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The dysfunction of regulatory B cells (Breg) may result in immune inflammation such as allergic rhinitis (AR); the underlying
mechanism is not fully understood yet. Short-chain fatty acids, such as propionic acid (PA), have immune regulatory
functions. This study is aimed at testing a hypothesis that modulates PA production alleviating airway allergy through
maintaining Breg functions. B cells were isolated from the blood obtained from AR patients and healthy control (HC) subjects.
The stabilization of IL-10 mRNA in B cells was tested with RT-qPCR. An AR mouse model was developed to test the role of
PA in stabilizing the IL-10 expression in B cells. We found that the serum PA levels were negatively correlated with the serum
Th2 cytokine levels in AR patients. Serum PA levels were positively associated with peripheral CD5+ B cell frequency in AR
patients; the CD5+ B cells were also IL-10+. The spontaneous IL-10 mRNA decay was observed in B cells, which was prevented
by the presence of PA through activating GPR43. PA counteracted the effects of Tristetraprolin (TTP) on inducing IL-10
mRNA decay in B cells through the AKT/T-bet/granzyme B pathway. Administration of Yupinfeng San, a Chinese traditional
medical formula, or indole-3-PA, induced PA production by intestinal bacteria to stabilize the IL-10 expression in B cells,
which promoted the allergen specific immunotherapy, and efficiently alleviated experimental AR. In summary, the data show
that CD5+ B cells produce IL-10. The serum lower PA levels are associated with the lower frequency of CD5+ B cells in AR
patients. Administration with Yupinfeng San or indole-3-PA can improve Breg functions and alleviate experimental AR.

1. Introduction

The immune regulation indicates a balance between activa-
tion and suppression of effector immune cells to achieve
an efficient immune response without causing damage in
the host that is carried out by a group of immune cells. This
group of cells is designated immune regulatory cells, such as,
but not limited to, regulatory T cells (Treg) and regulatory B
cells (Breg) [1, 2]. Examples of immune regulatory cytokines
are IL-10 and transforming growth factor- (TGF-) β. It is
recognized that the immune regulatory cell number reduc-

tion or/and dysfunction is associated with the pathogenesis
of immune diseases [1, 2]. Thus, maintaining immune regu-
latory cells at the optimal functional status may help to gen-
erate new therapies for immune diseases.

Upon proper activation, Bregs release immune regula-
tory cytokines, mainly IL-10, to suppress other immune cell
activities that restrict immune responses within a proper
range to avoid unnecessary injuries to tissues or/and cells
[2]. Several cell markers have been described for Bregs, such
as CD5, CD34, CD73, CD71, or CD25, indicating that Breg
markers and functions may be modified by relevant
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environmental factors [3], one of which is the short-chain
fatty acids (SCFAs) [4]. SCFAs are metabolites of intestinal
microbiota on fermenting dietary fibers that can regulate dif-
ferentiation or functions of immune cells. Propionic acid
(PA) is one of the SCFAs, which has been shown to induce
or promote the immune regulatory capacity of CD25+

Foxp3+ Treg and Breg [4, 5]. Yet, the underlying mechanism
is not fully understood yet.

Allergic diseases, such as allergic rhinitis (AR), asthma,
and dermatitis, are common immune disorders. The major
immune pathological feature of allergic diseases is the Th2
polarization. Th2 polarization indicates a condition that
the local tissues are overpopulated by Th2 cells and the local
tissues are oversaturated with Th2 cytokines, which can be
reflected in the blood stream, and is detectable by enzyme-
linked immunosorbent assay (ELISA) [6]. On the other
hand, the Th2 polarization indicates a dysfunctional status
of the immune regulatory system in the body. The causative
factors and underlying mechanism of immune regulatory
dysfunction remain to be further investigated. Based on
the above information, we hypothesize that modulating
PA production can alleviate airway allergy through main-
taining Breg functions. In this study, we observed that
the IL-10 mRNA spontaneously decayed in Bregs, which
played a critical role in the Breg dysfunction. The presence
of PA or administration of Yupinfeng San (YPS), a Chi-
nese traditional medicine formula that showed positive
effects on suppressing AR in clinic and animal model
studies [7–9], promoted the production of PA by intestinal
bacteria to prevent the IL-10 mRNA decay and alleviated
experimental AR.

