Immunology Letters 210 (2019) 47-54

=

IMMUNOLOGY
LETTERS

Contents lists available at ScienceDirect

Immunology Letters

journal homepage: www.elsevier.com/locate/immlet

Toll-like receptor signal is required in maintenance of immune suppressive M)

Check for

capacity of regulatory T cells L

Miao Zhao™', Hao-Tao Zeng™', Gui Yang™', Xiao-Rui Geng®, Yuan-Yi Zhang™*, Fei Ma",
Jiang-Qi Liu®, Zhi-Qiang Liu®, Mei-Zhen Zhao®, Li-Hua Mo®, Xiang-Qian Luo®, Xiao-Wen Zhang*,
Da-Bo Liu®*", Ping-Chang Yangb’*

@ Longgang ENT Hospital and Affiliated ENT Institute of Shenzhen University, Shenzhen, China

b Research Center of Allergy & Immunology, Shenzhen University School of Medicine, Shenzhen, China

¢ Department of allergy, Third Affiliated Hospital of Shenzhen University, Shenzhen, China

d Department of Otolaryngology, First Affiliated Hospital of Guangzhou Medical University, Guangzhou, China
€ Department of Pediatric Otolaryngology, Shenzhen Hospital of Southern Medical University, Shenzhen, China

ARTICLE INFO ABSTRACT

Dysfunction of immune regulatory cells has been recognized in a variety of immune diseases; the underlying
mechanism remains to be further investigated. This study aims to investigate the critical role of Toll-like receptor
(TLR) signal in the maintenance of function of regulatory T cells (Tregs). In this study, Tregs were isolated from
patients with allergic rhinitis (AR) and healthy control (HC) subjects. The role of TLR signal in the maintenance
of Treg’s function was tested with experiments of cell culture and an AR mouse model. We observed that the
immune suppressive function of AR Treg (Tregs isolated from AR patients) was impaired, although the number
of peripheral AR Treg was comparable with HC Treg. Expression of transforming growth factor (TGF)-B was
lower in AR Tregs than that in HC Tregs that was positively correlated with expression of Mal in Tregs; the latter
was lower in AR Tregs as compared to HC Tregs. TGF- mRNA in Tregs decayed spontaneously in the culture.
Activation of Mal counteracted TGF-3 decay and maintained the Treg’s immune regulatory function. Mal bound
Tristetraprolin (TTP) to prevent TTP from inducing TGF-B mRNA decay. Absence of TLR signals resulted in Treg
dysfunctional and worsened experimental AR response in a murine model. In conclusion, TLR signal is required
in the maintenance of Treg function. Absence of TLR signal may result in Treg dysfunction and immune intol-
erance.
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1. Introduction

The prevalence of allergic disease, such as allergic rhinitis (AR),
asthma, dermatitis and food allergy, increases rapidly worldwide in the
recent decades [1]. The underlying mechanism remains to be further
investigated. AR is an adverse immune response in the nasal mucosa to
innocent antigens. Aberrant higher immune cell activities in the body of
patients with allergic diseases are recognized. For example, over-
production of T helper (Th)2 cytokines, such as interleukin (IL)-4, IL-5,
IL-13, and immunoglobulin (Ig)E; accumulation of eosinophils and mast
cells in the local tissues [2]. To date, current therapies for allergic
diseases are not satisfactory [3]. Therefore, it is necessary to further
understand the mechanism of allergy and to invent novel and more

effective remedies for the treatment of allergic diseases.

In general, the immune cell activities are tightly regulated in the
body by the immune regulatory system [4]. The immune regulatory
system includes immune regulatory cells and immune regulatory
mediators. Regulatory T cells (Tregs) are one of the major immune
regulatory cells [4]. Tregs produce transforming growth factor (TGF)-
or IL-10 to regulate or suppress other immune cell activities to maintain
the immune response within a proper scope to avoid causing tissue
injury [5]. There are several other immune regulatory cells, such as
regulatory B cells, in the body [4,5]. The dysfunction of Treg, such as
mutations of Foxp3 and reduced production of TGF-f, causes severe
body inflammation and attracts more attention to the studies of Treg in
the recent years [6]. In allergic diseases, the aberrant Th2 activities and
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plasma cell overproduction of IgE mirror the dysfunction of the immune
regulatory system in the body. The underlying mechanism remains to
be further understood.

