130356) and Pol II (sc-47701) 
were bought from Santa Cruz Biotech (Santa Cruz, CA). 
A neutralizing anti-IL-10 Ab was purchased from abcam 
(AF519). ELISA kits of IL-4, IL-5, IL-9, IL-13, KDM5A, 
IL-10, sIgE, EPX and Mcpt1 were bought from Dakewe 
BioMart (Shenzhen, China).

Mice

Male C57/B6 mice were acquired from the Beijing Experi-
mental Animal Center in Beijing, China. B6.129S6(Cg)-
Kdm5atm1Kael/J mice, Tg (Nes-cre)2Wme/J mice and MafBCre 
mice were brought from Jackson Laboratory (Bar Harbor, 
ME). B6.129S6 (Cg)-Kdm5atm1Kael/J mice were crossed 
with Tg (Nes-cre)2Wme/J mice to obtain the Kdm5af/f 
mice. Kdm5af/fMafBCre mice were developed in-house by 
crossing Kdm5af/f mice with MafBCre mice. The mice were 
used in experiments after 5 generations. The Cre-loxP sys-
tem in mice was activated by feeding them with tamoxifen 
(75 mg/Kg in 0.3 ml corn oil) daily for 5 days prior to the 
experiment. Mice were kept in an environment that was free 
of pathogens. They were granted free access to food and 
water. The animal experiment protocol was approved by 
the Animal Ethics Committee at Shanxi Medical University 
(Approval#A2023006). All animal experiments were car-
ried out in accordance with ARRIVAL’s guidelines.

Preparation of LgDNA, SaDNA and EpiDNA

DNA was extracted from Lactobacillus rhamnosus (LGG) 
or Staphylococcus aureus or mouse epithelial cells (isolated 
from the mouse lungs) using a DNA extraction kit (Qiagen) 
following the protocol provided by the manufacturer. The 
DNA was designated as LgDNA (from LGG) or SaDNA 
(from S. aureus). The DNA was quantified using a Thermo-
Fisher Qubit fluorescence spectrometer.
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Establishment of an airway allergy mouse model

Mice were sensitized by subcutaneous injection with dust 
mite extracts (DME; 0.1 mg/mouse in 0.1 ml alum) on the 
back skin on day 1 and day7, respectively. From day 9 to day 
22, mice received nasal instillation (20 µl/nostril, contain-
ing 5 mg DME/ml) daily. On day 23, mice received nasal 
instillation (20 µl/nostril, containing 50 mg DME/ml). After 
cervical dislocation, 1 ml of saline was introduced into the 
lung through the trachea, or the nasal cavity was rinsed with 
1 ml of saline. Instantly, the lavage fluid was retrieved and 
used as either bronchoalveolar lavage fluid (BALF) or nasal 
lavage fluid (NLF). BALF or NLF were analyzed using 
ELISA to determine the quantity of Th2 cytokines (IL-4, 
IL-5, IL-9, and IL-13).

Treating mice with LgDNA

Naïve mice, or AA mice (one day after the completion of 
sensitization) were treated with LgDNA through nasal 
instillation (20  µl/nostril, containing LgDNA 1  mg/ml) 
daily in the period of sensitization. Mice were used for fur-
ther experiments.

Flow cytometry

Cells were stained with fluorescence labeled Abs of interest 
(Ab types are detailed in figures) or isotype IgG for 30 min 
at 4  °C. If staining intracellular molecules, cells were 
fixed with 1% paraformaldehyde (containing 0.05% Triton 
X-100) first, then stained with Abs. Using a flow cytometer 
(BD FACSCanto II), the number of positively stained cells 
was counted. The data was processed using Flowjo software 
package. The data generated by isotype IgG staining were 
used as gating references.

Preparation of single cells from the airway tissues

The lungs were excised from mice upon the sacrifice and cut 
into small pieces. Collagenase IV (0.5 mg/ml) was used to 
incubate the samples at 37 °C for 30 min with mild agitation 
to separate cells from the tissues. Single cells were passed 
through a cell strainer, and collected by centrifugation at 500 
×g for 5 min. The cells were used in further experiments.

