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A B S T R A C T

The imbalance of helper T cell (Th) 1/Th2 differentiation is involved in the development of allergic rhinitis (AR).
Recent studies reveal the regulatory function of exosomes on Th1/Th2 differentiation. However, the key med-
iator in exosomes that modulate such response remains unclear. In this study, the expression of long-noncoding
RNA GAS5 (LncGAS5) was detected in exosomes which were isolated from AR patient nasal mucus (AR-EXO)
and ovalbumin (OVA)-stimulated nasal epithelial cells (OVA-EXO). Th1/Th2 differentiation was induced in
naïve CD4+ T cells, and the percentage of IFN-γ expressing cells (Th1 cells) and IL-4 expressing cells (Th2 cells)
was detected using flow cytometry. The result showed that LncGAS5 was upregulated in AR epithelial samples,
AR-EXO, and OVA-EXO. The coincubation of AR-EXO and CD4+ T cells suppressed Th1 differentiation and
promoted Th2 differentiation, which is mediated by LncGAS5 in AR-EXO. The LncGAS5 in AR-EXO inhibited
transcription and expression of EZH2, and it also inhibited T-bet expression at mRNA and protein levels. The
gain-of-function and loss-of-function experiments suggested that LncGAS5 mediates Th1/Th2 differentiation
partly through downregulating T-bet and EZH2. In summary, our findings demonstrated that LncGAS5 in AR
epithelium-derived exosomes is the key mediator in Th1/Th2 differentiation, providing a possible therapeutic
target of AR.

1. Introduction

Allergic rhinitis (AR), which is the most common allergic disease,
has an ascending prevalence worldwide. It is reported that the pre-
valence of AR in US is 19.9 %, with the patient-reported adult AR over
30 % in all age groups, and the physician-diagnosed adult AR over 14 %
in the whole American populations (Wallace and Dykewicz, 2017).
Numerous studies have shown that the imbalance of immune responses
between helper T cells (Th) 1 and Th2 cells is the immunological basis
for AR (Haitchi and Holgate, 2004). Th1 cells are characterized by se-
creting cytokines such as interferon- (IFN-) γ, interleukin- (IL-) 2, IL-12,
and tumor necrosis factor- (TNF-) α, which mediate cellular immune
responses. Th2 cells are characterized by secreting cytokines such as IL-
4, IL-5, IL-6, IL-10, and IL-13, which mediate fluid immune responses.
Both Th1 and Th2 cells are differentiated by the same precursor cells
Th0 cells, which are naïve CD4+ T cells (Di Lorenzo et al., 2017). Under
physiological conditions, Th1 and Th2 cells regulate each other and
maintain a balanced amount. Under pathological conditions, the bal-
ance is broken, and the percentage of Th2 cells is increased, while the

percentage of Th1 cells is reduced, causing an abnormal immune re-
sponse (Kappen et al., 2017). Thus, promoting Th1 differentiation and
suppressing Th2 differentiation may contribute to the therapy of AR.

Exosomes are nano-vesicles that are secreted by almost all kinds of
cells (Boriachek et al., 2018). Commonly, exosomes are about
30−150 nm in diameter, and have a density of about 1.13–1.19 g/ml
(Farooqi et al., 2018). The morphology of exosomes is like a “cup” or
“disc” under a transmission electron microscope (Hessvik and Llorente,
2018). By detecting the specific protein markers, including CD9, CD81,
CD63, TSG101, and heat shock protein 70 (Hsp70), exosomes can be
isolated and identified (Cypryk et al., 2018). The main function of
exosomes is “cell-cell communication”, transferring active molecules
such as proteins, DNAs, mRNAs, and non-coding RNAs (ncRNAs), from
one cell to another (Whiteside, 2018). Recent studies have revealed the
effect of exosomes on Th cell differentiation (Zhang et al., 2014). For
example, dendritic cell-derived exosomes and B cell-derived exosomes
can increase the IL-4 level and promote Th2 differentiation (Huang
et al., 2019; Admyre et al., 2007). Secreted by mucosal epithelium,
nasal epithelium-derived exosomes are abundant in nasal mucus. Prior
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proteomic analyses of exosomes isolated from nasal mucus have iden-
tified multiple proteins that are specifically involved in the immune
response in AR (Lasser et al., 2016). However, whether ncRNAs en-
capsulated by exosomes has an effect on Th cell differentiation remains
unknown.

Long non-coding RNAs (lncRNAs) are a subset of ncRNAs longer
than 200 nucleotides (Sun et al., 2018). They represent by far the lar-
gest fraction of noncoding genes, with estimated numbers in humans
ranging from a relatively recent estimate of ∼59000 (Iyer et al., 2015)
to the NONCODE database listing of 102000 (Zhao et al., 2016). The
regulatory functions of lncRNAs on the immune system are partly dis-
covered (Mowel et al., 2018). For example, lncRNA Lnc-DC regulates
the differentiation and activation profile of dendritic cells by binding
STAT3 and preventing its dephosphorylation (Wang et al., 2014).
LncRNA Growth Arrest Specific 5 (LncGAS5), whose gene is located at
chromosome 1q25.1, was first discovered in growth-arrested fibroblasts
in mice (Coccia et al., 1992). The study conducted by Mourtada-
Maarabouni and her colleagues (Mourtada-Maarabouni et al., 2010)
indicated that the inhibition of human T-cell proliferation by mTOR
antagonists requires LncGAS5, suggesting that LncGAS5 may be in-
volved in the T cell-related immune response. Interestingly, the pre-
vious study indicated that LncGAS5 can be encapsulated in exosomes,
and exerts cell-cell interacting effect between macrophages and vas-
cular endothelial cells (Chen et al., 2017).

Based on the above information, we hypothesize that under AR
conditions, nasal epithelium-derived exosomes encapsulate LncGAS5,
and transport them into CD4+ T cells, promoting allergic reactions via
suppressing Th1 differentiation and increasing Th2 differentiation. To
test the hypothesis, we isolated exosomes from AR nasal mucus and
ovalbumin (OVA)-stimulated nasal epithelial cells. The result indicated
that exosomal LncGAS5 broke the balance of Th1/Th2 partly through
inhibiting the expression of T-bet and EZH2 (Enhancer of Zeste
Homolog 2).

2. Materials and methods

2.1. Human nasal epithelial samples

AR patients and healthy individuals at a routine medical examina-
tion who were admitted in The First Affiliated Hospital of Zhengzhou
University were included in this study. Nasal epithelial samples were
scraped from the surface of the inferior nasal turbinate of patients with
AR (n=30) and healthy individuals (n= 30) using a plastic curette.
The diagnosis of AR was confirmed by otolaryngologists based on the
criterion of a typical history of AR over 2 years, with the clinical
manifestations, including running nose, positive skin prick test against
specific antigens, and serum specific IgE levels greater than 0.3 IU/ml.
Individuals who have sinusitis were excluded. The clinical and demo-
graphic characteristics of the subjects were shown in Table 1.