Microbial stimuli are required in the development and maintenance
of immune regulatory function [7]. Insufficient stimuli of microbe re-
sults in impairment of immune regulatory function [7]. Immune cells
express Toll-like receptors (TLR) that recognize microbial stimuli [8].
TLRs can be activated upon exposure to microbial products that in-
itiates the response in the signal transduction pathway, in which Mal
and MyD88 are the common checkpoints of different TLR signals except
TLR3 [9,10]. Although activation of Mal is mainly recorded in microbe-
related inflammation in the body, some microbial stimuli, such as those
from commensal microbes, are required in the maintenance of Treg’s
immune regulatory function [11]. Yet, whether TLR signals are re-
quired in the maintenance of Treg’s function remains to be further in-
vestigated. In this study, we examined the immune regulatory function
of Treg collected from AR patients. The role of TLR signal in the
maintenance of Treg’s immune suppressive function was investigated.

2. Materials and methods
2.1. Human subjects

Patients with perennial allergic rhinitis (AR) at the remission stage
were recruited into this study in the Affiliated Hospitals at Shenzhen
University (Shenzhen, China). The diagnosis and management of AR
were carried out by our surgeons following our routine procedures that
can be found elsewhere [12]. To obtain nasal mucosa tissue samples,
patients with nasal polyps (with or without nasal allergy) were also
recruited into this study. Healthy control (HC) subjects were also re-
cruited into this study. The demographic data and AR-related para-
meters of human subjects are presented in Table S1-3 in supplemental
materials. Patients with any of the following conditions were excluded
this study: Cancer; severe organ diseases; autoimmune diseases; under
immune suppressive therapies for any reasons. The experimental pro-
cedures of this study were approved by the Human Ethics Committee at
Shenzhen University. An informed written consent was obtained from
each human subject.

2.2. Collection of human nasal mucosal samples

Patients with nasal polyps were treated with nasal surgery by our
surgeons following the routine procedures. Surgically removed nasal
tissues were collected in the operation rooms.

2.3. Isolation of Tregs from human nasal tissue

Surgically removed nasal mucosal tissues were cut into small pieces
(2 x 2 x 2mm) and incubated with 1 mg/ml collagenase IV for 2h at
37 °C with mild agitation. Single cells were passed through a cell
strainer (70 um first, then 40 um). Mononuclear cells were isolated by
Percoll gradient density centrifugation. CD4* CD25% CD127  Tregs
were isolated from the mononuclear cells by flow cytometry cell
sorting. The purity of isolated Tregs was greater than 98% as checked
by flow cytometry. The viability of isolated Tregs was greater than 99%
as assessed by Trypan blue exclusion assay.

2.4. Detection of TTP/TGF-f3 complex in Tregs

HC Tregs were prepared from PBMCs and cultured in RPMI1640
medium for 96 h. The cells were collected and radiated by 0.15 J/cm? of
365nm UV light in a Stratalinker 2400 (Stratagene) to cross-link the
RNA/protein in the cytoplasm. The cells were lysed with a lysis buffer.
The lysates were then processed with the procedures of the IP. The
protein/RNA complexes were eluted from the agarose beads with an
eluting buffer. RNA was extracted from the samples with an RNA
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recovering kit following the manufacturer's instructions and analyzed
by RT-qPCR. Proteins were analyzed by Western blotting.

2.5. Assessment of Th2 cytokines in the nasal mucosa

Nasal mucosal tissue was collected at the sacrifice and homogenized
in protein extracting buffer containing protease-inhibiting cocktail with
a homogenizer in an ice bath. The supernatant was collected and used
as protein extracts. Th2 cytokine levels in the extracts were determined
by ELISA with commercial reagent kits following the manufacturer’s
instructions.

2.6. Statistical analysis

The difference between two groups was determined by Student t
test. ANOVA following by Dunnett’s t test or SNK test was employed for
multiple comparisons. P < 0.05 was considered statistical significance.

More experimental procedures are presented in supplemental ma-
terials.