2. Materials and Methods

2.1. Human Subjects. Patients with AR were recruited into
the present study at the Longgang Chinese Traditional Hos-
pital (Shenzhen, China), Longgang Central Hospital (Shenz-
hen, China), and Longgang ENT Hospital (Shenzhen,
China) from June 2020 to June 2021. The diagnosis of AR
was carried out by our doctors following the routine proce-

dures of the hospitals that also can be found elsewhere
[10]. The demographic data are presented in Table 1.
Patients with any of the following conditions were excluded:
cancer, autoimmune diseases, severe organ diseases, and
undergoing treatment of immune suppressors or corticoste-
roids for any reasons. Healthy control (HC) subjects were
also recruited in the hospitals. Blood samples were collected
from 36 AR patients and 36 healthy control (HC) subjects.
The serum was separated from the blood samples and ana-
lyzed by high-performance liquid chromatography (HPLC)
and ELISA. The experimental procedures were approved
by the Human Ethical Committee at the Longgang Chinese
Traditional Hospital (approve#2019HE015), Longgang
ENT Hospital, and Longgang Central Hospital (appro-
ve#2019HE0030). A written informed consent was obtained
from each human subject.

2.2. Development of an AR Mouse Model and Specific
Immunotherapy (SIT). BALB/c mice (6-8 weeks old) were
purchased from the Guangzhou Experimental Animal Cen-
ter. Mice were maintained in a specific pathogen-free facility
with accessing food and water freely. The animal experimen-
tal procedures were approved by the Animal Ethical Com-
mittee at Shenzhen University (approve#2019035). Mice
were sensitized to ovalbumin (OVA) following established
procedures [11], which is also depicted in Fig. S1 in the sup-
plemental materials. AR clinical symptoms (nasal itch and
sneezing) was observed and recorded during 30min after
the nasal challenge. The nasal lavage fluids (NLFs) were then
collected by introducing 30μl saline into each nostril, and
the NLF was immediately collected with the same syringe.
The rinse was repeated 3 times. All NLFs were pooled and
analyzed by ELISA. A group of mice was gavage-fed with
indole propanoic acid (IPA; 20mg/kg/day) or vehicle once
daily during the sensitization. For SIT, right before each time
of nasal instillation with OVA, mice were sublingually
administered with 1mg of OVA in 20μl of PBS during sen-
sitization. To prevent immediate swallowing of the allergen,
mice were held on the back for 1min [12].

Table 1: Demographic data of human subjects.

Items AR patients HC subjects

Male/female 16/20 17/19

Age (years, median (IQR)) 26.5 (16, 48) 25.4 (18, 45)

Specific IgE (median (IQR)) 56.8 (38, 115) (kU/L) 5.6 (3.5, 21.6)

SPT results

Bermuda grass 2 (5.6%) 0

Pine 4 (11.1%) 0

Poplar 5 (13.9%) 0

Rye 1 (2.8%) 0

Timothy grass 2 (5.6%) 0

Mugwort 2 (5.6%) 0

Mite mix 36 (100%) 0

Mold mix 8 (22.2%) 0

Animal dander 3 (8.3%) 0

2 Journal of Immunology Research



20

15

Se
ru

m
 P

A
 (μ

M
)

10

5

HC AR

⁎⁎⁎⁎⁎⁎⁎

(a)

25

20

15

Se
ru

m
 A

A
 (μ

M
)

10

5

HC AR

⁎⁎⁎⁎⁎⁎⁎

(b)

2.5

2.0

1.5

Se
ru

m
 B

A
 (μ

M
)

1.0

0.5

HC AR

⁎⁎⁎⁎⁎⁎⁎

(c)

⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎60

40

20

Cy
to

ki
ne

 (p
g/

m
l)

in
 se

ru
m

0

HC AR HC AR HC AR HC AR

IL-4 IL-5 IL-13 IL-10

⁎⁎⁎ ⁎⁎

(d)

r = –0.3942
45

40

Se
ru

m
 IL

-4
 (p

g/
m

l)

35

30

25

20

5.0 7.5

Serum PA (μM)

10.0 12.5

p = 0.0174
r = –0.3942= 0 3942r 0 2
p = 0.0174pp .

