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Purpose: Maternal influences contribute to the origin of allergic diseases, but the mechanisms are not clear. The current literature prompted the
role of epigenetics in the development of allergic diseases. \We sought to investigate the roles of requlatory T (Treg) cells and Forkhead box p3
(Foxp3) DNA methylation in the process of maternal transmission of allergic rhinitis (AR) susceptibility. Methods: BALB/c female mice (AR mother)
were sensitized by intraperitoneal injection of Dermatophagoides pteronyssinus (Der p) 1 on day 1 and 7. Then they mated with normal male mice
on day 8. From day 21 to 28, the female mice were intranasal challenged with Der p 1 continuously. The normal controls were given with normal sa-
line in the same way. On postnatal day 3, Female mice and their offspring were sacrificed to detect their histopathology in nasal mucosae, cytokines
in sera of mother and spleen homogenates of offspring, Treg cells count, Foxp3 mRNA expressions, and Foxp3 DNA methylation levels in spleens.
Results: Compared with the normal controls, neonatal offspring of Der p 1-stimulated female mice (AR offspring) showed the elevation of interleu-
kin (IL)}-4 (P<0.01) and IL-17 (P<0.01), the submission of IL-10 (P<0.01) in spleen homogenates. Further, Treg cells count in AR offspring decreased
remarkably compared with the normal offspring (P<0.01). Though the difference of Foxp3 DNA methylation level between AR offspring and normal
control offspring was not obvious, correlation analysis demonstrated that there was significantly positive correlation between Foxp3 DNA methyla-
tion level of mother and that of offspring (r=0.803, P<0.01). Conclusions: Under the influence of Maternal AR, their neonatal offspring develop
into T-helper type 2 (Th2) dominant immune state, which is closely associated with the recession of Treg cells. Foxp3 DNA methylation may be a
mechanism responsible for that maternal effect but still need more studies to ensure.
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INTRODUCTION that Treg cells in cord blood were not affected by the allergic

status of the mother.

With the prevalent trend of allergic rhinitis (AR) around the
world,'® the familial aggregation of AR patients and heritability
of AR are noticed by researchers. Having a family history of al-
lergy is a main risk factor for AR. Multiple studies"® have dem-
onstrated that maternal allergic diseases confer greater risk of
allergic diseases to offspring than does paternal diseases.

The classic view in immunology indicates that the occurrence
of AR is the result of T-helper type 2 (Th2) polarization.” Besides
T-helper type 1 (Th1)/Th2 imbalance, regulatory T (Treg) cells
are also closely correlated with the onset of AR.? Decrease of
Treg cells count and/or defectiveness of its function were de-
tected in patients with allergic diseases.” However, studies con-
cerning the roles of Treg cells in the process of maternal trans-
mission of AR susceptibility are limited and contradictory. It
was found that Treg cells were decreased in the cord blood of
atopic mothers.'”"! On the contrary, Rindsjo et al.”* reported
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AR, an allergic inflammatory disorder of the upper respiratory
tract, is influenced by heredity and environment, and epi-
genetics is hypothesized to mediate the relationship between
them.”" Epigenetic modifications could alter the phenotype
without modifying the genetic sequence. In addition, these epi-
genetic modifications can be transmitted from mother to off-
spring, suggesting epigenetics as a possible mechanism for the
dramatic incidence changes of allergic diseases in recent de-
cades.” Epigenetic modifications contain histone modification,
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noncoding RNAs, chromatin remodeling, and DNA methyla-
tion. DNA methylation is one of the most common epigenetic
modifications in eukaryotic cells and its functions in allergic
diseases have been enthusiastically debated in recent years.'*'”
Forkhead box p3 (Foxp3) is the specific transcription factor of
CD4'CD25'Treg cells and is a critical regulator of their develop-
ment and function.'*" Down-regulated Foxp3 induces defec-
tiveness of Treg cells function which may play an important
role in onset of AR. In a research recruited 256 children with AR
and/or asthma, Treg cells dysfunction and hypermethylation at
CpG islands of Foxp3 promoter were detected.” As a specula-
tion, Foxp3 DNA methylation influencing Treg cells may be the
pivotal point involved in the pathogenesis of AR.