3. Results
3.1. AR Tregs show incompetent immune suppressive function

Blood samples were collected from AR patients and HC subjects.
Peripheral blood mononuclear cells (PBMCs) were isolated from the
samples and analyzed by flow cytometry. The results showed that the
frequency of AR Tregs (Tregs isolated from AR patients) in PBMCs was
not significantly different from HC Tregs (Fig. 1A-D). These Foxp3™
Tregs did not show CD127 positive (Fig. S1 in supplemental materials).
To corroborate the results, Tregs were isolated from PBMCs and ana-
lyzed by Western blotting and ChIP. The results showed that protein
levels of Foxp3 were comparable between AR group and HC group.
Furthermore, Foxp3 and Pol II levels at the TGFB promoter locus were
also detected and at similar levels between the two groups (Fig. 1E-G).
To assess the immune suppressive function of Tregs, Tregs and CD4 ™"
CD25™ effector T cells (Teff; labeled with CFSE; Carboxyfluorescein
diacetate succinimidyl ester) were isolated from PBMCs by flow cyto-
metry cell sorting. Tregs and Teffs were cocultured at a ratio of 1:5 for 3
days in the presence of anti-CD3/CD28 Abs. As shown by flow cyto-
metry data, the suppressive effects on Teff proliferation was markedly
impaired in the AR group than that in the HC group (Fig. 1H-I). The
results indicate that, although the number of AR Tregs in PBMCs is not
reduced, their immune suppressive function is impaired.

3.2. Expression of TGF-f is impaired in AR Tregs that is correlated with
insufficient expression of Mal

Since TGF-p is the canonical immune regulatory mediator of CD4*
CD25"% Foxp3* Tregs, the results shown by Fig. 1 imply that the ex-
pression of TGF-3 may be impaired in AR Tregs. To test this, Tregs were
isolated from PBMCs and analyzed by RT-qPCR and Western blotting.
The results showed that the expression of TGF-f3 was markedly lower in
AR Tregs than that of HC Tregs (Fig. 2A-B). In addition, we collected
surgically removed nasal mucosa samples from patients with or without
nasal allergy. Tregs were isolated from these nasal tissues and analyzed
by RT-qPCR and Western blotting. We also found that Tregs from al-
lergic nasal mucosal tissue expressed less TGF-B as compared with the
non-allergic nasal tissues (Fig. 2A-B).

Published data show that activation of Toll-like receptors (TLR) can
induce TGF-f expression [13,14], Mal (TIR domain-containing adaptor
protein, also called TIRAP) is a critical component in the common TLR
signal transduction pathway [9]. Therefore, we analyzed the Mal ex-
pression in Tregs by RT-qPCR and Western blotting. The results showed
that the expression of Mal was lower in AR Tregs as compared with that
of HC Tregs (Fig. 2C-D). It is noteworthy that a positive correlation was
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Fig. 1. Immune suppressive function of AR
peripheral regulatory T cell (Treg) is impaired.
Peripheral blood mononuclear cells (PBMCs)
were isolated from blood samples collected
from AR patients (n = 20) and HC subjects
(n = 20). PBMCs were analyzed by flow cyto-
metry. A, gated dot plots indicate frequency of
CD4% CD25" T cells. B, bars indicate sum-
marized CD4* CD25"% T cells in PBMCs. C,
gated histograms indicate frequency of Foxp3*
Tregs. D, bars indicate summarized frequency
of Foxp3™ Tregs. E, Tregs were isolated; the
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detected between levels of TGF-B and Mal in Tregs (Fig. S2). The ex-
pression of TLR2, 3, 4, 7 and 9 was detectable in Treg extracts, which
did not show a marked difference between the AR group and the HC
group (Fig. S3). The results demonstrate that AR Tregs express lower
levels of TGF-p than that of HC Tregs and the expression of Mal is
impaired in AR Tregs. The expression of TGF-( is positively correlated
with the expression of Mal in Tregs, implying that Mal may be required
in the maintenance of TGF-f expression in Tregs. Since the Toll/IL-1R
domain-containing adapter-inducing interferon-f (TRIF) and MyD88
are also involved in the TLR signal transduction pathway [15], we ex-
amined the expression of TRIF and MyD88 in Tregs by Western blotting.
The results showed that TRIF and MyD88 were detected in Tregs, the
levels of which were comparable between the HC group and the AR
group as well as between the NR group and AR group of nasal Tregs
(Fig. 2E-F).
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3.3. TGF-8 mRNA spontaneously decay in Tregs that can be counteracted
by Mal activation