2.2. Human nasal mucus samples

Nasal mucus samples were collected from the nasal cavity of pa-
tients with AR (n=5) and healthy individuals (n= 5) using polyvinyl
alcohol sponge. The sponge was placed in the nasal cavity against the
head of the inferior nasal turbinate for 5min. After the addition of
150 μl of phosphate buffer saline (PBS) (Thermo Fisher Scientific,
Waltham, MA, USA) with protease inhibitor cocktail (Absin, Shanghai,
China), the collected mucus was extracted from the sponge using cen-
trifugation at 1500g at 4 ℃ for 30min. After adding another 150 μl of
PBS with protease inhibitor cocktail and the second time centrifugation,
mucus was collected. Then the supernatant was collected after another
centrifugation at 12,000g at 4 ℃ for 45min followed by being diluted
up to 4.5ml of PBS in polypropylene tubes.

2.3. Isolation and purification of exosomes from nasal mucus

The isolation of exosomes from healthy mucus (control-EXO) and
AR mucus (AR-EXO) were carried out as previously described (Thery
et al., 2006). In brief, the supernatant of mucus samples was centrifuged
at 12,000g at 4 ℃ for 45min, and the supernatant was diluted in PBS in
polypropylene tubes followed by the ultracentrifugation at 110,000g at
4 ℃ for 2 h. Then the pellet was resuspended in 4.5mL of PBS and
filtered through a 0.22 μm filter (Thermo Fisher Scientific) and col-
lected in a fresh tube. The filtered suspension was ultracentrifuged at
110,000g at 4 ℃ for 70min. Then the supernatant was collected, and
the pellet containing exosomes was resuspended in the buffer.

2.4. Identification of exosomes

A total of 10 μl PBS was added into an equal volume of isolated
exosomes to identify the exosomes. The sample was added dropwise to
a 2mm copper mesh. After keeping at room temperature for 1min, the
excess liquid was gently removed followed by the staining using 3 %
(w/v) sodium phosphotungstate solution for 1min at room tempera-
ture. Then the sample was gently washed and air-dried at room tem-
perature. The shape of exosomes was observed under a transmission
electron microscope (HT7830, HITACHI, Ltd., Tokyo, Japan). Western
blot analysis was used to detect the expression of exosome markers
CD63 (Rabbit Anti-CD63 antibody, ab217345, Abcam, Cambridge, UK)
and CD81 (Mouse Anti-CD81 antibody, ab79559, Abcam).

2.5. Isolation of epithelium-derived exosomes and OVA exposure study

Human nasal epithelial cell line RPMI 2650 (CCL-30) was bought
from the American Type Culture Collection (ATCC). Cells were cultured
in the Eagle’s Minimum Essential Medium (EMEM, ATCC, No. 30-2003)
supplemented with 10 % fetal bovine serum (FBS) which was exosome
depleted. To induce allergic reactions, RPMI 2650 cells were treated
with ovalbumin (OVA, Grade V, Sigma-Aldrich, St Louis, MO, USA) at a
dose of 2mg/ml. Then the epithelium-derived exosomes were isolated
from the OVA-treated RPMI 2650 cells (OVA-EXO) and untreated RPMI
2650 cells (EXO) as described above.

2.6. Quantitative real-time PCR (qRT-PCR)

Cells were lysed with TRIzol reagent (Invitrogen, Waltham, MA,
USA), and the total RNA was extracted in accordance with the manu-
facturer’s instructions. Reverse transcription was conducted using the
PrimeScript RT reagent Kit (Takara, Dalian, China) using 0.1 ug of RNA,
and the subsequent Real-time Quantitative PCR analysis was performed
on an Applied Biosystems PRISM 7500 Sequence System (Thermo
Fisher Scientific). GAPDH was used as the internal control. The relative
expression of RNAs was calculated by 2−△△CT or 2-△CT (Tong et al.,
2014).

Table 1
The clinical and demographic characteristics of the subjects.

Characteristics Control (n= 30) AR (n= 30)

Gender (male/female) 14/16 15/15
Age (mean) 26.1 25.3
Eosinophil % 2.18 ± 0.29 3.47 ± 0.38*
Th1/Th2 cell ratio 2.95 ± 0.31 2.03 ± 0.15*
Serum IgE (IU/ml) 39.12 ± 4.36 680.83 ± 82.24**
Serum IL-4 (pg/ml) 1.87 ± 0.16 3.11 ± 0.29**
Serum IL-2 (pg/ml) 2.29 ± 0.33 3.78 ± 0.45*
Serum IL-6 (pg/ml) 3.35 ± 0.21 7.07 ± 1.21*

* P < 0.05.
** P < 0.01.
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2.7. Western blot analysis

The cells were incubated in cell lysis buffer containing protease and
phosphatase inhibitors (Roche, Basel, Switzerland) to obtain protein
extracts. The total protein content present was determined using a
Bradford protein assay kit (Bio-Rad, Hercules, CA, USA). An equal
concentration of the protein samples (50 μg) was loaded on to
10%–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels and subjected to electrophoresis. Then the bands were
transferred onto a polyvinylidene difluoride membrane (Millipore,
Temecula, CA, USA) followed by being blocked with 5 % non-fat dry
milk and incubated with primary antibodies [T-bet (ab91109), GATA-3
(ab199428), GAPDH (ab181602), and EZH2 (ab186006), all from
Abcam] overnight at 4℃. The membranes were further incubated with
HRP-bound peroxidase-conjugated secondary antibodies (ab205718,
Abcam) at room temperature for 1 h. The bands were visualized and
analyzed using a chemiluminescence system (Amersham Bioscience,
Buchinghamshire, UK).

2.8. Isolation of CD4+ T cells and induction of differentiation

CD4+ T cells were isolated from peripheral blood mononuclear cells
(PBMCs) which were derived from peripheral blood of AR patients by
MACS following the manufacturer’s instructions and labeled with car-
boxyfluorescein succinimidyl ester (CFSE). The induction of Th1

differentiation was performed by incubating CD4+ T cells with anti-
CD3 (3 μg/ml), anti-CD28 (5 μg/ml), IL-12 (50 U/ml), and anti-IL-4
(10mg/ml), as well as co-incubating with the control-EXO or AR-EXO
for 7 d. The induction of Th2 differentiation was performed by in-
cubating CD4+ T cells with anti-CD3 (3 μg/ml), anti-CD28 (5 μg/ml),
IL-4 (20 ng/ml), anti-IFN-γ (20 μg/ml), and IL-2 (2 ng/ml), as well as
co-incubating with the control-EXO or AR-EXO for 7 d.