Isolation of immune cells

Single cells were prepared from the airway tissues as 
described above, and labeled with fluorescence-conjugated 
Abs. Cells of interest (detailed in figures) were purified by 
flow cytometry cell sorting. The cell purity was assessed by 

flow cytometry. If purity did not reach or exceed 90%, the 
purification procedures were repeated.

Cell culture

RPMI1640 medium was used to culture immune cells. Anti-
biotics (penicillin and streptomycin), L-glutamine and fetal 
calf serum. The Trypan blue exclusion assay showed that 
the cell viability was 98–99%.

Enzyme-linked immunosorbent assay (ELISA)

Cytokines in BALF, culture supernatant, and cell extracts 
were measured by ELISA using commercial kits following 
the manufacturer’s protocol.

Chromatin immunoprecipitation (ChIP)

Cells were fixed with 1% formalin for 15 min. The cells 
were lysed with a lysis buffer, and then the DNA was sheared 
into small pieces by sonication. Protein G agarose beads 
were used to clear the pre-existing immune complexes in 
the samples. The beads were discarded. The supernatants 
were incubated overnight with Abs of interest (detailed in 
figures). Immune complexes in samples were adsorbed by 
protein G agarose beads, which were eluted using an eluting 
buffer. DNA was extracted from the samples using a DNA 
recovery kit (Qiagen) and analyzed by qPCR in the pres-
ence of a pair of primers for the Il10 promoter (ccggggagtg-
tacccctctaca and tcagtttgggtgggaagaac). ELISA was used to 
quantify proteins in the samples. The results are presented 
as fold changes compared to the input.

Real-time quantitative RT-PCR (RT-qPCR)

Cells collected in relevant experiments were used to extract 
RNA samples. Using a reverse transcription kit (Qiagen), 
cDNA was synthesized from the RNA samples according 
to the manufacturer’s protocol. The cDNA samples were 
amplified in a qPCR device (Bio Rad CFX96) using a 
SYBR green master mix kit in the presence of primers of 
Kdm5a (cctggcagtaggagcaaaag and cgaccacaaaacatgcaaac) 
or Il10 (ccaagccttatcggaaatga and ttttcacaggggagaaatcg). 
We used a formula (2−ΔΔCt) to process the results, which 
were expressed as RE (relative expression) against Actb 
(agccatgtacgtagccatcc and ctctcagctgtggtggtgaa), the house-
keeping gene.
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were isolated. Protein extracts of M2 cells were analyzed by 
ELISA. We found that the amounts of KDM5A were much 
less in the AA group than in the NC group (Fig. 1L). The 
results indicate that airway M2 cells of AA mice express a 
reduced amount of KDM5A, which may be associated with 
the pathogenesis of AA.

Inhibition of KDM5A impairs the induction of IL-10 
in macrophages

Kdm5af/fMafBCre mice and control mice (Kdm5af/f) were 
employed in the present study. The deficiency of Kdm5a 
expression in airway macrophages was verified by RT-
qPCR (Fig. 2A). The mice were treated with LPS-containing 
nasal instillations daily for 5 days. Single cells were pre-
pared from the excised lungs after the sacrifice. As assessed 
by flow cytometry, macrophages from NC and Kdm5af/f 
mice showed more IL-10+ macrophages than those from 
Kdm5af/fMafBCre mice (Fig. 2B-C). The results were veri-
fied using RAW264.7 cell line. The expression of Kdm5a 
was knocked down in the cells (Fig.  2D). The cells were 
stimulated using LPS or IL-4 in culture. We found that the 
knockdown of Kdm5a resulted in lower expression of IL-10 
in the cells (Fig. 2E-F). The results indicate that KDM5A 
plays an important role in the induction of IL-10 in airway 
macrophages.

Inhibition of KDM5A in macrophages results in Th2 
polarization in the airways

Kdm5af/fMafBCre mice were employed in the present study. 
High quantity of Th2 cytokines and low quantity of IL-10 
were detected in BALF of Kdm5af/fMafBCre mice as com-
pared to those of Kdm5af/f mice (Fig. 3A-E). A negative cor-
relation was detected between IL-10 and Th2 cytokines in 
BALF (Fig. 3F-I). The results indicate that depletion of the 
Kdm5a expression in macrophages can decrease IL-10 and 
induce Th2 polarization in the airways.