(e)

r = –0.5310
40

Se
ru

m
 IL

-5
 (p

g/
m

l)

30

20

5.0 7.5

Serum PA (μM)

10.0 12.5

p = 0.0009
r = –0.5310r 0 0
p = 0.0009p .

(f)

Figure 1: Continued.
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2.3. Isolation of CD5+ B Cells in Mouse Airway Tissues. After
the sacrifice, the nasal tissues and lungs were excised, cut
into small pieces, incubated with collagenase IV (0.5mg/
ml) for 30min at 37°C with mild agitation to dissociate air-
way mononuclear cells (AMC). AMCs were filtered through
a cell strainer (100μm first, then 40μm) and centrifuged at
1000 g for 5min. The pellets were resuspended and washed
with PBS, stained with fluorescence-labeled antibodies of
CD19 and CD5, and analyzed by flow cytometry (FACS).

2.4. Depletion of Intestinal Bacteria. Mice were gavage-fed
with vancomycin (50mg/kg), neomycin (100mg/kg), metro-
nidazole (100mg/kg), and amphotericin-B (1mg/kg) every
12 hours with ampicillin 1 g/l ad libitum in drinking water
for 7 consecutive days. Control mice received water ad libi-
tum only. To determine the effects of bacterial depletion,
mouse fecal culture was performed following published pro-
cedures [13]. The results showed that less than 1 cfu/mg
feces in mice treated with gavage-feeding with antibiotics.

2.5. Statistics. The differences between two groups were
determined by Student t test or Mann-Whitney U test.
ANOVA followed by Dunnett’s test was performed for mul-
tiple comparisons. Spearman correlation coefficient test was
performed for determining correlation between two datasets.
p < 0:05 was set as a significant criterion.

3. Results

3.1. Serum PA Levels Are Negatively Correlated with Serum
Th2 Cytokine Levels in AR Patients. We found that the
serum levels of acetic acids (AA), butyric acids (BA), and
propionic acids (PA) were lower in the AR group than in
the HC group (Figures 1(a)–1(c)). Serum Th2 cytokine
(including IL-4, IL-5, and IL-13) levels were higher, and
IL-10 levels were lower in the AR group as compared with
the HC group (Figure 1(d)), indicating a Th2 polarization
status in AR patients. A negative correlation was detected
in the data between serum PA levels and serum Th2 cyto-
kine levels (Figures 1(e)–1(g)), while the serum IL-10 levels

were positively correlated with serum PA levels
(Figure 1(h)). The serum Th2 cytokine levels and IL-10
levels did not show correlation with either serum AA or
BA (Fig. S2 in supplemental materials). The data suggest
that the lower serum PA levels may be associated with the
pathogenesis of Th2 polarization in AR.

3.2. Serum PA Levels Are Positively Associated with
Peripheral CD5+ B Cell Frequency. As CD5+ B cells produce
IL-10, and are associated with oral tolerance [14], Th2 polar-
ization usually implicates the immune tolerance disruption
[2]; we next assessed the peripheral CD5+ B cell frequency
[14] in AR patients. The results showed that CD5+ B cells
were detectable in PBMCs that were fewer in the AR group
than in the HC group (Figures 2(a)–2(c)); more than 90%
CD5+ B cells were also IL-10+ (Figures 2(d) and 2(e)). The
CD5+ B cells showed immune suppressive effects on T cell
proliferation (Fig. S3). A positive correlation was detected
between the CD5+ B cell frequency and the serum PA levels
or IL-10 levels (Figures 2(f) and 2(g)), implicating that PA
may involve CD5+ B cell activities, and the latter is associ-
ated with the serum IL-10 levels. In addition, a negative cor-
relation between the CD5+ B cell frequency and the serum
Th2 cytokines was detected (Figures 2(h)–2(j)). The results
suggest that the serum PA levels may be associated with
the immune tolerance disruption in AR patients since
CD5+ B cells are one of the major immune-tolerant cell frac-
tions [14–16].