2.9. Identification of IFN-γ or IL-4 expressing cells

Flow cytometry was used to identify the percentage of cells which
express IFN-γ or IL-4. In brief, cells were fixed with 2 % paraf-
ormaldehyde for 2 h at room temperature followed by the incubation
with 0.5 % saponin for 30min to increase the permeability of the cell
membrane. After washing with PBS, the cells were incubated with FITC-
labeled antibodies (anti-IFN-γ or anti-IL-4) for 1 h. The stained cells
were analyzed with a flow cytometer (FACSCanto II; BD Biosciences,
San Jose, CA, USA).

2.10. Enzyme-linked immunosorbent assay (ELISA)

Quantitative analysis of IFN-γ and IL-4 in cell culture supernatants
was performed using ELISA procedures using Quantikine ELISA kits (R&
D Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Fig. 1. LncGAS5 is upregulated in AR-EXO
and OVA-EXO. (A) The different expressions of
LncGAS5 in nasal epithelial samples were
compared between AR patients (n=30) and
healthy controls (n= 30) using qRT-PCR. (B)
The exosomes were respectively isolated from
nasal mucus samples of AR patients (n=5),
named as the AR-EXO, and healthy controls
(n= 5), named as the control-EXO, followed
by the observation under the transmission
electron microscope. The expression of exo-
some markers, CD63 and CD81, was de-
termined using western blot analysis. The
LncGAS5 expression in the AR-EXO and con-
trol-EXO was determined using qRT-PCR. (C)
The differential expression of LncGAS5 was
compared between human epithelial cells
(RPMI 2650) with or without ovalbumin (OVA)
simulation using qRT-PCR. (D) The exosomes
were respectively isolated from OVA-induced
RPMI 2650 cells, named as the OVA-EXO, and
OVA-untreated cells, named as the EXO, fol-
lowed by the observation under the transmis-
sion electron microscope. The expression of
exosome markers, CD63 and CD81, and the
endoplasmic reticulum marker, calnexin, were
determined using western blot analysis. The
LncGAS5 expression in OVA-EXO and EXO was
determined using qRT-PCR. **p < 0.01 vs
Control or Control-EXO. The scale bar re-
presents 100 nm. Values are presented as
means ± SD and are representative of three
individual experiments.

X. Zhu, et al. Molecular Immunology 118 (2020) 30–39

32



2.11. Interfering LncGAS5 in OVA-EXO and CD4+ T cells

The short hairpin RNA (shRNA) against LncGAS5 was used to in-
terfere the expression of LncGAS5. The shRNA against LncGAS5
(shRNA-LncGAS5) and its control (shRNA) were bought from
Genechem (Shanghai, China). The RPMI 2650 cells were transiently
transfected with shRNA-LncGAS5 or shRNA using Lipofectamine 2000
(Invitrogen, Waltham, MA, USA) for 48 h followed by the OVA stimu-
lation. Then the exosomes (OVA-EXOshRNA−LncGAS5 and OVA-EXOshRNA)
were isolated as described above, respectively. The CD4+ T cells were
transfected with lentivirus carrying the shRNA against LncGAS5
(shRNA-LncGAS5) and its control (shRNA) to downregulate LncGAS5
expression. The CD4+ T cells were also transfected with lentivirus
carrying the shRNA against EZH2 or T-bet (shRNA-EZH2 or shRNA-T-
bet) and its control (shRNA) to downregulate EZH2 or T-bet expressions
before induction of differentiation. The 100 nmol/L shRNAs were used.

2.12. Luciferase reporter assay

293A cells were transfected with the luciferase reporter plasmids
pGL3-EZH2 which contain the EZH2 promoter sequences that could
bind with LncGAS5. Promoter constructs were generated by cloning the
region of the human EZH2 promoter from −1702 to +52 and inserting
it between the SacI and XhoI restriction sites of the pGL3-Basic vector.
The luciferase reporter assay was conducted using the Luciferase
Reporter Assay System (Promega, Madison, WI, USA) in accordance

with the manufacturer’s instructions.

2.13. Statistical analysis

Data are presented as mean ± standard deviation (SD). Statistical
differences between two groups were assessed using two-tailed
Student’s T-test. The comparisons among multiple groups were done
using one-way analysis of variance (ANOVA), followed by Tukey post
hoc testing. All the data were analyzed using SPSS 18 software (IBM).
The difference at P < 0.05 was regarded as statistically significant.

3. Results

3.1. LncGAS5 is upregulated in AR-EXO and OVA-EXO

The different expressions of LncGAS5 in nasal epithelial samples
were compared between AR patients (n= 30) and healthy controls
(n= 30). The result indicated that LncGAS5 was significantly upregu-
lated in AR samples in comparison with healthy samples (Fig. 1A,
p < 0.01). Then the exosomes were respectively isolated from nasal
mucus samples of AR patients (n= 5), named as the AR-EXO, and
healthy controls (n= 5), named as the control-EXO. The nano-vesicles
with a diameter of 30−150 nm were seen in both groups under the
transmission electron microscope, with the expression of exosome
markers, CD63 and CD81 compared to PBS alone, and the quantitative
analysis indicated that LncGAS5 expression in the AR-EXO was higher

Fig. 2. Effect of AR-EXO coincubation on
Th1/Th2 differentiation of CD4+ T cells. (A)
The Th1 differentiation was induced in CD4+ T
cells, and the AR-EXO or control-EXO was
added for the 7-day coincubation. The percen-
tage of IFN-γ expressing cells, T-bet protein
level, and IFN-γ level in cell incubation super-
natants were determined using flow cytometry,
western blot analysis, and ELISA, respectively.
(B) The Th2 differentiation was induced in
CD4+ T cells, and the AR-EXO or control-EXO
was added for the 7-day coincubation. The
percentage of IL-4 expressing cells, GATA-3
protein level, and IL-4 level in cell incubation
supernatants were determined using flow cy-
tometry, western blot analysis, and ELISA, re-
spectively. *p < 0.05, **p < 0.01 vs control-
EXO. Values are presented as means ± SD and
are representative of three individual experi-
ments.
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than that in the control-EXO (Fig. 1B).
The differential expression of LncGAS5 was also compared between

human epithelial cells (RPMI 2650) with or without OVA simulation,
which can induce allergic reactions. The result indicated that LncGAS5
was significantly upregulated in OVA-induced RPMI 2650 cells in
comparison with OVA-untreated cells (Fig. 1C, p < 0.01). Then the
exosomes were respectively isolated from OVA-induced RPMI 2650
cells, named as the OVA-EXO, and OVA-untreated cells, named as the
EXO. The nano-vesicles with a diameter of 30−150 nm were seen in
both groups under the transmission electron microscope, with the ex-
pression of CD63 and CD81 compared to PBS alone, and lack of en-
doplasmic reticulum marker (calnexin) compared to cell lysates, and
the quantitative analysis indicated that LncGAS5 expression in the
OVA-EXO was higher than that in the EXO (Fig. 1D). These data in-
dicated that LncGAS5 was upregulated in the exosomes from mucus
after the stimulation of allergic reactions.