LgDNA increases the expression of KDM5A in airway 
M2 cells

Mice received LgDNA (or SaDNA)-containing nasal instil-
lation daily for 5 days. After the sacrifice, single cells were 
prepared from the lung tissues. The cells were analyzed 
using flow cytometry. The frequency of KDM5A M2 cells 
was significantly enhanced after LgDNA treatment, but 
not after SaDNA treatment (Fig.  4A-D). The administra-
tion of inhibitors of either TLR9 (TLR9-IN-1) or MyD88 
(ST 2825) abolished the effects of LgDNA on enhancing 
KDM5A in M2 cells (Fig. 4A-D). We then isolated M2 cells 
from the single cells. The cells were analyzed by RT-qPCR 

Il10 gene promoter demethylation analysis by 
methylation-specific PCR

DNA (1  µg/sample) extracted from M2 cells was used 
for bisulfite treatment using an EZ DNA Methylation kit 
(Zymo Research, Orange, CA) based on the manufacturer’s 
protocol.

Histology of the lung tissues

A piece of the lung tissues was excised from mice upon the 
sacrifice. The tissue was fixed in 4% formalin overnight, 
and processed for paraffin sections. The sections were 
stained with hematoxylin and eosin, and observed using a 
light microscope.

Modulation of the expression of IL-10 and KDM5A in 
airway M2 cells

Mice received nasal instillations (containing 10 µg/ml LPS) 
daily for 5 days. Single cells were prepared from airway 
tissues, and analyzed by flow cytometry. Furthermore, M2 
cells were isolated from the airway single cells. The cel-
lular extracts of M2 cells were analyzed by RT-qPCR and 
ELISA. On the other hand, Raw264.7 cells were exposed to 
LPS (10 µg/ml) or IL-4 (0.1 µg/ml) in culture for 24 h. RNA 
was extracted from the cells and analyzed by RT-qPCR to 
quantify the Il10 mRNA in the cells.

Statistical analysis

Student’s t-test was used to determine the difference 
between data collected from two groups. ANOVA followed 
by Bonferroni test or Dunnett’s test was used to determine 
differences among multiple groups. p < 0.05 was the signifi-
cant criterion.

Results

Low levels of KDM5A in airway M2 cells of mice with 
airway Th2 polarization

An airway allergy (AA) mouse model was established. 
Bronchoalveolar lavage fluid (BALF) was collected from 
mice, which showed a feature of Th2 polarization (Fig. 1A-
D). BALF’s cellular components were examined using flow 
cytometry. Approximately 30% of tall cells in BALF were 
occupied by macrophages (Fig. 1E-H). M2 cells were more 
abundant in the BALF of AA mice than in naive control 
(NC) mice (Fig. 1I-J). NC M2 cells showed a stronger stain-
ing of IL-10 compared to AA M2 cells (Fig. 1K). M2 cells 
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KDM5A mediates the effects of LgDNA on increasing IL-10 
expression in airway M2 cells

Mice received nasal instillations (containing LgDNA) daily 
for 5 days. M2 cells were isolated from the airway tissues, 
and analyzed by ChIP, RT-qPCR, and ELISA. We found 
that KDM5A was localized in the Il10 promoter locus, 
which was significantly increased following the exposure 
to LgDNA (Fig. 5A). The amount of H3K9me3 in the Il10 
promoter was down regulated by LgDNA (Fig.  5B). Ele-
vated demethylation was observed in the Il10 promoter 
(Fig. 5C). LgDNA led to an increase in RNA polymerase 

and ELISA. The results also showed that the expression of 
KDM5A was upregulated by the treatment with LgDNA 
(Fig. 4E-F). The data were verified by treating RAW264.7 
cells (ATCC) with LgDNA in culture. LgDNA increased the 
expression of KDM5A in the cells in a dose-dependent man-
ner (Fig. 4G-H). The results demonstrate that LgDNA can 
enhance the expression of KDM5A in M2 cells via activat-
ing the TLR9-MyD88 signaling pathway.