3.3. PA Prevents IL-10 mRNA Decay in B Cells. It is the con-
sensus that the IL-10 expression is the mainstay of regula-
tory B cell function. We then assessed the association
between PA and the capacity of IL-10 production by B cells.
Naïve B cells were isolated from blood samples collected
from HC subjects. As B cells do not spontaneously produce
IL-10, CpG (an IL-10 inducer) was added to the culture. We
found that exposure to CpG in the culture for 16h induced
the IL-10 expression (Figure 3(a)). Following our established
procedures [17], the B cells were washed and cultured in
fresh medium without the presence of CpG. We found that
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Figure 1: Serum PA negatively correlates with human serum Th2 cytokines. Blood samples were collected from 36 AR patients and 36
healthy control (HC) subjects. The serum was separated from blood samples and analyzed by HPLC and ELISA. (a–c) Boxplots show the
serum levels of propionic acid (PA), acetic acid (AA), and butyric acid (BA). (d) Violin plots show serum Th2 cytokine levels. (e–g)
Negative correlation between serum PA, serum Th2 cytokines, and IL-10 of the AR group (determined by Spearman correlation
coefficient test). ∗∗p < 0:01 and ∗∗∗p < 0:001 (Mann-Whitney U test), compared with the HC group. Each dot presents data obtained
from one sample.
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the IL-10 expression in B cells declined 30min after, which
progressively reduced to the baseline levels 5h later. The
results indicate that IL-10 mRNA decays spontaneously soon
after splicing. Prompted by the results of Figures 1 and 2, we
speculated that PA might counteract the IL-10 mRNA decay
in B cells. To test this, we repeated the experiments with the
addition of PA to the culture. Indeed, the presence of PA effi-
ciently counteracted the IL-10 mRNA decay (Figure 3(b)).

Both GPR41 and GPR43 can be recognized by PA. To elu-
cidate which one involves the PA-mediated IL-10mRNA stabi-
lization in B cells, we prepared GPR41-deficient (GPR41d) and
GPR43d B cells by RNA interference (RNAi) (Fig. S4). Then,
wild-type (WT) B cells, GPR41d B cells, and GPR43d B cells
were exposed to CpG in the culture for 16h and washed with
medium, and the culture was continued with fresh medium
(containing PA) for another 5h. The B cells were harvested at

the end of the culture and analyzed by RT-qPCR. The results
showed that the IL-10 mRNA expression was maintained by
the presence of PA in the WT group and the GPR41d group
but went down to the baseline levels in the GPR43d group
(Figure 3(c)). The results demonstrate that GPR43 mediates
the effects of PA on regulating the IL-10 expression in B cells.
In addition, we extended the culture time to 24h and 48h in
the second stage, respectively. We found that the IL-10 expres-
sion was still maintained in B cells by the presence of PA
(Figure 3(c)). The results indicate that the presence of PA coun-
teracts the spontaneous IL-10 mRNA decay in B cells.

3.4. PA Counteracts the Effects of Tristetraprolin (TTP) on
Inducing IL-10 mRNA Decay in B Cells. Our previous studies
showed that TTP bound IL-10 mRNA to induce IL-10 decay
in B cells of an experimental food allergy study, but the
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Figure 2: A negative correlation between human peripheral CD5+ B cells and serum Th2 cytokines. (a–c) Blood samples were collected
from 36 AR patients and 36 HC subjects. PBMCs were analyzed by FACS. (a) The FSC/SSC plots. (b) Gated plots show CD5+ B cells.
(c) Violin plots show CD5+ B cell frequency in PBMCs. (d) Gated plots show IL-10+ cells in CD5+ B cells. (e) Violin plots show IL-10+