Next, we isolated Tregs from HC subjects. The Tregs were cultured
in medium alone and harvested at time points of 0, 20, 40, 60, 80 and
100 min, respectively. Expression of TGF-[3 by the Tregs was assessed by
RT-qPCR. The results showed that TGF-} mRNA decayed spontaneously
in the culture in a time-dependent manner (Fig. 3A). Since exposure to
TLR agonists can induce Tregs [13,14], exposure to TLR agonists may
counteract the spontaneous TGF-f mRNA decay in Tregs. To test the
inference, we added LPS, or SEB, into the culture. Indeed, the sponta-
neous TGF- mRNA decay in Tregs was efficiently counteracted; such
an effect was abolished by depleting either Mal or MyD88 expression in
Tregs by RNAi (Fig. 3B, Fig. S4). The results demonstrate that TGF-f3
mRNA decays spontaneously in Tregs that can be counteracted by the
presence of agonists of TLR2 or TLR4, suggesting that TLR2/4 signals
may be required in stabilizing the expression of TGF-f3 in Tregs.
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Fig. 2. AR Tregs express lower levels of TGF-$ and Mal. Blood samples were collected from AR patients (n = 20) and HC subjects (n = 20). Nasal mucosa samples
were collected from 6 patients with non-allergic rhinitis/nasal polyps (NR) and 6 patients with allergic rhinitis/nasal polyps (AR). Tregs were isolated from the blood
samples (Blood Treg) and nasal mucosal samples (Nasal Treg) and analyzed by RT-qPCR and Western blotting. A, bars indicate TGF-$ mRNA levels in Tregs. B,
immunoblots indicate TGF-f protein levels in Tregs. C, bars indicate Mal mRNA levels in Tregs. B, immunoblots indicate Mal protein levels in Tregs. E-F, im-
munoblots indicate protein levels of TRIF (F) and MyD88 (G). Data of bars are presented as mean + SEM. Each dot inside bars presents data of an independent
experiment. The immunoblots were results of one experiment representing 3 independent experiments (proteins from each sample were pooled within each group).
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Fig. 3. TLR agonists counteract TGF-B mRNA
decay in Tregs. Tregs were isolated from blood
samples collected from HC subjects. A, Tregs
were cultured with or without the presence of
LPS (100 ng/ml), or SEB (100 ng/ml), respec-
tively. Tregs were harvested at the indicated
time points and analyzed by RT-qPCR. Curves
indicate TGF-f mRNA levels in Tregs at in-
dicated time points (presented as percentage of
value at time point 0). B, Mal-deficient or
MyD88-deficient or wild type Tregs were cul-
tured with or without the presence of LPS
(100 ng/ml), or SEB (100 ng/ml), respectively.
The cells were harvested 100 min later and
analyzed by RT-qPCR. Bars indicate TGF-3

SEM. *p < 0.01, compared with the saline group. The data represent results obtained from 3
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Fig. 4. TTP speeds up TGF- mRNA to decay in Tregs. A-B, Tregs were prepared from HC subjects (n = 20) and AR patients (n-20). Bars show TTP mRNA levels in
Tregs. Inmunoblots show TTP proteins and ubiquitinated TTP proteins in Tregs. C, TTP expression was depleted in Tregs by CRISPR. D, bars show depletion of TTP
counteracted TGF-3 mRNA decay. E, a complex of TTP/TGF- mRNA was detected in Tregs with or without TTP depletion. F, HC Tregs were over expressed TTP by
transfecting with TTP-expressing plasmids. G, curves show TTP-over expression speeds up TGF-p mRNA decay in HC Tregs. Data of bars are presented as
mean * SEM. Each dot inside bars present data from one sample (tested in triplicate). Protein samples for immunoblots were pooled per group. The data of
immunoblots are from one experiment representing 3 independent experiments. Data of D and G represent 3 independent experiments.

3.4. Tristetraprolin (TTP) speeds up TGF- mRNA decay in Tregs

Published data indicate that tristetraprolin (TTP) can bind mRNA to
induce mRNA decay [16]. We wondered if TTP was also associated with
TGF- mRNA decay in Tregs. To this end, HC Tregs and AR Tregs were
prepared and analyzed by RT-qPCR and Western blotting. The results
showed that TTP was detected in both HC and AR Tregs. The mRNA
levels of TTP were comparable between HC and AR Tregs (Fig. 4A),
while the protein levels of TTP were higher in AR Tregs (Fig. 4B). The
results implicate that the degradation of TTP is impaired in AR Tregs.
We then assessed the ubiquitination of TTP in Tregs. The results showed
less ubiquitinated TTP in AR Tregs than that in HC Tregs (Fig. 4B). The
results suggest that the degradation of TTP is impaired in AR Tregs. To
test the role of TTP in TGF-f mRNA degradation in Tregs, HC Tregs
were prepared; the expression of TTP was depleted in Tregs by CRISPR
(Fig. 4C). The TTP-deficient and TTP-sufficient Tregs were cultured and
harvested 100 min later. As analyzed by RT-qPCR, TGF-} mRNA decay
was observed in TTP-sufficient Tregs that was abrogated by depletion of
TTP (Fig. 4D). The results confirm that TTP does play a critical role in
TGF-f decay in Tregs. Further, a complex of TTP/TGF-$ mRNA was
detected in Tregs (Fig. 4E), which were treated with the procedures of
Fig. 4D. Furthermore, by overexpressing TTP (Fig. 4F), the TGF-f
mRNA decayed more quickly in HC Tregs (Fig. 4G).
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3.5. Absence of Mal signals impairs Treg’s immune suppressive function