3.2. AR-EXO coincubation suppresses Th1 differentiation and promotes Th2
differentiation

To explore the effect of AR-EXO on Th cell differentiation, the Th1
differentiation was induced in CD4+ T cells, and the AR-EXO or con-
trol-EXO was added for the 7-day coincubation. The result showed that
AR-EXO reduced the percentage of IFN-γ expressing cells, reduced T-bet
protein level, and reduced IFN-γ level in cell incubation supernatants
(Fig. 2A). Meanwhile, the Th2 differentiation was induced in CD4+ T

cells, and the AR-EXO or control-EXO was added for the 7-day coin-
cubation. The result showed that AR-EXO increased the percentage of
IL-4 expressing cells, increased GATA-3 protein level, and increased IL-
4 level in cell incubation supernatants (Fig. 2B). These data suggested
that AR-EXO coincubation suppresses Th1 differentiation and promotes
Th2 differentiation of CD4+ T cells.

3.3. LncGAS5 in OVA-EXO suppresses Th1 differentiation and promotes
Th2 differentiation

Given that the promotion of Th2 differentiation was associated with
AR-EXO coincubation, and that LncGAS5 was significantly upregulated
in AR-EXO and OVA-EXO, we further investigated whether LncGAS5 in
exosomes is involved in Th2 differentiation. The interference of
LncGAS5 was conducted in OVA-EXO using shRNA against LncGAS5,
and qRT-PCR confirmed the downregulation of LncGAS5 in OVA-
EXOshRNA−LncGAS5 (Supplemental Fig. 1A). Then the Th1 differentiation
was induced in CD4+ T cells, and the OVA-EXOshRNA−LncGAS5 or control
(OVA-EXOshRNA) were added for the 7-day coincubation. The result
showed that OVA-EXOshRNA−LncGAS5 restored the percentage of IFN-γ
expressing cells, T-bet protein level, and IFN-γ level in the supernatants,
which were reduced by OVA-EXO coincubation (Fig. 3A). Meanwhile,
the Th2 differentiation was induced in CD4+ T cells, and the OVA-
EXOshRNA−LncGAS5 or control (OVA-EXOshRNA) was added for the 7-day
coincubation. The result showed that OVA-EXOshRNA−LncGAS5 reduced
the enhancement of percentage of IL-4 expressing cells, GATA-3 protein

Fig. 3. LncGAS5 in OVA-EXO suppresses Th1
differentiation and promotes Th2 differ-
entiation. (A) The Th1 differentiation was in-
duced in CD4+ T cells, and the OVA-
EXOshRNA−LncGAS5 or control (OVA-EXOshRNA)
was added for the 7-day coincubation. The
percentage of IFN-γ expressing cells, T-bet
protein level, and IFN-γ level in supernatants
were determined respectively. (B) The Th2
differentiation was induced in CD4+ T cells,
and the OVA-EXOshRNA−LncGAS5 or control
(OVA-EXOshRNA) was added for the 7-day co-
incubation. The percentage of IL-4 expressing
cells, GATA-3 protein level, and IL-4 level in
supernatants were determined respectively.
*p < 0.05, **p < 0.01 vs EXO. #p < 0.05,
##p < 0.01 vs OVA-EXOshRNA. OVA-
EXOshRNA−LncGAS5 and OVA-EXOshRNA, RPMI
2650 cells were transfected with shRNA-
LncGAS5 or shRNA followed by the OVA sti-
mulation, and the exosomes were isolated.
Values are presented as means ± SD and are
representative of three individual experiments.
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level, and IL-4 level in the supernatants, which were raised by OVA-
EXO coincubation (Fig. 3B). These findings indicated that LncGAS5 in
OVA-EXO suppresses Th1 differentiation and promotes Th2 differ-
entiation.

3.4. LncGAS5 in OVA-EXO inhibits the transcription and expression of
EZH2

Given that LncGAS5 in OVA-EXO reduced protein level of T-bet, we
assumed that LncGAS5 might regulate T-bet via EZH2. To verify this
hypothesis, the Th1 differentiation was induced in CD4+ T cells, and
the OVA-EXOshRNA−LncGAS5 or control (OVA-EXOshRNA) was added for
the 7-day coincubation. The result showed that OVA-EXO coincubation
reduced the mRNA and the protein level of EZH2, and OVA-
EXOshRNA−LncGAS5 coincubation negated such response (Fig. 4A).
Meanwhile, OVA-EXO coincubation reduced the transcriptional activity
of EZH2, which was negated by OVA-EXOshRNA−LncGAS5 coincubation,
as shown by the modifications in the luciferase activity (Fig. 4B). Our
findings indicated that LncGAS5 in OVA-EXO inhibited the transcrip-
tion and expression of EZH2.

3.5. LncGAS5 in OVA-EXO downregulates T-bet at mRNA and protein
levels

To elucidate the effect of LncGAS5 on T-bet expression, the Th1
differentiation was induced in LncGAS5-interfering CD4+ T cells, and
the OVA-EXOshRNA−LncGAS5 or control (OVA-EXOshRNA) was added for
the 7-day coincubation. The result showed that OVA-EXO coincubation
reduced the mRNA level of T-bet, and OVA-EXOshRNA−LncGAS5 coin-
cubation negated such response. (Fig. 5A). Meanwhile, OVA-EXO co-
incubation reduced the protein level of T-bet, and OVA-
EXOshRNA−LncGAS5 coincubation negated such response (Fig. 5B). In
addition, MG132 (10 μmol/l), the proteasome inhibitor, was added to
the coincubation medium for 4 h to inhibit the degradation of T-bet via
the proteasome degradation pathway. The addition of MG132 increased
the protein expression of T-bet (Fig. 5B), suggesting the T-bet de-
gradation was partly proteasome-dependent. However, such enhance-
ment of T-bet protein expression was not affected by the addition of
OVA-EXOshRNA−LncGAS5, indicating that LncGAS5 did not affect the
synthesis of T-bet protein.