Fig. 1  Airway M2 cells of mice with AA show low amounts of IL-10 
and KDM5A. An airway allergy (AA) mouse model was established. 
(A-D), bars show Th2 cytokine amounts in BALF. E-K, BALF cells 
were analyzed by flow cytometry. E, dead cells were gated out. (F), 
adhesive cells were gated out. (G-H), flow cytometry plots show mac-
rophages; bars show macrophage counts. (I-J), gated cells are M2 

cell proportion in macrophages; bars indicate M2 cell counts. (K), 
bars show IL-10 MFI in M2 cells. L, M2 cells were isolated. Protein 
extracts of M2 cells were analyzed by ELISA. Bars show KDM5A 
protein in M2 cell extracts. NC: Naïve control. ViD: An amine active 
fluorescence dye used to stain dead cells. MFI: Median fluorescence 
intensity
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in nasal lavage fluid (NLF) and bronchoalveolar lavage 
fluid (BALF) were observed in AA mice. Administration of 
LgDNA through nasal instillations in the period of sensiti-
zation significantly suppressed the AA response. The results 
demonstrate that LgDNA can efficiently suppress the AA 
response.

Discussion

The present data show that administration of LgDNA can 
reconcile airway Th2 polarization by upregulating KDM5A 
in airway M2 cells. KDM5A enhances histone demethyl-
ation in the Il10 promoter, and promotes the IL-10 produc-
tion in M2 cells in the airways. Experimental AA can be 
mitigated by administering LgDNA.

The data indicate that LgDNA has the ability to con-
trol the skewed Th2 polarization in the airways. LgDNA 
is extracted from a probiotic strain, Lactobacillus rham-
nosus GG (LGG). This probiotic strain has been used to 
regulate immune response in the body. LGG administra-
tion has been reported to prevent the establishment of AA 

II (Pol II), which is an indicator of gene transcription, in 
the Il10 promoter (Fig. 5D). Exposure to LgDNA resulted 
in an increase in the amounts of Il10 mRNA and IL-10 pro-
tein in M2 cells (Fig. 5E-F). On the other hand, ablation of 
the Kdm5a expression in macrophages (Fig. 5G) abolished 
LgDNA-induced demethylation of Il10 promoter, thereby 
facilitating the transcription and expression of Il10 in M2 
cells (Fig. 5C-F). The results indicate KDM5A is associated 
with the LgDNA-increased IL-10 production in airway M2 
cells. Additionally, we also found that exposure to LgDNA 
in culture did not apparently enhance the mRNA levels of 
Kdm5b, Kdm5c, and Kdm5d in macrophages (Fig. 5H-K).

Administration of LgDNA mitigates experimental 
airway allergy

A mouse model of airway allergy (AA) was established. 
Inflammation in the lungs (Fig.  6A-C), clinical signs of 
allergic rhinitis (Fig.  6D-E), infiltration of inflammatory 
cells in the airway (Fig. 6F-H), elevated amounts of specific 
IgE (Fig. 6I), allergic mediators (EPX and Mcpt1, Fig. 6J-
K), and Th2 cytokines (IL-4, IL-5, and IL-13, Fig. 6L-N) 

Fig. 2  Assessment of the role of KDM5A in the induction of IL-10 
in airway M2 cells. (A), bars show the amount of Kdm5a mRNA in 
M2 cells isolated from Kdm5af/fMafBCre mice (c) and Kdm5af/f mice 
(d; control mice). (B-C), mice were treated with LPS-containing nasal 
instillations daily for 5 days. M2 cells were isolated from the lungs. 
Gated plots indicate IL-10+ M2 cells. Bars show the counts of IL-10+ 
M2 cells. D-F, bars show amounts of Kdm5a mRNA (D) and Il10 (E, 

F) in Raw264.7 cells. The data of bars are presented as mean ± SD. 
Each dot in bars presents one sample. Statistics: Student’s t-test (A) 
and ANOVA followed by Bonferroni test. **p < 0.01; ***p < 0.001; 
****p < 0.0001. NC: Naïve control. RNAi: Kdm5a RNA interference. 
cRNAi: Control RNAi. LPS: 10 µg/ml in nasal instillation or in culture 
medium. IL-4: 0.1 µg/ml in culture medium
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According to published data, DNA plays a role in 
immune regulation [18, 19]. One example is CpG. By 
binding to Toll-like receptor 9 (TLR9), CpG activates the 
MyD88-IRF7-NF-κB signaling pathway to initiate immune 
responses [20]. CpG has been used in immunotherapy for 
immune diseases [21]. In general, probiotics are adminis-
tered through oral ingestion. There is a chance that some of 

with birch pollen [16]. LGG can stimulate the production of 
non-specific IgG, IgA, and IgM, and maintain the intestinal 
epithelial barrier functions [17]. These data indicate that the 
immune regulatory functions of this probiotic strain have 
been recognized. The mediators of this probiotic strain are 
yet to be fully understood.