cell frequency in CD5+ B cells. (f, g) A positive correlation between CD5+ B cell frequency and serum PA levels or serum IL-10 levels
(determined by Spearman correlation coefficient test). (h–j) A negative correlation between B10 cell frequency and serum Th2 cytokines.
∗∗∗p < 0:001 (Mann-Whitney U test), compared with the HC group.
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underlying mechanism remains to be further investigated
[18]. In line with this, we also found that CD5+ B cells, but
not CD5- B cells, collected from AR patients showed higher
TTP expression (Figures 4(a)–4(c)). By immunoprecipita-
tion assay with an anti-TTP antibody as bait, we precipitated
TTP protein (Figure 4(d)). IL-10 mRNA was detected in the
IP products of TTP, which was significantly higher in the AR
samples (Figure 4(e)). The IL-10 mRNA decay in B cells was
blocked by knocking down the TTP expression (Figure 4(f),
Fig. S5A). Overexpression of TTP in B cells (Fig. S5B) sped
up the IL-10 mRNA decay in B cells (Figure 4(f)). This phe-
nomenon was reproduced by exposing B cells to CpG in the
culture that was abrogated by the presence of PA, but not by
BA (Figures 4(g) and 4(h)). The results indicate that TTP
forms a complex with IL-10 mRNA and induces the IL-10
mRNA decay in B cells, which can be counteracted by the
presence of PA.

3.5. PA Inhibits TTP in B Cells through the AKT-T-bet-
GZMB Pathway. We then took further insight into the
mechanism by which PA counteracts the effects of TTP on
IL-10 mRNA decay. Naïve B cells were treated with CpG
and PA in the culture overnight. Protein extracts of the B
cells were prepared and analyzed by immunoprecipitation
(IP) assay with an antibody of TTP as bait. The IP products
were analyzed by mass spectrometry (MS). The MS results
showed that granzyme B (GZMB) formed a complex with
TTP in B cells after exposure to CpG and PA (Figure 5(a),
Fig. S6). The IP products were then analyzed by Western
blotting. The results verified the complex of TTP/GZMB in
the IP products (Figure 5(b)), indicating that PA induces
the GZMB expression in B cells, which was demonstrated
by RT-qPCR and Western blotting; PA induced GZMB
expression in B cells in a dose-dependent manner
(Figures 5(c) and 5(d)). Previous reports indicate that the
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AKT and T-bet signal pathway is involved in the GZMB
expression [19]. We also found this phenomenon in PA-
primed B cells, in which the phosphorylation of AKT and
T-bet expression was upregulated (Figures 5(e) and 5(f)).
The PA-induced GZMB expression in B cells could be abro-
gated by inhibition of either AKT or T-bet (Figure 5(g)). As
GZMB is a protease, we inferred that it might degrade TTP.
Indeed, in the IP products of TTP and GZMB, we coloca-
lized TTP and ubiquitin (Figure 5(h)), a sign of TTP degra-
dation [20]. The results indicate that PA inhibits TTP in B
cells through the AKT/T-bet/GZMB pathway.

3.6. Modulating PA Production Stabilizes IL-10 Expression in
B Cells and Suppresses Experimental AR. YPS is a traditional
Chinese medicine formula. Previous studies indicate that
YPS can alleviate AR and asthma by restoring the Breg func-
tion [7–9]. We hypothesize that such an effect of YPS may be
through inducing PA production by intestinal bacteria, sta-
bilizing IL-10 mRNA in B cells. To test this, a murine AR
model was developed with established procedures [11]. The
CD5+ B cell frequency and serum PA levels were lower in
AR mice, which were significantly increased in mice treated
with YPS, but did not occur in mice with depleted bacteria
(Figures 6(a)–6(c)). The IL-10 expression in CD5+ B cells
of the airway tissues was diminished in the AR group, which
was upregulated by the administration of YPS (Figures 6(d)
and 6(e)).

The AR response, including AR symptoms (nasal itch
and sneezing), serum sIgE, allergic mediators, and cytokines
in nasal lavage fluids (NLF), was partially alleviated in AR
mice treated with SIT or YPS, while significantly alleviated
by combination of SIT and YPS or SIT and IPA. The allevi-
ating effects were abolished by depleting intestinal bacteria
with antibiotics (Figure 7). Depletion of intestinal bacteria

alone did not show any effects on AR response (data not
shown). Taking together the results in Figures 6 and 7, mod-
ulating PA production stabilizes the IL-10 expression in
Bregs, which can promote SIT efficacy in the treatment of
allergic diseases such as AR.