By employing Mal-deficient (Mal-d) mice, we obtained an in vivo
mouse model of absence of Mal signals. Spleen cells were prepared from
Mal-d mice and wild type (WT) mice; the cells were examined by flow
cytometry. The results showed that the frequency of Tregs in Mal-d
mice was comparable with that of WT mice (Fig. 5A-B), while the
protein levels of TGF-B were significantly lower in Mal-d mice as
compared with WT mice (Fig. 5C). To test the immune suppressive
function of Tregs, CD4™* effector T cells (Teffs) and Tregs were isolated
from spleen cells. The Tregs and Teffs were cocultured for 3 days in the
presence of anti-CD3/CD28 Abs and analyzed by flow cytometry. Tregs
isolated from Mal-d mice showed much weaker immune suppressive
effect on Teff proliferation (Fig. 5D-E). Tregs isolated from Mal-d mice
showed higher TTP expression than that of WT mice (Fig. 5F). The
results suggest that the Mal signals are required in the maintenance of
Tregs’ immune suppressive function.

3.6. Absence of Mal signal worsens AR response in mice

Following published data [17], Mal-d mice and WT mice were
treated with the AR-induction procedures. As shown by Fig. 6, the AR
response was induced in WT mice, including increases in nasal itch,
sneezing, levels of IL-4, IL-5, specific IgE and mouse mast cell protease-
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Fig. 5. Absence of TLR signal compromises Treg immune suppressive function. Spleen cells were prepared from Mal-knockout (KO) mice and wild type (WT) mice.
A-B, spleen cells were analyzed by flow cytometry. The gated dot plots indicate CD4 " Foxp3™ Tregs (A); the bars indicate summarized Treg frequency (B). C-F,
Tregs and CD4+ CD25" effector cells (Teffs) were isolated from the spleen. C, the immunoblots show TGF-f protein levels in Tregs. D-E, Tregs and Teffs were
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proliferating Teffs (E). F, immunoblots indicate TTP protein levels of isolated Tregs. Data of bars are presented as mean *+

obtained from individual mouse (B) or an independent experiment.

1 in nasal mucosal extracts, while the AR response was much worse in
Mal-d AR mice. Passively transplantation of Mal-sufficient Tregs to Mal-
d mice efficiently inhibited the AR response while transplantation with
Mal-deficient Tregs did not. The results demonstrate that absence of
Mal signals worsens AR response.

4. Discussion

The present data reveal an important phenomenon that the Mal
signals are required in the maintenance of Treg’s immune suppressive
function. Although the relevant number of Tregs in AR patients is
comparable with that of healthy control subjects, the immune sup-
pressive function is impaired in AR Tregs. Importantly, TGF- mRNA
decays in AR Tregs spontaneously. TTP speeds up TGF-f mRNA to
decay. Mal prevents TTP from inducing TGF-B mRNA decay. Therefore,
insufficient Mal signal induces Treg dysfunction. Indeed, deficiency of
Mal worsens experimental AR as observed in the present study.

We found that the relevant number of peripheral Tregs of AR pa-
tients was comparable with that in healthy control subjects. This is
concordant with previous observations. For example, Han et al ob-
served the peripheral Treg number was equivalent to that in healthy
controls [18]. Some researchers found that the number of Tregs was
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SEM. Each dot inside bars present data

much less in patients with AR [19] or both asthma and AR [20]. Mal-
mhall et al even found that the number of Treg was higher in patients
with allergic diseases that was down regulatable after treatment with
steroids [21]. The mixed results about Tregs in allergic diseases suggest
dynamic changes in Tregs in the course of allergic diseases or the
number of Treg can be affected by multiple factors.