In our prior research,” we had constructed a stable AR mouse
model stimulated with natural allergen—Dermatophagoides
pteronyssinus (Der p) 1. This protocol was more similar to the
natural process of sensitization compared with which stimulat-
ed with unnatural allergen—ovalbumin (OVA). Another crucial
reason we chose Der pl as the stimulus was that home dust
mites were the major source of allergen and more than 50% of
allergic diseases are attributed to them,* especially in Southern
China region.”* In this research, Der p1, as an environmental
stimulus, was given to female mice before and during pregnan-
cy to construct Der p 1-stimulated AR mice model.

In short, we hypothesized that not only Th1/Th2 balance but
also Tregs had altered in AR mother and their offspring. Recent
findings in epigenetics led us to speculate Foxp3 DNA methyla-
tion as a possible mechanism responsible for the association
between the two generations.

MATERIALS AND METHODS

Animals

Female and male BALB/c mice (6-8 weeks old) were bought
from Animal Experiment Center of Wuhan University. All ani-
mals were kept in a specific pathogen-free biohazard contain-
ment facility in Animal Experiment Center of Wuhan Universi-
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ty. All experimental procedures of this animal research were
approved by the Institutional Animal Care and Use Committee
of Wuhan University (No. SCXK-2008-0004).

Experimental protocol

Female mice were randomly divided into saline-stimulated
female mice (Normal mother) group or Der p 1-stimulated fe-
male mice (AR mother) group, offspring of them were named
as normal offspring group and AR offspring group, separately.
After fed adaptively for 3 days, AR mother group were sensi-
tized by initial intraperitoneal (i.p.) injections of 400 pL phos-
phate-buffered saline (PBS) containing 1 pg Der p1 (Indoor
Biotechnologies, Charlottesville, VA, USA) and aluminum hy-
droxide (4 mg) on day 1 and day 7. After the last maternal sensi-
tization, the female mice were placed in cages to mate with nor-
mal male mice according to the female and male ratio 2:1 on
day 8. From day 21 to day 28, the female mice were intranasal
challenged with 20 pL PBS containing Der p 1 (2 pg) continu-
ously. The normal mother group was sensitized and challenged
with normal saline in the same way. The offspring of AR moth-
er group (AR offspring) and normal mother group (normal off-
spring) were not stimulated with Der p 1, and were humanely
killed for analysis 3 days after birth (Fig. 1).

Evaluation of symptoms of mother groups

After the last challenge by Der p 1, the frequencies of scratch-
ing nose and sneezing of maternal mice were counted within
30 minutes to evaluate the symptoms of AR in a quantitative
way. Each mouse was observed for 10 minutes to record its

symptom.

Histopathologic analysis of nasal mucosae

After mice were killed, nasal mucosae were excised. These tis-
sues were immobilized in 10% neutral-buffered formalin and
embedded in paraffin. The paraffin-embedded tissues were
sectioned coronally by continuous microtoming at a thickness
of 4 pm. Histologic changes of nasal mucosae in mice of all
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Fig. 1. Experimental Protocol. After fed adaptively for 3 days, maternal mice were sensitized by initial intraperitoneal (i.p.) injections of 400 pL phosphate-buffered
saline (PBS) containing 1 pg Der p1 (Indoor Biotechnologies, Charlottesville, Virginia) and aluminum hydroxide (4 mg) on day 1 and day 7. After the last maternal sen-
sitization, the female mice were placed in cages to mate with normal male mice according to the female and male ratio 2:1 on day 8. From day 21 to day 28, the fe-
male mice were intranasal challenged with 20 pL PBS containing Der p 1 (2 pg) continuously. The normal mother group was sensitized and challenged with normal
saline in the same way. The offspring were not stimulated with Der p 1, and were humanely killed for analysis 3 days after birth.
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groups were evaluated through hematoxylin-eosin (HE) stain-
ing for eosinophils and periodic acid-schiff stain (PAS) for gob-
let cells.

Measurement of cytokines in sera of mother and spleen
homogenates of offspring

Bloods of mother groups were collected from mice canthus
and centrifuged for 20 minutes at 2,000 X rpm to isolate the
sera. The spleens of offspring were ground into homogenates
and centrifuged for 20 minutes at 2,000 X rpm to get the super-
natant. The levels of interleukin (IL)-4, interferon (IFN)-y, IL-
10, transforming growth factor (TGF)-, IL-17 in the sera and
spleen homogenates were measured by enzyme-linked immu-
nosorbent assay (ELISA) based on the manufacturer’s instruc-
tions (Biofavor, Wuhan, China).