3.6. LncGAS5 in OVA-EXO suppresses Th1 differentiation and promotes
Th2 differentiation via regulating EZH2 and T-bet

The Th1 or Th2 differentiation was induced in CD4+ T cells, and the
exosomes were added for the 7-day coincubation. The coincubation was
conducted in 4 different groups: CD4+ T+OVA-EXOshRNA, CD4+

T+OVA-EXOshRNA−LncGAS5, CD4+ TshRNA + OVA-EXOshRNA−LncGAS5,
and CD4+ TshRNA-EZH2 + OVA-EXOshRNA−LncGAS5. The reduction of
both mRNA and protein levels of EZH2 after knocking down EZH2 in
CD4+ T cells was confirmed in Supplemental Fig. 1B. CD4+ TshRNA-EZH2

reduced the enhancement of percentage of IFN-γ expressing cells, T-bet
protein level, and IFN-γ level in the supernatants, which were raised by
OVA-EXOshRNA−LncGAS5 coincubation (Fig. 6A). CD4+ TshRNA-EZH2 also
restored the percentage of IL-4 expressing cells, GATA-3 protein level,
and IL-4 level in the supernatants, which were reduced by OVA-
EXOshRNA−LncGAS5 coincubation (Fig. 6B). Meanwhile, the knockdown
of EZH2 reduced both mRNA and protein levels of T-bet (Supplemental
Fig. 1B).

Similar experiments were also conducted in T-bet-interfering CD4+

T cells. The coincubation was conducted in 4 different groups: CD4+

T+OVA-EXOshRNA, CD4+ T+OVA-EXOshRNA−LncGAS5, CD4+ TshRNA

+ OVA-EXOshRNA−LncGAS5, and CD4+ TshRNA-T-bet + OVA-
EXOshRNA−LncGAS5. The reduction of both mRNA and protein levels of T-
bet after knocking down T-bet in CD4+ T cells was confirmed in
Supplemental Fig. 1C. CD4+ TshRNA-T-bet reduced the enhancement of
percentage of IFN-γ expressing cells, T-bet protein level, and IFN-γ level
in the supernatants, which were raised by OVA-EXOshRNA−LncGAS5 co-
incubation (Fig. 6C). CD4+ TshRNA-T-bet also restored the percentage of
IL-4 expressing cells, GATA-3 protein level, and IL-4 level in the su-
pernatants, which were reduced by OVA-EXOshRNA−LncGAS5 coincuba-
tion (Fig. 6D). Taken together, our findings demonstrated that LncGAS5
in OVA-EXO suppresses Th1 differentiation and promotes Th2 differ-
entiation via regulating EZH2 and T-bet.

4. Discussion

Extracellular vesicles, a heterogeneous group of membrane-enclosed
carriers of biomolecules, refer to the pool of vesicles ranging in size
from 30−1000 nm, including exosomes (derived from endosomal
compartment), ectosomes (micro vesicles budding from plasma mem-
brane) and apoptotic bodies (fragments of apoptotic cells) (Cypryk
et al., 2018). Among them, the exosomes, which are less than 150 nm in
diameter, were proposed to eliminate waste products initially
(Johnstone et al., 1987). In recent years, exosomes are suggested to play
a critical role in cell-cell communication, and are related to a large
number of pathological and physiological functions, including adaptive

Fig. 4. LncGAS5 in OVA-EXO inhibits the transcription and expression of
EZH2. The Th1 differentiation was induced in CD4+ T cells, and the OVA-
EXOshRNA−LncGAS5 or control (OVA-EXOshRNA) was added for the 7-day coin-
cubation. (A) The mRNA and the protein level of EZH2 were determined using
qRT-PCR and western blot analysis. (B) The transcriptional activity of EZH2
was determined using luciferase reporter assay. **p < 0.01 vs EXO.
#p < 0.05, ##p < 0.01 vs OVA-EXOshRNA. OVA-EXOshRNA−LncGAS5 and OVA-
EXOshRNA, RPMI 2650 cells were transfected with shRNA-LncGAS5 or shRNA
followed by the OVA stimulation, and the exosomes were isolated. Values are
presented as means ± SD and are representative of three individual experi-
ments.
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immune response (Record et al., 2014). As an allergic disease, AR is
closely associated with dysregulated adaptive immune response, mainly
referring to the imbalance of Th1 and Th2 cells. Th1 cells are char-
acterized by secreting cytokines such as IFN-γ, and synthesizing specific
protein like T-bet; while Th2 cells are characterized by secreting cyto-
kines such as IL-4, and synthesizing specific protein like GATA-3 (Zhang
et al., 2014). Notably, exosomes have been reported to participate in
polarized differentiation of naïve CD4+ T cells into Th1/Th2 cells
(Zhang et al., 2014). Huang et al. (2019) demonstrated that the exo-
somes derived from thymic stromal lymphopoietin-induced dendritic
cells promote proliferation of CD4+ T cells, elevate the level of IL-4,
and promote Th2 differentiation. Admyre et al. (2007) suggested that B
cell-derived exosomes induce T-cell proliferation and Th2-like cytokine
production. In the present study, the immunoregulatory effect of exo-
somes in AR was indicated. Specifically, the coincubation of exosomes,
which were isolated from AR nasal mucus and from OVA-stimulated
epithelial cells, and CD4+ T cells significantly reduced the percentage
of Th1 cells and increased the percentage of Th2 cells, suggesting the
vital role of exosome-mediated immune response in AR. In addition, our
study revealed that LncGAS5 in epithelium-derived exosomes is the
important mediator of cell-cell communication between epithelial cells
and CD4+ T cells.

LncGAS5 is a growth suppressor that is up-regulated when cell
growth inhibition is induced by starvation or rapamycin in T cells (Liu
et al., 2015). Many studies have shown that LncGAS5 mainly acts as a
tumor suppressor in regulating proliferation, apoptosis, migration, and
invasion of tumor cells (Lu et al., 2019). The relationship between
LncGAS5 and immune regulation has been discovered recently
(Mayama et al., 2016). Sun et al. (2017) suggested that LncGAS5 in-
hibits the polarization of M2 macrophages and regulates autoimmune
responses. Mourtada-Maarabouni et al. (2010) indicated that the in-
hibition of human T-cell proliferation by mTOR antagonists requires
LncGAS5, suggesting that LncGAS5 regulates adaptive immune re-
sponses. Consistent with their study, our results showed that the up-
regulation of LncGAS5 markedly suppresses Th1 differentiation and
promotes Th2 differentiation, revealing the immunoregulatory function
of LncGAS5 in AR. In addition, our findings proposed that such reg-
ulation is partly mediated by suppressing the expression of T-bet and
EZH2.