However, we observed that the immune suppressive function of AR
Tregs was impaired, although the number of AR Treg was maintained at
similar levels for the HC group. This result suggests that the immune
regulatory system may be dysfunctional in AR patients. The inference is
supported by our clinical observation. Higher levels of Th2 cytokines,
specific IgE and tryptase were detected in the serum as well as in the
nasal secretions. Tregs are one of the major immune regulatory cells
[4]. The main function of Treg is to suppress other immune cell’s ac-
tivities [4]. The aberrant higher levels of Th2 cytokines and specific IgE
in AR patients mirrors the dysfunctional status of the immune reg-
ulatory system; this is in accordance with the impairment of Treg
suppressive function observed in the present study. Recent reports also
found that Tregs could not suppress basophil activities [22], which may
be partially because basophils lack the contact-dependent receptors
(CTLA-4 and LAG-3) [22]. On the other hand, Tregs also induce acti-
vation of basophils via activating the IL-3/STATS5 signal pathway [22].
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Whether this phenomenon is because the Tregs are at a dysfunctional
status needs to be further investigated.

The data showed that levels of TGF-f mRNA in Tregs declined
spontaneously in the culture, a phenomenon called RNA decay [23].
RNA decay is a natural phenomenon; it is usually triggered by binding
with certain proteins or miRNAs [24]. TTP was the protein to form a
complex with TGF-f mRNA in Tregs to induce the RNA decay as ob-
served in this study. Previous studies also found that TTP bound tumor
necrosis factor (TNF)-a mRNAs to suppress TNF-a production. Defi-
ciency of TTP results in TNF-a-related disorders, such as arthritis [25].
We found that the TGF-f mRNA decay in Tregs could be counteracted
by the presence of TLR agonists. Mal is a common checkpoint in the
signal transduction pathway of TLRs. Most TLR agonists activate Mal
or/and MyD88 first, then activate the downstream components [10].
Our data expand the knowledge at this point by showing that Mal
prevents TTP from inducing TGF-B mRNA decay. The present data
suggest that TGF-f mRNA decays spontaneously after transcription in
Tregs, which can be counteracted by TLR agonists in the micro en-
vironment. Since TLR agonists naturally exist in living environment,
they can be absorbed into the body through the airway, skin or gas-
trointestinal tract, and therefore to contribute to stabilizing TGF-f3
mRNA in Tregs.

Low levels of Mal were observed in AR Tregs in this study; it was
positively correlated with the expression of TGF-$ in AR Tregs. This
implies that the low expression of Mal is associated with lower levels of
TGF-f in Tregs. Although the causative factors of the low expression of
Mal is not clear, the downstream effects of which were revealed in the
present study. Mal prevented TTP from inducing TGF-} mRNA decay in
Tregs. The data implicate that the absence or insufficient Mal expres-
sion in Tregs may result in a scenario that TTP is out of control in Tregs,
and thus, speed up the TGF-f mRNA decay in Tregs and impair the
immune suppressive function of Tregs.

Because of Mal is a common checkpoint of TLRs, TLRs recognize
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+

SEM. Each dot inside bars presents data obtained from one mouse. *p < 0.01,

microbial stimuli, the absence or insufficient Mal activities can result in
a similar situation of shorting of microbial stimuli. The prevalence of
allergic disease increases rapidly in the world in the recent decades [1].
The hygiene hypothesis has been proposed to explain this phenomenon
that may be a result of the disappearance of chronic infectious diseases
and reduced exposure to microbial products [26]. The lack of microbial
stimuli may result in Th2 polarization in the body to facilitate initiation
of allergic response [27]. The present data add novel information to the
hygiene hypothesis and expand the mechanistic scope of the hygiene
hypothesis. Insufficient TLR signals may result in TTP out of control and
induce or speed up TGF-f mRNA decay in Tregs, and thus, compromise
Treg’s immune regulatory function, which contribute to the initiation of
allergic diseases or/and other immune disorders in the body.

In summary, the present data show that the absence of Mal signal
speeds up TGF-f mRNA decay in Tregs and impairs Treg’s immune
regulatory function, which may contribute to initiation of allergic dis-
eases. Therefore, Mal or/and TTP may be novel therapeutic targets in
the treatment of immune diseases.

Conflict of interest

None to declare.

Author contributions
MZ, GY, XRG, YYZ, JQL, FM, ZQL, MZZ, LHM and XQL performed
experiments, analyzed data and reviewed the manuscript. XWZ, DBL

and PCY organized the study and supervised experiments. PCY designed
the project and prepared the manuscript.

Acknowledgements

This study was supported by grants from the National Nature and



M. Zhao, et al.

Science Foundation of China (81870706, 31570932, 81700888,
81701589), the Shenzhen science, technology and innovation com-
mittee (CXZZ20140902151802864, JCYJ20170307162827158) and
Guangdong Nature Science Foundation (2016A030310248).