Flow cytometry analysis of CD4*CD25*FOXP3* Treg cells

Single-cell suspensions of lymphocytes were extracted from
fresh spleens tissue using Mouse Spleen Lymphocyte Separa-
tion Medium Kit (TBD Science, Tianjin, China). Single-cell sus-
pensions of lymphocytes were stained for Treg cells using
Mouse Regulatory T Cell Staining Kit (eBioscience, San Diego,
CA, USA) with anti-CD4-FITC, anti-CD25-APC, and anti-
FOXP3-PE according to the manufacturer’s instructions. Flow
cytometry was performed and analyzed on BD FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA).

Quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR) analysis of Foxp3 mRNA

Based on mRNA sequences of the Foxp3 in GenBank, the
primers for these genes were designed with Primer Express 5.0
software (Applied Biosystems, Inc., Foster City, CA, USA).
These primers were synthesized by Sangon Biotech, Inc.
(Shanghai, China). The up-stream primer for Foxp3 was
5’-GAAACAGCACATTCCCAGAGTTC-3" and its down-stream
primer was 5"-ATGGCCCAGCGGATGAG-3". Gapdh was used
as the internal control. The up-stream primer for Gapdh was
5’-AAGGCTGGGGCTCATTTG-3" and the down-stream prim-
erwas 5-AGGGGCCATCCACAGTCTTT-3!

Total RNA was extracted from spleens using the Total RNA
Isolation Kit (Invitrogen, Carlsbad, CA, USA). The cDNA was
synthesized using the First Strand cDNA Synthesis Kit (Tiangen,
Beijing, China) according to the manufacturer’s instructions.
For polymerase chain reaction (PCR) reaction, 2.5 pL of reverse
transcribed cDNA template was used as template. The quanti-
tative real-time reverse transcription polymerase chain reac-
tion (QRT-PCR) was performed using RT-PCR Kit (Takara, Da-
lian, China). The PCR conditions were set as follows: incuba-
tion at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15
seconds, 60°C for 60 seconds with a final extension step at 60°C
for 5 minutes. Data were analyzed using the 272°“" method as
previously described.” Fluorescent quantitative PCR machine,
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PCR machine and high throughput DNA Synthesizer were pur-
chased from Applied Biosystems, Inc. (Norwalk, CT, USA).

DNA methylation level of Foxp3

Genomic DNA was extracted from spleen tissue and treated
by bisulfite conversion. Bisulfite modified DNA was subjected
to PCR under conditions set as follows: incubation at 98°C for 4
minutes, followed by 40 cycles of 94°C for 45 seconds, 66°C for
45 seconds, 72°C for 60 seconds with a final extension step at
72°C for 8 minutes. The up-stream primer for Foxp3 was
5"-TTTTAGATGATTTGTAAAGGGTAAAG-3" and its down-
stream primer was 5"-ATCAACCTAACTTATAAAAAACTAC-
CAC-3’. DNA isolation, bisulfite conversion of genomic DNA
and Foxp3 DNA methylation analysis for 6 CpG islands in the
Foxp3 promoter region were performed by Sangon Biotech,
Inc. (Shanghai, China).

Statistical analysis

Data were presented as mean + standard error of mean. Data
analysis was performed using SPSS statistical software, version
22.0 (IBM, Chicago, IL, USA), and GraphPad Prism software,
version 5.0 (GraphPad Software, San Diego, CA, USA). Un-
paired Student’s ¢ test was used to determine differences be-
tween two groups. P<0.05 was considered statistically signifi-
cant. P<0.01 was considered obvious statistical significant.

RESULTS

Allergic symptoms of maternal mice

The frequencies of nose scratching were 9.80+1.74 in 10 min-
utes in the AR mother group and 2.20£0.13 in the normal
mother group. The frequencies of sneezing were 3.10+0.22 in
10 minutes in the AR mother group and 0.80+0.04 in the nor-
mal mother group. The frequencies of both symptoms were
higher in the AR mother group than the normal control group
(P<0.05).