EZH2 is a major component of polycomb repression complex 2,

which works with other components to carry out the histone methy-
lation modification (Brand et al., 2019). As reported, EZH2 regulates
the proliferation and differentiation of various kinds of cells such as
hematopoietic stem cells, B lymphocytes and thymocytes. Also, it
mediates the proliferation and apoptosis of allogeneic T cells (Guo
et al., 2018; Chen et al., 2019). The function of inhibiting gene tran-
scription of EZH2 is carried out by catalyzing the trimethylation of
lysine at position 27 of histone 3 (H3K27me3) (Jacobsen et al., 2017).
Except for the transcriptional inhibition function, recent studies also
showed the transcriptional activation function of EZH2. Tong et al.
(2014) found that EZH2 binds to and activates the promoter of T-bet
gene, thereby up-regulating T-bet expression at the transcriptional
level. They also found that EZH2 prevents the degradation of T-bet via
the proteasome pathway, thereby upregulating T-bet at the post-
translational level, and activating Th1 differentiation (Tong et al.
(2014)). In our work, we explored the effect of LncGAS5 on regulating
EZH2 expression. The result showed that LncGAS5 in OVA-EXO inhibits
the mRNA and protein levels of EZH2. In addition, the gain-of-function
and loss-of-function experiments suggested that LncGAS5 mediates
Th1/Th2 differentiation partly through EZH2. The specific regulatory
mechanism between LncGAS5 and EZH2 needs further investigations.

T-bet is specifically expressed in Th1 cells, which promotes the
differentiation of naïve CD4+ T cells into Th1 cells and positively
regulates the expression of IFN-γ (Agnello et al., 2003). The high ex-
pression of T-bet is accompanied with the increase of Th1 specific cy-
tokines, such as IFN-γ, IL-2, IL-12, and TNF-α. Except for inducing Th1
differentiation, T-bet also inhibits Th2 differentiation. Studies have
shown that when the T-bet gene is weakened, the production of cyto-
kines like IFN-γ is reduced in CD4+ T cells, and the Th2 differentiation
is promoted, thus causing spontaneous asthma-like changes; while
when the T-bet gene is completely deleted, the Th1 differentiation is
totally inhibited, and only Th2 differentiation is conducted in CD4+ T
cells (Oh and Hwang, 2014; Gagliani and Huber, 2017). Meanwhile,
when the T-bet gene is introduced into Th2 cells, Th2 cells can still be
reversed to Th1 cells even in a Th2 differentiation-induced medium
(Hall, 2015). These data demonstrated that T-bet expression directly
affects the differentiation of CD4+ T cells into Th1/Th2 cells. There-
fore, T-bet has become a target for regulating Th1/Th2 differentiation
and developing new medications. In the current study, we investigated
the effect of LncGAS5 on regulating T-bet expression. The result showed

Fig. 5. LncGAS5 in OVA-EXO downregulates
T-bet at mRNA and protein levels. RPMI
2650 cells were transfected with shRNA-
LncGAS5 or shRNA followed by the OVA sti-
mulation, and the exosomes (OVA-
EXOshRNA−LncGAS5 and OVA-EXOshRNA) were
isolated. The Th1 differentiation was induced
in LncGAS5-interfering CD4+ T cells, and the
OVA-EXOshRNA−LncGAS5 or OVA-EXOshRNA was
added for the 7-day coincubation. (A) The
mRNA level of T-bet was detected using qRT-
PCR. (B) MG132 (10 μmol/L), the proteasome
inhibitor, was added to the coincubation
medium for 4 h to inhibit the degradation of T-
bet via the proteasome degradation pathway.
The protein level of T-bet was determined
using western blot analysis. **p < 0.01 vs
EXO. #p < 0.05, ##p < 0.01 vs OVA-
EXOshRNA. Values are presented as
means ± SD and are representative of three
individual experiments.
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that the interference of LncGAS5 significantly increased T-bet mRNA
levels from 0.62 ± 0.035 to 0.85 ± 0.058, which caused an elevation
of 1.38 times, while the interference of LncGAS5 increased T-bet

protein levels from 0.23 ± 0.03 to 0.72 ± 0.07, which caused an
elevation of 3.12 times (Fig. 5). These data indicated that LncGAS5
regulated both the mRNA and the protein expressions of T-bet,

Fig. 6. LncGAS5 in OVA-EXO suppresses Th1 differ-
entiation and promotes Th2 differentiation via reg-
ulating EZH2 and T-bet. The Th1 or Th2 differentiation
was induced in CD4+ T cells, and the exosomes were
added for the 7-day coincubation. The coincubation was
conducted in 4 different groups: CD4+ T+OVA-
EXOshRNA, CD4+ T+OVA-EXOshRNA−LncGAS5, CD4+

TshRNA + OVA-EXOshRNA−LncGAS5, and CD4+ TshRNA-EZH2

+ OVA-EXOshRNA−LncGAS5. (A) The percentage of IFN-γ
expressing cells, T-bet protein level, and IFN-γ level in
supernatants were determined respectively. (B) The per-
centage of IL-4 expressing cells, GATA-3 protein level,
and IL-4 level in supernatants were determined respec-
tively. The Th1 or Th2 differentiation was induced in
CD4+ T cells, and the exosomes were added for the 7-day
coincubation. The coincubation was conducted in 4 dif-
ferent groups: CD4+ T+OVA-EXOshRNA, CD4+

T+OVA-EXOshRNA−LncGAS5, CD4+ TshRNA + OVA-
EXOshRNA−LncGAS5, and CD4+ TshRNA-T-bet + OVA-
EXOshRNA−LncGAS5. (C) The percentage of IFN-γ expres-
sing cells, T-bet protein level, and IFN-γ level in super-
natants were determined respectively. (D) The percen-
tage of IL-4 expressing cells, GATA-3 protein level, and
IL-4 level in supernatants were determined respectively.
*p < 0.05, **p < 0.01 vs CD4+ T+OVA-EXOshRNA.
#p < 0.05, ##p < 0.01 vs CD4+ TshRNA + OVA-
EXOshRNA−LncGAS5. OVA-EXOshRNA−LncGAS5 and OVA-
EXOshRNA, RPMI 2650 cells were transfected with shRNA-
LncGAS5 or shRNA followed by the OVA stimulation, and
the exosomes were isolated. CD4+ TshRNA-EZH2 and CD4+

TshRNA, CD4+ T cells were transfected with shRNA-EZH2
or shRNA before the coincubation. CD4+ TshRNA-T-bet and
CD4+ TshRNA, CD4+ T cells were transfected with shRNA-
T-bet or shRNA before the coincubation. Values are pre-
sented as means ± SD and are representative of three
individual experiments.
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especially on the protein expression. However, LncGAS5 did not affect
the synthesis of T-bet, as MG132 increased T-bet protein expression
with or without interfering LncGAS5. Meanwhile, a study conducted by
Tong et al. (2014) revealed that EZH2 regulated the posttranslational
expression of T-bet, and our study indicated that EZH2 expression was
regulated by LncGAS5. Consistent with their study, the knockdown of
EZH2 reduced both mRNA and protein levels of T-bet (Supplemental
Fig. 1B). We supposed that LncGAS5 may regulate T-bet expression
indirectly via modulating EZH2 expression, although the specific in-
teractions among LncGAS5, T-bet, and EZH2 deserves more investiga-
tions in the future.

In conclusion, our findings demonstrated that LncGAS5 in epithe-
lium-derived exosomes is the key mediator in Th1/Th2 differentiation
in AR, which provides a novel target of treating AR.