4. Discussion

The present paper reports a previously undescribed phe-
nomenon that PA stabilizes the IL-10 expression in B cells
via activating the AKT-T-bet pathway. We found that the
serum PA levels were lower in AR patients, which were neg-
atively correlated with the Th2 cytokine levels in the serum.
We also found that the serum PA levels were positively cor-
related with peripheral CD5+ B cells, a fraction of B cells
expressing IL-10. We further found that PA could counter-
act the IL-10 mRNA decay in B cells through the AKT-T-
bet pathway. Administration of YPS induced intestinal bac-
teria to produce PA that stabilized peripheral CD5+ B cells
and alleviated experimental AR.

In line with published data [14], we also found that
CD5+ B cells expressed IL-10. This fraction of B cells was
much fewer in AR patients. Since the expression of IL-10
is the mainstay in Bregs, this fraction of IL-10-expressing
CD5+ B cells therefore belongs to Bregs. The major benefi-
cial function of Breg is to suppress the aberrant immune
activities of other immune cells through acting in concert
with T cells [21]. Abnormal B cell activities are associated
with the pathogenesis of many autoimmune diseases [22].
Our data are consistent with these studies by showing that
IL-10+ CD5+ B cell frequency is lower in AR patients, sug-
gesting that the abnormality of this fraction may contribute
to the pathogenesis of AR.
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collected from HC subjects and AR patients. Violin plots show TTP mRNA (a), and immunoblots show TTP protein (TTP) levels in B
cells. Boxplots show the integrated density of TTP immunoblots (c). (d, e) IP products with an anti-TTP Ab as a bait. Violin plots show
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mRNA levels in B cells. Immunoblots show TTP protein levels in B cells. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, compared with the HC
group (a, c, e), the CpG group (f), or the saline group (g). ##p < 0:01 and ###p < 0:001, compared with the medium group. Statistical
methods: Student t test (e) and ANOVA+Dunnett’s test (a, c, f, g).
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In parallel to the CD5+ B cell frequency, the serum IL-10
levels are lower in the AR group as compared with the HC
group. The positive correlation between the CD5+ B cell fre-
quency and serum IL-10 levels suggests that CD5+ B cells are
the important source of serum IL-10 in the present experi-
mental setting. Thus, to understand the mechanism by
which IL-10 decreased in B cells is of importance. We [17,
18] and others [23] previously found that the IL-10 mRNA
relatively easily decayed, which degraded spontaneously
soon after splicing before completing the IL-10 protein syn-
thesis. Thus, it is necessary to investigate the mechanism of

IL-10 mRNA decay. In line with previous reports [17, 18],
the present data also show that IL-10 mRNA decayed in B
cells soon after the removal of IL-10 inducers and confirm
that TTP is the factor to induce IL-10 mRNA decay in B
cells.

TTP is an RNA-binding protein. The present data show
that TTP binds IL-10 mRNA to form a complex that further
induces IL-10 mRNA decay in B cells. By reviewing its
amino acid sequence, we found that TTP was a proline-
rich molecule. This feature [24] indicates that TTP is prone
to bind other molecules. Apart from binding IL-10 mRNA,

107

CD
19

106

105 5.21%

a

NC

CD5

104

0

0 5M 10M 15M

107

106

105 2.13%

b

AR
AR

104

0

0 5M 10M 15M

107

106

105 6.10%

c

YPS

104

0

0 5M 10M 15M

107

106

105 2.09%

d

YPS.bug.d

104

0

0 5M 10M 15M

107

106

105 5.68%

e

IPA

104

0

0 5M 10M 15M

(a)

⁎⁎⁎
⁎⁎⁎

###

7

6

5

CD
5+  B

 ce
ll 

(%
)

4

3

2

a b

Groups (same as panel A)

c d e

⁎⁎⁎⁎⁎⁎
⁎⁎⁎⁎

#######

(b)