HE and PAS staining of nasal mucosae

In normal mother group, there were little eosinophils in the
nasal lamina propria. Hyperplasia of gland cells and infiltration
of other inflammatory cells were not discovered in this group.
The structure of pseudostratified ciliated columnar epithelium
was intact and the cilia were continuous without impairment
or exfoliation. A few tall and thin Goblet cells were noticed in
pseudostratified ciliated columnar epithelium. Similar histo-
pathologic conditions were found in normal offspring group. In
AR mother and AR offspring group, infiltration of eosinophils
and lymphocytes, tissue edema, hemangiectasis, and hyperpla-
sia of gland cells could be discovered in lamina propria. In ad-
dition, reduction, exfoliation, and discontinuity of cilia as well
as hyperplasia and hypertrophy of goblet cells could be discov-
ered in pseudostratified ciliated columnar epithelium (Fig. 2).
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Normal offspring

AR offspring

Fig. 2. HE and PAS staining of nasal mucosae (original magnification >400). (A) The cytoplasm of eosinophils (black arrows) in the nasal lamina propria (LP) stains
red by HE. (B) The cytoplasm of goblet cell in the nasal epithelial layer stains aubergine by PAS. Histopathology showed eosinophils accumulation and goblet cells
hyperplasia in the nasal lamina propria in AR mother group and AR offspring group. HE, hematoxylin-eosin; PAS, periodic acid-schiff stain; AR, allergic rhinitis.
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Fig. 3. Cytokines sections in sera of mother and spleen homogenates of offspring. The concentrations of IFN-y, TGF-B, IL-10, IL-17, and IL-4 in sera of mother and
spleen homagenates of offspring were measured by ELISA. (n="5 for each group; *P<0.05, **P<0.01). IFN, Interferon; TGF, transforming growth factor; IL, interleu-

kin; ELISA, enzyme-linked immunosorbent assay.

Concentrations of cytokines in sera of mother and spleen
homogenates of offspring

Compared with the normal mother group, the levels of IFN-y,
IL-10, and TGF-B declined in the AR mother group, while the
levels of IL-17 and IL-4 were on the rise. Similar tendency was
presented in the offspring groups. That is, AR offspring had low-
er secretion of IL-10 and higher secretion of IL-17 and IL-4 than
normal offspring (Fig. 3).

CD4*CD25*FOXP3* Treg cells of total lymphocytes in spleens
CD4'CD25'FOXP3*Tregs count was detected by flow cytome-
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try and transform to the percentage of total lymphocytes. Treg
cell rate in the AR mother group (0.58%+0.01%) was signifi-
cantly lower than that of the normal mother group (3.05% +
0.26%) (P<0.01). Similarly, CD4*CD25"FOXP3* Treg cells rate
in the AR offspring group (1.18%10.17%) decreased remark-
ably compared with the normal offspring group (2.86% £
0.31%) (P<0.01) (Fig. 4).

Foxp3 mRNA expressions
Compared with normal controls, Foxp3 mRNA in the AR
mother group were significantly down-regulated (1.026 £ 0.060
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— 15 — 15 -
2 3
o o
] @
3 >
2 10 - @ 10
S S
(7] w
1% w
< <
o o
& * &
< 05 < 05
= =
oc [a'm
& S
Q Q
8 g
0 0
Normal mother AR mother Normal offspring AR offspring

Fig. 5. Foxp3 mRNA Expressions. Foxp3 mRNA expression level in the spleen mononuclear cells was measured by RT-PCT. Relative Foxp3 mRNA levels were ana-
lyzed using the 272" method (n=4-5 for each group; *P<0.01).