Ethics approval and consent to participate

This study was approved by the Institute Research Medical Ethics
Committee of The First Affiliated Hospital of Zhengzhou University.
Written informed consents were obtained from all the patients in-
volved.

Funding

None.

Author statement

Xiaoyuan Zhu: Conceptualization, Methodology, Writing- Original
draft preparation, Supervision.

Xueping Wang: Software, Visualization, Writing-reviewing and
Editing.

Ying Wang: Methodology, Writing-reviewing and Editing.
Yulin Zhao: Methodology, Writing-reviewing and Editing.

Availability of data and material

The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Declaration of Competing Interest

All authors declare that they have no competing interests.

Acknowledgement

None.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.molimm.2019.11.009.

References

Wallace, D.V., Dykewicz, M.S., 2017. Seasonal Allergic Rhinitis: a focused systematic
review and practice parameter update. Curr. Opin. Allergy Clin. Immunol. 17,
286–294.

Haitchi, H.M., Holgate, S.T., 2004. New strategies in the treatment and prevention of
allergic diseases. Expert Opin. Invest. Drugs 13, 107–124.

Di Lorenzo, G., Di Bona, D., Belluzzo, F., Macchia, L., 2017. Immunological and non-
immunological mechanisms of allergic diseases in the elderly: biological and clinical
characteristics. Immun. Age.: I & A 14, 23.

Kappen, J.H., Durham, S.R., Veen, H.I., Shamji, M.H., 2017. Applications and mechan-
isms of immunotherapy in allergic rhinitis and asthma. Ther. Adv. Respir. Dis. 11,
73–86.

Boriachek, K., Islam, M.N., Moller, A., Salomon, C., Nguyen, N.T., Hossain, M.S.A.,
Yamauchi, Y., Shiddiky, M.J.A., 2018. Biological functions and current advances in
isolation and detection strategies for exosome nanovesicles. Small (Weinheim an der

Bergstrasse, Germany) 14.
Farooqi, A.A., Desai, N.N., Qureshi, M.Z., Librelotto, D.R.N., Gasparri, M.L., Bishayee, A.,

Nabavi, S.M., Curti, V., Daglia, M., 2018. Exosome biogenesis, bioactivities and
functions as new delivery systems of natural compounds. Biotechnol. Adv. 36,
328–334.

Hessvik, N.P., Llorente, A., 2018. Current knowledge on exosome biogenesis and release.
Cell. Mol. Life Sci.: CMLS 75, 193–208.

Cypryk, W., Nyman, T.A., Matikainen, S., 2018. From inflammasome to exosome-does
extracellular vesicle secretion constitute an inflammasome-dependent immune re-
sponse? Front. Immunol. 9, 2188.

Whiteside, T.L., 2018. Exosome and mesenchymal stem cell cross-talk in the tumor mi-
croenvironment. Semin. Immunol. 35, 69–79.

Zhang, Y., Zhang, Y., Gu, W., Sun, B., 2014. TH1/TH2 cell differentiation and molecular
signals. Adv. Exp. Med. Biol. 841, 15–44.

Huang, L., Zhang, X., Wang, M., Chen, Z., Yan, Y., Gu, W., Tan, J., Jiang, W., Ji, W., 2019.
Exosomes from thymic stromal lymphopoietin-activated dendritic cells promote Th2
differentiation through the OX40 ligand. Pathobiol.: J. Immunopathol, Mol. Cell.
Biol. 86, 111–117.

Admyre, C., Bohle, B., Johansson, S.M., Focke-Tejkl, M., Valenta, R., Scheynius, A.,
Gabrielsson, S., 2007. B cell-derived exosomes can present allergen peptides and
activate allergen-specific T cells to proliferate and produce TH2-like cytokines. J.
Allergy Clin. Immunol. 120, 1418–1424.

Lasser, C., O’Neil, S.E., Shelke, G.V., Sihlbom, C., Hansson, S.F., Gho, Y.S., Lundback, B.,
Lotvall, J., 2016. Exosomes in the nose induce immune cell trafficking and harbour
an altered protein cargo in chronic airway inflammation. J. Transl. Med. 14, 181.

Sun, X., Luo, L.-h., Zhong, K.-z., Li, J.-r., 2018. LncRNA PCAT29 suppresses cell pro-
liferation, invasion, and migration in renal carcinoma by regulating FLOT1. Clin.
Surg. Res. Commun. 2, 35–42.

Iyer, M.K., Niknafs, Y.S., Malik, R., Singhal, U., Sahu, A., Hosono, Y., Barrette, T.R.,
Prensner, J.R., Evans, J.R., Zhao, S., Poliakov, A., Cao, X., Dhanasekaran, S.M., Wu,
Y.M., Robinson, D.R., Beer, D.G., Feng, F.Y., Iyer, H.K., Chinnaiyan, A.M., 2015. The
landscape of long noncoding RNAs in the human transcriptome. Nat. Genet. 47,
199–208.

Zhao, Y., Li, H., Fang, S., Kang, Y., Wu, W., Hao, Y., Li, Z., Bu, D., Sun, N., Zhang, M.Q.,
Chen, R., 2016. NONCODE 2016: an informative and valuable data source of long
non-coding RNAs. Nucleic Acids Res. 44, D203–208.

Mowel, W.K., Kotzin, J.J., McCright, S.J., Neal, V.D., Henao-Mejia, J., 2018. Control of
immune cell homeostasis and function by lncRNAs. Trends Immunol. 39, 55–69.

Wang, P., Xue, Y., Han, Y., Lin, L., Wu, C., Xu, S., Jiang, Z., Xu, J., Liu, Q., Cao, X., 2014.
The STAT3-binding long noncoding RNA lnc-DC controls human dendritic cell dif-
ferentiation. Science 344, 310–313.

Coccia, E.M., Cicala, C., Charlesworth, A., Ciccarelli, C., Rossi, G.B., Philipson, L.,
Sorrentino, V., 1992. Regulation and expression of a growth arrest-specific gene
(gas5) during growth, differentiation, and development. Mol. Cell. Biol. 12,
3514–3521.

Mourtada-Maarabouni, M., Hasan, A.M., Farzaneh, F., Williams, G.T., 2010. Inhibition of
human T-cell proliferation by mammalian target of rapamycin (mTOR) antagonists
requires noncoding RNA growth-arrest-specific transcript 5 (GAS5). Mol. Pharmacol.
78, 19–28.

Chen, L., Yang, W., Guo, Y., Chen, W., Zheng, P., Zeng, J., Tong, W., 2017. Exosomal
lncRNA GAS5 regulates the apoptosis of macrophages and vascular endothelial cells
in atherosclerosis. PLoS One 12, e0185406.