⁎⁎⁎ ⁎⁎⁎
###

30

Se
ru

m
 P

A
 (μ

M
)

20

10

a b

Groups (same as panel A)

c d e

⁎⁎⁎⁎ ⁎⁎⁎⁎
####

(c)

⁎
⁎
##1.0

IL
-1

0 
m

RN
A

 (R
E)

0.5

a

Groups (same as panel A)

b c d e

⁎⁎
⁎⁎
###

(d)

⁎⁎
⁎⁎
##

20

15

IL
-1

0 
(p

g/
sa

m
pl

e)

10

5

a b

Groups (same as panel A)

c d e

⁎⁎⁎
⁎⁎⁎⁎
###

(e)
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TTP also binds other molecules’ mRNA, such as IL-8 and
many others [25] to modulate the posttranscription activities
of protein synthesis. Our data show that exposure of B cells
to CpG induced both IL-10 mRNA expression as well as
TTP expression. This may be understood as a self-
regulation activity to maintain the homeostasis in the cell.

The data show that the serum SCFA, including PA, AA,
and BA, levels were lower in AR patients as compared to HC
subjects. By correlation assay, serum PA, but not AA or BA,
levels were negatively correlated with serum Th2 cytokine
levels. It has been recognized that PA has immune regula-
tory functions. The PA intake increases Treg-related gene
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Figure 7: Modulating PA production promotes SIT effects in mice. AR mice were treated with the procedures listed on the x axis. NC: naïve
control mice; AR: AR mice; SIT: AR mice treated with SIT; YPS: mice treated with YPS; Bug.d: mice treated with antibiotics to deplete
intestinal bacteria; IPA: mice treated with IPA. (a, b) AR symptoms of mice, including nasal scratch times (nasal itch) (a) and sneezing
(b). (c) Serum sIgE levels. (d–f) Levels of IL-4 (d), EPX (e), and MCP1 (mast cell protease-1) (f) in nasal lavage fluids (NLF). Each group
consists of 6 mice. Each dot in boxplots presents data obtained from one mouse. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001, compared with
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expression, suppresses proinflammatory Th1 and Th17
cytokines, and alleviates immune diseases, such as multiple
sclerosis [26]. Our data show that the presence of PA coun-
teracts the IL-10 mRNA decay in B cells. Because the IL-10
expression is the mainstay in Bregs, the data indicate that
PA contributes to maintaining the homeostasis of Bregs.

The present study revealed the mechanism by which
PA counteracts the IL-10 mRNA decay in B cells. We
found that PA increased the expression of GZMB in B
cells; the latter induced TTP degradation. GZMB is a pro-
tease that mediates degradation of T cell receptor zeta
chain [27], directly induces target cell death [28], and
degrades apoptosis inhibitors to promote cell apoptosis
[29]. Our data show a signal transduction pathway,
AKT/T-bet, by which PA induces GZMB expression in B
cells. AKT mediates multiple cell signals that play critical
roles in many cellular activities [30]. In line with previous
studies that show IL-15 activating the AKT/T-bet signal
pathway to elicit GZMB gene transcription [19], we also
found that PA activated GPR43 on B cells to elicit the
GZMB transcription via the AKT/T-bet pathway.

The data show that lower serum PA levels are negatively
correlated with the Th2 polarization and the impaired status
of Bregs in AR patients. This suggests that the PA supple-
ment may alleviate AR. Through an animal model study,
we found that administration of PA indeed efficiently allevi-
ated AR. On the other hand, a group of AR mice was treated
with YPS, a Chinese traditional medicine formula, that dem-
onstrated the effects on inhibition of AR in both the clinic
and animal studies [7–9]. The results demonstrate that
administration of YPS also can alleviate experimental AR
and promote SIT efficacy through increasing PA production
by intestinal bacteria and increasing Bregs.

In summary, the present data indicate that PA insuffi-
ciency is associated with the pathogenesis of AR. Adminis-
tration of PA or employing YPS to increase PA can
promote SIT efficacy and alleviate experimental AR. The
results suggest that PA supplement may have the transla-
tion potential to be used in the treatment of AR or other
allergic diseases.
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