References

[1]
[2]

[3]

[4]

[5]

[6]

[7

—

(8]
[9]

[10]
[11]

[12]

[13]

J. Kattan, The prevalence and natural history of food allergy, Curr. Allergy Asthma
Rep. 16 (7) (2016) 47.

S.H. Sicherer, H.A. Sampson, Food allergy: epidemiology, pathogenesis, diagnosis,
and treatment, J. Allergy Clin. Immunol. 133 (2) (2014) 291-307 quiz 308.

M. Jutel, I. Agache, S. Bonini, A.W. Burks, M. Calderon, W. Canonica, L. Cox,

P. Demoly, A.J. Frew, R. O’Hehir, J. Kleine-Tebbe, A. Muraro, G. Lack, D. Larenas,
M. Levin, H. Nelson, R. Pawankar, O. Pfaar, R. van Ree, H. Sampson, A.F. Santos,
G.Du Toit, T. Werfel, R. Gerth van Wijk, L. Zhang, C.A. Akdis, International con-
sensus on allergy immunotherapy, J Allergy Clin Immunol 136 (3) (2015) 556-568.
M.D. Rosenblum, S.S. Way, A.K. Abbas, Regulatory t cell memory, Nat. Rev.
Immunol. 16 (2) (2016) 90-101.

A. Yamada, R. Arakaki, M. Saito, T. Tsunematsu, Y. Kudo, N. Ishimaru, Role of
regulatory T cell in the pathogenesis of inflammatory bowel disease, World J.
Gastroenterol. 22 (7) (2016) 2195-2205.

Y. Zheng, A.Y. Rudensky, Foxp3 in control of the regulatory T cell lineage, Nat.
Immunol. 8 (5) (2007) 457-462.

S.L. Russell, M.J. Gold, B.P. Willing, L. Thorson, K.M. McNagny, B.B. Finlay,
Perinatal antibiotic treatment affects murine microbiota, immune responses and
allergic asthma, Gut Microbes 4 (2) (2013) 158-164.

B. Jin, T. Sun, X.H. Yu, Y.X. Yang, A.E. Yeo, The effects of TLR activation on T-cell
development and differentiation, Clin. Dev. Immunol. 2012 (2012) 836485.

K. Takeda, S. Akira, Toll-like receptors, Curr. Protoc. Immunol. 109 (2015)
14.12.1-10.

K. Takeda, S. Akira, TLR signaling pathways, Semin. Immunol. 16 (1) (2004) 3-9.
S. Wang, L.M. Charbonnier, M. Noval Rivas, P. Georgiev, N. Li, G. Gerber, L. Bry,
T.A. Chatila, MyD88 adaptor-dependent microbial sensing by regulatory t cells
promotes mucosal tolerance and enforces commensalism, Immunity 43 (2) (2015)
289-303.

G.K. Scadding, G.W. Scadding, Diagnosing allergic rhinitis, Immunol. Allergy Clin.
North Am. 36 (2) (2016) 249-260.

H. Yang, J. Li, Y. Wang, Q. Hu, Association of CD14 and TLR4 with LPS-stimulated
human normal skin fibroblasts in immunophenotype changes and secretion of TGF-
betal and IFN-gamma, Int. J. Clin. Exp. Pathol. 8 (2) (2015) 1991-1995.

54

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]

[27]

Immunology Letters 210 (2019) 47-54

J. Wu, Y. Ding, Y. Bi, Y. Wang, Y. Zhi, J. Wang, F. Wang, Staphylococcus aureus
induces TGF-betal and bFGF expression through the activation of AP-1 and NF-
kappaB transcription factors in bovine mammary gland fibroblasts, Microb. Pathog.
95 (2016) 7-14.

S. Kim, M.K. Park, H.S. Yu, Toll-like receptor gene expression during trichinella
spiralis infection, Korean J. Parasitol. 53 (4) (2015) 431-438.

S.A. Brooks, P.J. Blackshear, Tristetraprolin (TTP): interactions with mRNA and
proteins, and current thoughts on mechanisms of action, Biochim. Biophys. Acta
1829 (6-7) (2013) 666-679.

X. Luo, M. Han, J. Liu, Y. Wang, X. Luo, J. Zheng, S. Wang, Z. Liu, D. Liu, P.C. Yang,
H. Li, Epithelial cell-derived micro RNA-146a generates interleukin-10-producing
monocytes to inhibit nasal allergy, Sci. Rep. 5 (2015) 15937.