Fig. 3  Depletion of Kdm5a expression results in airway Th2 polar-
ization. BALF was collected from NC mice, Kdm5af/fMafBCre mice 
and Kdm5af/f mice, and analyzed using ELISA. (A-E), Bars show 
mean ± SD of the amounts of Th2 cytokine amounts and IL-10 from 
6 mice per group. (F-I), correlation between the amounts of IL-10 

and Th2 cytokine amounts in BALF. Statistics: ANOVA followed by 
Bonferroni test (A-E) and Pearson correlation coefficient test (F-I). 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Each dot in bars 
presents one sample
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These data indicate that LgDNA can be a useful agent to 
be used in immunotherapy for diseases with dysfunctional 
immune regulation.

Restoring immune regulatory functions is a promising 
remedy for the treatment of allergic diseases. By up-reg-
ulating functions in immune regulatory cells, skewed Th2 
polarization can be resolved. It is recognized that IL-10 is 
the canonical immune regulatory cytokine [25, 26]. The 
production of IL-10 by M2 cells is crucial for their immune 
regulatory function [27]. The amount of IL-10 in airway 
macrophages is negatively correlated with the allergic 
response in the airways [11]. Restoration of the expression 
of IL-10 in M2 cells can migrate the allergic inflammation 
in the airways [11]. Thus, our data demonstrate that LgDNA 
has the translation potential to be developed into a drug to 
be used in the treatment of airway allergy.

them, if not all, may die in the digestive tract. The bacterial 
DNA can be released from the dead probiotics. By interac-
tion with TLR9, DNA can regulate targeting cell activity 
[18, 19]. Our data show that exposure to LgDNA can regu-
late the immune response by increasing the expression of 
KDM5A in airway M2 cells.

As per the data, LgDNA enhances the expression of 
KDM5A in airway M2 cells. KDM5A is a demethylase. It is 
involved in the gene transcription of many genes in cancer 
[22, 23]. Published data indicate low expression of IL-10 in 
airway M2 cells [24]. These macrophages are incompetent 
in suppressing other immune cell activities [11]. Restoration 
of the expression of IL-10 can restore the immune regula-
tory ability of M2 cells [11]. The expression of KDM5A can 
be enhanced by LgDNA, which in turn increases the expres-
sion of IL-10 in airway M2 cells, according to current data. 

Fig. 4  LgDNA induces the expression of Kdm5a in airway M2 cells. 
Mice received LgDNA-containing nasal instillations daily for 5 days 
(the treatment is denoted on panel D). Single cells were prepared from 
the lungs and analyzed using flow cytometry. (A), macrophages were 
gated. (B), M2 cells were gated from total macrophages, from which 
KDM5A+ M2 cells were counted (C, D, E), M2 cells were isolated 
and analyzed by RT-qPCR. Bars show the amount of Kdm5a mRNA 
in M2 cells. The group labels of (D) and (E) are the same as C. (G-H), 

RAW264.7 cells were exposed to LgDNA in culture for 48 h. The lines 
show the amounts of Kdm5a mRNA (G) and KDM5A protein (H) in 
RAW264.7 cells. The data of bars are presented as mean ± SD. Each 
dot in bars presents one sample. Statistics: ANOVA followed by Bon-
ferroni test. **p < 0.01; ****p < 0.0001. SaDNA: DNA extracted from 
S. aureus. EpiDNA: DNA was extracted from mouse airway epithelial 
cells. TLR9-IN-1: An inhibitor of TLR9 (10 nM). ST 2825: An inhibi-
tor of MyD88 (10 µM)
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The data show that administration of LgDNA through 
nasal instillations resulted in upregulating the expression of 
IL-10 in M2 cells. This event reveals that after reaching the 
airway tissues, LgDNA contacts macrophages to regulate 
their activities. In fact, LgDNA also contacts other cells in 
the airway tissues. Whether LgDNA also modulates other 
immune cell activities, or whether it influences other cells’ 
activities to indirectly modulate macrophage activities is an 
interesting topic to be further investigated.