Thery, C., Amigorena, S., Raposo, G., Clayton, A., 2006. Isolation and characterization of
exosomes from cell culture supernatants and biological fluids. Curr. Protoc. Cell Biol
Chapter 3, Unit 3.22.

Tong, Q., He, S., Xie, F., Mochizuki, K., Liu, Y., Mochizuki, I., Meng, L., Sun, H., Zhang, Y.,
Guo, Y., Hexner, E., Zhang, Y., 2014. Ezh2 regulates transcriptional and post-
translational expression of T-bet and promotes Th1 cell responses mediating aplastic
anemia in mice. J. Immunol. 192, 5012–5022.

Johnstone, R.M., Adam, M., Hammond, J.R., Orr, L., Turbide, C., 1987. Vesicle formation
during reticulocyte maturation. Association of plasma membrane activities with re-
leased vesicles (exosomes). J. Biol. Chem. 262, 9412–9420.

Record, M., Carayon, K., Poirot, M., Silvente-Poirot, S., 2014. Exosomes as new vesicular
lipid transporters involved in cell-cell communication and various pathophysiologies.
Biochim. Biophys. Acta 1841, 108–120.

Liu, Y., Zhao, J., Zhang, W., Gan, J., Hu, C., Huang, G., Zhang, Y., 2015. lncRNA GAS5
enhances G1 cell cycle arrest via binding to YBX1 to regulate p21 expression in
stomach cancer. Sci. Rep. 5, 10159.

Lu, S., Su, Z., Fu, W., Cui, Z., Jiang, X., Tai, S., 2019. Altered expression of long non-
coding RNA GAS5 in digestive tumors. Biosci. Rep. 39 BSR20180789.

Mayama, T., Marr, A.K., Kino, T., 2016. Differential expression of glucocorticoid receptor
noncoding RNA repressor Gas5 in autoimmune and inflammatory diseases. Horm.
Metab. Res. 48, 550–557.

Sun, D., Yu, Z., Fang, X., Liu, M., Pu, Y., Shao, Q., Wang, D., Zhao, X., Huang, A., Xiang,
Z., Zhao, C., Franklin, R.J., Cao, L., He, C., 2017. LncRNA GAS5 inhibits microglial
M2 polarization and exacerbates demyelination. EMBO Rep. 18, 1801–1816.

Brand, M., Nakka, K., Zhu, J., Dilworth, F.J., 2019. Polycomb/trithorax antagonism:
cellular memory in stem cell fate and function. Cell Stem Cell 24, 518–533.

Guo, M., Price, M.J., Patterson, D.G., Barwick, B.G., Haines, R.R., Kania, A.K., Bradley,
J.E., Randall, T.D., Boss, J.M., Scharer, C.D., 2018. EZH2 represses the B cell tran-
scriptional program and regulates antibody-secreting cell metabolism and antibody
production. J. Immunol. 200, 1039–1052.

Chen, X., Cao, G., Wu, J., Wang, X., Pan, Z., Gao, J., Tian, Q., Xu, L., Li, Z., Hao, Y.,
Huang, Q., Wang, P., Xiao, M., Xie, L., Tang, S., Liu, Z., Hu, L., Tang, J., He, R., Wang,
L., Zhou, X., Wu, Y., Chen, M., Sun, B., Zhu, B., Huang, J., Ye, L., 2019. The histone
methyltransferase EZH2 primes the early differentiation of follicular helper T cells

X. Zhu, et al. Molecular Immunology 118 (2020) 30–39

38

https://doi.org/10.1016/j.molimm.2019.11.009
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0005
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0005
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0005
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0010
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0010
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0015
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0015
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0015
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0020
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0020
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0020
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0025
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0025
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0025
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0025
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0030
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0030
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0030
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0030
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0035
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0035
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0040
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0040
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0040
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0045
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0045
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0050
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0050
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0055
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0055
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0055
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0055
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0060
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0060
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0060
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0060
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0065
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0065
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0065
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0070
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0070
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0070
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0075
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0075
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0075
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0075
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0075
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0080
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0080
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0080
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0085
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0085
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0090
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0090
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0090
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0095
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0095
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0095
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0095
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0100
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0100
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0100
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0100
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0105
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0105
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0105
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0110
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0110
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0110
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0115
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0115
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0115
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0115
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0120
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0120
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0120
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0125
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0125
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0125
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0130
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0130
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0130
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0135
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0135
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0140
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0140
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0140
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0145
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0145
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0145
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0150
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0150
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0155
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0155
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0155
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0155
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0160
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0160
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0160
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0160


during acute viral infection. Cell. Mol. Immunol.
Jacobsen, J.A., Woodard, J., Mandal, M., Clark, M.R., Bartom, E.T., Sigvardsson, M., Kee,

B.L., 2017. EZH2 regulates the developmental timing of effectors of the pre-antigen
receptor checkpoints. J. Immunol. 198, 4682–4691.

Agnello, D., Lankford, C.S., Bream, J., Morinobu, A., Gadina, M., O’Shea, J.J., Frucht,
D.M., 2003. Cytokines and transcription factors that regulate T helper cell differ-
entiation: new players and new insights. J. Clin. Immunol. 23, 147–161.

Oh, S., Hwang, E.S., 2014. The role of protein modifications of T-bet in cytokine pro-
duction and differentiation of T helper cells. J. Immunol. Res. 2014, 589672.

Gagliani, N., Huber, S., 2017. Basic aspects of t helper cell differentiation. Methods Mol.
Biol. 1514, 19–30.

Hall, B.M., 2015. T cells: soldiers and spies–the surveillance and control of effector T cells
by regulatory T cells. Clin. J. Am. Soc. Nephrol.: CJASN 10, 2050–2064.

X. Zhu, et al. Molecular Immunology 118 (2020) 30–39

39

http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0160
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0165
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0165
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0165
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0170
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0170
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0170
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0175
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0175
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0180
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0180
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0185
http://refhub.elsevier.com/S0161-5890(19)30584-X/sbref0185


Supplemental Fig. 1 (A) RPMI 2650 cells were transfected with shRNA-LncGAS5 or shRNA

followed by the OVA stimulation, and the exosomes (OVA-EXOshRNA-LncGAS5 and OVA-EXOshRNA)

were isolated. The qRT-PCR confirmed the downregulation of LncGAS5 in

OVA-EXOshRNA-LncGAS5. (B) CD4+ T cells were transfected with small hairpin RNA (shRNA)

against EZH2. The mRNA and protein levels of EZH2 and T-bet were detected using qRT-PCR

and western blot analysis. (C) CD4+ T cells were transfected with shRNA against T-bet. The

mRNA and protein levels of T-bet were detected using qRT-PCR and western blot analysis.

**p<0.01 vs EXO or control (shRNA). ##p<0.01 vs OVA-EXOshRNA.
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