D. Han, C. Wang, W. Lou, Y. Gu, Y. Wang, L. Zhang, Allergen-specific IL-10-se-
creting type I T regulatory cells, but not CD4(+)CD25(+ )Foxp3(+) T cells, are
decreased in peripheral blood of patients with persistent allergic rhinitis, Clin.
Immunol. 136 (2) (2010) 292-301.

A. Sogut, O. Yilmaz, C. Kirmaz, K. Ozbilgin, E. Onur, O. Celik, E. Pinar,

S. Vatansever, G. Dinc, H. Yuksel, Regulatory-T, T-helper 1, and T-helper 2 cell
differentiation in nasal mucosa of allergic rhinitis with olive pollen sensitivity, Int.
Arch. Allergy Immunol. 157 (4) (2012) 349-353.

F. Huang, J.N. Yin, H.B. Wang, S.Y. Liu, Y.N. Li, Association of imbalance of effector
T cells and regulatory cells with the severity of asthma and allergic rhinitis in
children, Allergy Asthma Proc. 38 (6) (2017) 70-77.

C. Malmhall, A. Bossios, T. Pullerits, J. Lotvall, Effects of pollen and nasal gluco-
corticoid on FOXP3 +, GATA-3+ and T-bet+ cells in allergic rhinitis, Allergy 62
(9) (2007) 1007-1013.

M. Sharma, M. Das, E. Stephen-Victor, C. Galeotti, A. Karnam, M.S. Maddur,

P. Bruneval, S.V. Kaveri, J. Bayry, Regulatory T cells induce activation rather than
suppression of human basophils, Sci. Immunol. 3 (23) (2018).

A. Labno, R. Tomecki, A. Dziembowski, Cytoplasmic RNA decay pathways -
Enzymes and mechanisms, Biochim. Biophys. Acta 1863 (12) (2016) 3125-3147.
D.D. Scott, C.J. Norbury, RNA decay via 3’ uridylation, Biochim. Biophys. Acta
1829 (6-7) (2013) 654-665.

S. Patial, P.J. Blackshear, Tristetraprolin as a therapeutic target in inflammatory
disease, Trends Pharmacol. Sci. 37 (10) (2016) 811-821.

B.N. Lambrecht, H. Hammad, The immunology of the allergy epidemic and the
hygiene hypothesis, Nat. Immunol. 18 (10) (2017) 1076-1083.

C.H. Kuo, H.F. Kuo, C.H. Huang, S.N. Yang, M.S. Lee, C.H. Hung, Early life exposure
to antibiotics and the risk of childhood allergic diseases: an update from the per-
spective of the hygiene hypothesis, J. Microbiol. Immunol. Infect. 46 (5) (2013)
320-329.


http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0005
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0005
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0010
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0010
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0015
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0015
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0015
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0015
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0015
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0020
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0020
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0025
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0025
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0025
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0030
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0030
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0035
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0035
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0035
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0040
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0040
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0045
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0045
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0050
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0055
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0055
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0055
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0055
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0060
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0060
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0065
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0065
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0065
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0070
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0070
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0070
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0070
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0075
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0075
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0080
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0080
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0080
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0085
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0085
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0085
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0090
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0090
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0090
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0090
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0095
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0095
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0095
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0095
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0100
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0100
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0100
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0105
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0105
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0105
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0110
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0110
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0110
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0115
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0115
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0120
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0120
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0125
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0125
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0130
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0130
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0135
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0135
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0135
http://refhub.elsevier.com/S0165-2478(19)30036-7/sbref0135

	Toll-like receptor signal is required in maintenance of immune suppressive capacity of regulatory T cells
	Introduction
	Materials and methods
	Human subjects
	Collection of human nasal mucosal samples
	Isolation of Tregs from human nasal tissue
	Detection of TTP/TGF-β complex in Tregs
	Assessment of Th2 cytokines in the nasal mucosa
	Statistical analysis

	Results
	AR Tregs show incompetent immune suppressive function
	Expression of TGF-β is impaired in AR Tregs that is correlated with insufficient expression of Mal
	TGF-β mRNA spontaneously decay in Tregs that can be counteracted by Mal activation
	Tristetraprolin (TTP) speeds up TGF-β mRNA decay in Tregs
	Absence of Mal signals impairs Treg’s immune suppressive function
	Absence of Mal signal worsens AR response in mice

	Discussion
	Conflict of interest
	Author contributions
	Acknowledgements
	References