The demethylase KDM5 family has several members. 
Our data show that exposure to LgDNA mainly increases 
the expression of KDM5A, but not KDM5B, KDM5C, or 
KDM1B, in macrophages. There are many more demeth-
ylases have been identified, which play a variety of roles in 
regulation of a variety of organs, cells, or biochemical reac-
tions [28]. It would be beneficial to investigate if LgDNA 
also influences the expression of other demethylases in 
future studies.

Fig. 5  KDM5A mediates the effects of LgDNA on enhancing Il10 
expression in airway M2 cells. Mice were treated with LgDNA-
containing nasal instillations daily for 5 days. M2 cells were isolated 
from the lung tissues, and analyzed by ChIP, RT-qPCR, and ELISA. 
(A), the amount of KDM5A in the Il10 promoter. (B), the amount 
of H3k9me3 in the Il10 promoter. (C), the changes of Il10 promoter 
demethylation. D, the amount of Pol II in the Il10 promoter. E-F, the 
amounts of Il10 mRNA (E) and IL-10 protein (F) in extracts of M2 
cells. (G), Kdm5a mRNA amount in M2 cells of indicated mice. H-K, 

macrophages were isolated from the airway tissues, and exposed to 
LgDNA (10  µg/ml) in culture for 24  h. The bars show the mRNA 
levels of indicated molecules in macrophages. The data of bars are 
presented as mean ± SD. Each dot in bars presents one sample. Sta-
tistics: ANOVA followed by Bonferroni test (A-G) or Student’s t-test 
(H-K). **p < 0.01; ***p < 0.001; ****p < 0.0001; ns: Not significant. 
NC: Naïve control mice (C57/B6). KO: Kdm5af/fMafBCre mice. cKO: 
Kdm5af/f mice (control mice)
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Fig. 6  Administration of LgDNA mitigates airway allergy (AA). Mice 
(Mouse types are denoted on the X axis) were treated with LgDNA 
through nasal instillations daily for 5 days. BALF was collected from 
each mouse, and analyzed using ELISA. (A-C), representative histol-
ogy images (×200) of the lung from AA mice. The bar graphs of pan-
els (D-N) show mean ± SD of indicated items in Y axis from 6 mice 

per group. Each dot in bars presents one sample. Statistics: ANOVA 
followed by Bonferroni test. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001. NC: Naïve control mice (C57/B6). AA: Mice with 
airway allergy. !: Mice receiving LgDNA-containing nasal instilla-
tions in the period of sensitization. NLF: Nasal lavage fluid. BALF: 
Bronchoalveolar lavage fluid
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Probiotics are generally given through oral ingestion. 
LGG has been used as a supplement in the treatment of AA 
in animal studies [29] and patients with AA [30]. The use of 
probiotic DNA in nasal instillations requires more manufac-
turer processes and higher costs than oral ingestion. There is 
reports to introduce probiotic bacteria through nasal instil-
lations to alleviate experimental AA [16]. It is necessary to 
conduct more research to compare the therapeutic effects 
and possible harmful risks of employing probiotic DNA and 
live probiotics via nasal instillations.

The data indicate that exposure to LgDNA improves the 
expression of IL-10 in M2 cells. As a consequence, the M2 
cells help regulate inflammation, repair tissue, remodel tis-
sues, and maintain homeostasis [31]. However, it is also 
reported that IL-10 facilitates the development of inflam-
mation related to Th2 polarity. In such an instance, IL-10 
inhibits IFN-γ and therefore promotes Th2 polarization 
[32]. It seems that IL-10 can suppress IFN-γ [32] or IL-4 
depending on some unknown factors. The latter needs to be 
further investigated.

In summary, probiotic Lactobacillus rhamnosus-derived 
LgDNA can reconcile skewed Th2 polarization in the air-
ways by up regulation of KDM5A and IL-10 expression in 
M2 cells.
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