vs 0.43310.084, P<0.01). For the offspring, Foxp3 mRNA ex-  Foxp3 DNA methylation level

pression in the AR offspring group have a tendency of decrease We used bisulfite-assisted genomic sequencing method (BSP)

compared with the normal offspring group, but the difference  to study six CpG islands in the Foxp3 promoter region. We set

was not obvious (1.035%0.058 vs 0.898 £0.059, P>0.05) (Fig.5).  the transcription start as the +1 bp. These CpG islands located
-200, -70, -61, -52, -49, and -34 in the sequence and were la-
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Fig. 6. Foxp3 DNA methylation level. Six CpG islands methylation level in Foxp3 promoter region measured by Bisulfite sequencing PCR. CpG islands methylation
levels in the AR mother group had a tendency of elevation compared to normal controls. While CpG (-200), CpG (-70), CpG (-61), and CpG (-52) methylation levels in
the AR offspring group were slightly increased than which in normal controls. But all the differences of CpG islands methylation levels were not distinguishable by

statistical analysis (n=4-5 for each group; £>0.05).
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Fig. 7. Correlation analysis between Foxp3 DNA methylation level of mother
and that of offspring. Average DNA methylation level of CpG (-200), CpG (-70),
CpG (-61) and CpG (-52) in all offspring was paired with that in their respective
mothers. Based on linear regression model, correlation analysis demonstrated
that there was significant positive correlation between Foxp3 DNA methylation
level of mother and that of offspring (r=0.681, P<0.05).

beled as CpG (-200), CpG (-70), CpG (-61), CpG (-52), CpG
(-49), and CpG (-34). Our data suggested that all the six CpG is-
lands methylation percentages in the AR mother group had a
tendency of elevation compared to normal controls. While CpG
(-200), CpG (-70), CpG (-61), and CpG (-52) methylation per-
centages in the AR offspring group were slightly increased than
which in normal controls. But all the differences of CpG islands
methylation percentages were not distinguishable by statistical
analysis (P>0.05) (Fig. 6).

Furthermore, correlation analysis was performed based on
linear regression model. We paired the average DNA methyla-
tion level of CpG (-200), CpG (-70), CpG (-61), and CpG (-52) in
all offspring with that in their respective mothers. Result dem-
onstrated that there was significant positive correlation be-
tween Foxp3 DNA methylation level in mother and that in off-
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spring (r=0.681, P<0.05) (Fig. 7).

Correlation analysis between Foxp3 DNA methylation and
mRNA expression

To verify the effect of Foxp3 DNA methylation on Treg cells,
we paired the average DNA methylation level of CpG (-200),
CpG (-70), CpG (-61), and CpG (-52) with Foxp3 mRNA expres-
sion in each individual mouse. Based on linear regression mod-
el, results demonstrated that there was significant negative cor-
relation between average Foxp3 DNA methylation level and
mRNA expression level in the mother groups (r=0.924, P<0.01)
and the offspring groups (r=0.749, P<0.05) (Fig. 8).

DISCUSSION

Most current studies share the view that AR, characterized by
allergic inflammatory response, is the result of Th2 polarization
in the CD4'Th cell differentiation pathway. In our study, with-
out any allergenic stimulation, AR offspring had more inflam-
matory cells, such as eosinophils, infiltrating into the nasal mu-
cosa than normal offspring. ELISA analysis revealed the domi-
nation of IL-4 and IL-17 in both AR mother and their offspring.
This indicated the Th2-skewed immune state in young off-
spring mice of AR mother. Clinical researches had similar re-
sults, Fu et al."! observed significantly increased Th2 cells in
cord blood of newborns of allergic mother. In addition, reduced
Th1/Th2 ratio in cord blood caused a higher risk to develop
atopic dermatitis (AD) for these children.

In addition to Th1/Th2 imbalance theory, the discovery of
Treg cells made a key supplement for AR mechanisms. Treg
cells have vital functions in immune regulation and immune
suppression. Studies manifested that Treg cells counts and
functions could be influenced by maternal farm exposure,*”*
combustion generated particulate matter exposure® and fiber
diet,* then subsequently influence the allergic diseases (asth-
ma, food allergy, and atopic dermatitis) of offspring. However,
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Fig. 8. Correlation analysis between Foxp3 DNA methylation and mRNA expression. Average DNA methylation level of CpG (-200), CpG (-70), CpG (-61), and CpG
(-52) was paired with Foxp3 mRNA expression in each individual mouse. Based on linear regression model, result demonstrated that there was significant negative
correlation between average Foxp3 DNA methylation level and mRNA expression level in mother groups (r=0.924, P<0.01) and offspring groups (r=0.749, P<0.05).

evidence verifying the roles of Treg cells in the maternal trans-
mission of AR susceptibility is insufficient. Our data showed
that, by Derp 1-stimulated AR mice model, the Treg cells counts
decreased in both AR mother group and AR offspring group. In
addition, Foxp3 mRNA expressions were inhibited in the AR
mother group. IL-10, an immunosuppressive cytokine party se-
creted by Treg cells, was significantly inhibited in AR mother
and their offspring. This finding implicated the suppression of
Treg cells in both cell count and function, and that was closely
associated with the inborn aberrant immune state in AR off-
spring.

DNA methylation and other epigenetic modifications may
play important roles in the process of maternal transmission of
AR risk and Treg cells function regulation. DNA methylation
typically occurs at cytosines within CpG islands. Methylation of
these CpG islands results in the condensation of chromatin and
decreased accessibility of target sequences, down-regulates the
transcription and expression of gene subsequently.®' Differen-
tial DNA methylation at specific regions have been identified to
be associated with allergic diseases, including loci of IFNG,*
IL4,® IL13,** and thymic stromal lymphopoietin (TSLP).*
CpG methylation of STAT4* and T-bef* loci may lead silencing
of corresponding genes during Th2 differentiation. DNA meth-
ylation of GATA3, Th2 key transcription factor, is modified by
oral contraceptives® or early epicutaneous immunotherapy.*
Whereafter it affects the risk of asthma or further sensitization.

We focus our attention on Treg cells and Foxp3. In previous
research we found the CpG islands hypermethylation at FOXP3
promoter in peripheral blood mononuclear cells of AR patients
(unpublished data). Similarly, very recent works had also dem-
onstrated the close relationship between FOXP3 DNA methyla-
tion and Th2-mediated allergic inflammation. Hinz e al.*® de-
tected Treg cell numbers via DNA demethylation in the FOXP3
Treg-cell-specific demethylated region (TSDR) and found that
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offspring of allergic parents had lower Treg cell numbers in
cord blood and higher risk to develop atopic dermatitis. In a
general population-derived birth cohort,infants who developed
food allergy had a decreased proportion of Treg cells and lower
demethylation FOXP3in CD4'T cells.* It is conceivable that the
same changes might happen in Treg cells of these two genera-
tions. So this time we detected the methylation of Foxp3 pro-
moter in AR mice mother and their offspring. No significant dif-
ference in methylation level of Foxp3 was observed between AR
mice and normal controls in the mother groups nor in the off-
spring groups. Possible reasons for the negative result in this
study are as follows: Foxp3 gene has several conserved CpG-
rich regions which located in the upstream enhancer (far up-
stream of the transcriptional start site), promoter (immediately
upstream to the Foxp3 transcriptional start site), and intronic
enhancer region, namely TSDR (present between noncoding
exons-2b and-1).*"** We only analyzed a segment in Foxp3 pro-
moter and found the tendency of Foxp3 promoter hypermeth-
ylation in AR mice mother and their offspring. Detecting more
mice samples and more CpG-rich regions may distinguish the
difference. Other epigenetic modifications, such as histone
modification, noncoding RNAs, chromatin remodeling, may be
responsible for the changes of Treg cells too. Previous research-
es indicated that classic genetic inheritance™" and perinatal
transfer of maternal mediators (such as allergens, antibodies or
cytokines) via placenta or breast milk*>*” might also be respon-
sible for maternal effect.

Further correlation analysis demonstrated that there was sig-
nificantly positive correlation between Foxp3 DNA methylation
level of mother and that of offspring. Negative correlation be-
tween average Foxp3 DNA methylation level and mRNA ex-
pression level was also found in both mother groups and off-
spring groups. These results partly verified our hypothesis that
maternal Foxp3 DNA hypermethylation can be transmitted to
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offspring and this is associated with the recession of Treg cells
in offspring.

In conclusion, this study highlights the important roles of Treg
cells in AR mechanisms and the process of maternal transmis-
sion of AR susceptibility. Neonatal offspring of AR mother are
born with abnormal immune state and this is closely associat-
ed with the recession of Treg cells. Thus, these offspring be-
come more vulnerable to AR. Although AR offspring show the
potential susceptibility to AR, whether or not they would devel-
op AR is still associated with later allergens and other immune
stimulation exposures. Epigenetic or other mechanisms con-
cerning Treg cells still need more studies to uncover.
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