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Background: Dendritic cells (DCs) play an important role in allergen signal presentation. Many studies showed that follicular helper
T cells (Tths) are related to allergic rhinitis (AR). However, the relationship between Tths and DCs and the mechanism of their
interaction with AR remain unclear.

Purpose: To explore the mechanism of Tths on DC maturation in AR.

Methods: Tths were isolated from OVA-sensitized mice and co-cultured with DCs derived from mouse bone marrow. DCs maturity
was monitored using flow cytometry and immunofluorescence staining. Exosomes of Tths were extracted, and miRNAs inside
exosomes were analyzed using RNA-seq to identify differentially expressed genes. Using the TargetScan algorithm, it was predicted
that CDKS is a direct target gene, which is validated in a dual luciferase assay. DCs were treated with miR-142-5p mimics or inhibitors
or transfected with CDKS5 small interfering RNAs to verify the regulatory effects of miR-142-5p and CDKS5 on DC maturation. How
CDKS regulates STAT3 signaling pathway was investigated to elucidate the molecular mechanism of DC maturation. Finally, in an
in vivo experiment, the exosomes of AR-derived Tths were injected intravenously to detect their promotion of AR.

Results: Tfh exosomes derived from AR mice contributed to DC maturation. RNA-seq results showed that miR-142-5p was the
differentially decreased gene. Using the TargetScan algorithm, it was predicted that CDK5 was the target gene for the direct action of
miR-142-5p. By detecting the effects of changes in the expression levels of miR-142-5p and CDKS5 on DC maturation, it was
demonstrated that miR-142-5p inhibits DC maturation by inhibiting CDKS5 expression. CDKS5-regulated STAT3 signaling pathway
during DC maturation, and inhibition of the STAT3 signaling pathway can reverse the regulation of miR-142-5p/CDKS on DC
maturation. Finally, in vivo experiment indicated that the injection of AR-derived Tths promoted AR in mice.

Conclusion: Tth-derived exosomes induce DC maturation by regulating miR-142-5p/CDKS5/STAT3 signaling pathway, thereby
promoting the occurrence of AR.
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Introduction

The role of dendritic cells (DCs) in allergies has been recognized for decades.'™ In allergic rhinitis (AR), DCs are
regarded as the primary antigen presenting cells, which absorb and process allergens and undergo a maturation process.”
Mature DCs interact with T and B cells in lymphoid tissues to promote production of antigen-specific IgE, which
promotes release of inflammatory mediators and appearance of AR symptoms, such as watery nose and sneezing.” For
example, in a mouse model of ovalbumin (OVA)-induced AR, upon deletion of DCs, there is a decrease in allergic
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symptoms, nasal inflammation, and OVA-specific IgE levels, demonstrating the essential role of DCs in AR.°
Furthermore, DCs interact with a multitude of chemokines to control AR. For example, by inducing AR in a mouse
lacking lymphoid chemokines CCL19 and CCL21 gene, the allergic symptoms are much more severe, antigen-specific
IgE level and number of DCs are much higher, than those in AR-induced in WT mouse, suggesting a relationship
between chemokines CCL19 and CCL21 and DC in AR.”

Follicular helper T cells (Tths) are a specialized subpopulation of CD4 " helper T cells that mainly support germinal
center response, in which humoral immunity involving B cells with high affinity and long lifespan is elicited.® Recently,
there has been considerable interest in the role of Tths in allergic diseases including AR.° Tths, by expressing CD40L
and secreting IL-4, play a key role in the conversion of IgG to IgE in B cells.'®!" In allergic diseases, IgE production in
B cell was shown to be promoted by IL-4 secreted from Tths, instead of Th2 cells.'? In intestinal helminth infection, IL-4
secreted from Tths is required for IgE class switching and plasma-blast formation.'® It was also found that allergen-
activated Tths produced inflammatory mediators, which promoted IgE response and allergic symptoms.'® In the allergic
immune response caused by house dust mite, knock-out mice were generated lacking receptor for IL-6, a key cytokine
that drives the development of Tths, and the key role of Tths in allergic diseases was confirmed.'”> Apart from AR, Tths
have also been reported to be involved in the pathophysiology of other diseases. For example, in atopic dermatitis, the
reduction of Langerin DCs often lacks the response of Tfhs.'® In summary, Tfhs as a new player are largely involved in
the progression of AR. Even though both Tths and DCs have been recognized to be involved in AR, the relationship
between Tfhs and DCs has not been clarified, especially in AR, which limits our understanding of AR and is the topic of
this study.

Exosomes are membrane-bound vesicles found in Tths and many other cells with a diameter of 40—100nm. The
lumen of exosomes contains various nucleic acids, including mRNAs, microRNAs (miRNAs), and other non-coding
RNAs. Secretion of exosomes and their uptake by neighboring or distant recipient cells can regulate the biological
activity of the recipient cells.'” Further studies have demonstrated that miRNAs are accompanied by exosomes to transfer
genetic information between cells.'"® And miRNAs have been recognized to be involved in cell differentiation, prolifera-
tion and migration."'"*'? For instance, chondrocytes in osteoarthritis can secrete exosomes, which stimulate the matura-
tion of macrophages, production of IL-1p, and reduce autophagy, thereby causing synovial inflammation.”® Exosomes
can promote tumor growth by acting on mesenchymal stem cell surface receptors and convert mesenchymal stem cells
into producers of growth factors that promote tumor growth.>' Therefore, we speculated that Tth cell-derived exosomes
and the miRNA content in exosomes play an important role in the maturation of DCs.

In this study, a murine AR model was induced by challenging with ovalbumin (OVA). And Tths and exosomes in
Tths were extracted from the AR mice. The effect of Tths on DC maturation and the underlying mechanism were studied
in vitro. Additionally, exosomes extracted from AR mice were injected into healthy mice to explore the effect of AR
development in vivo. Our study sheds light on the regulatory mechanism by which exosomes of Tths promote DC
maturation.

Materials and Methods

Reagents

AF700 Rat Anti-Mouse CD3 (Cat# 100215), FITC Rat Anti-Mouse CD44 (Cat# 103005), BV605 Rat Anti-Mouse CD8
(Cat#100743) and 7AAD (Cat#420403) were purchased from Biolegend (San Diego, CA, USA). BV421 Rat Anti-Mouse
CD62L (Cat#562910) was purchased from BD Biosciences (California US). Ovalbumin (OVA) (Cat# 9006-59-1) was
purchased from Sigma-Aldrich (St Louis, MO, USA). Rabbit polyclonal anti-STAT3 antibody (Cat# A19566, 1:1000
diluted for WB), anti-phospho-STAT3-Y 705 antibody (Cat# AP0705, 1:1000 diluted for Western blot), rabbit anti-CD80
antibody (Cat# A16039, 1:100 diluted for immunofluorescence, 1:2000 diluted for Western blot) and rabbit anti-CD86
antibody (Cat# A1199, 1:100 diluted for immunofiuorescence, 1:1000 diluted for Western blot) were purchased from
Abclonal (Wuhan, Hubei, China). Rabbit anti-CDKS5 antibody (Cat# sc-173, 1:100 diluted for immunofluorescence,
1:1000 diluted for WB) from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Fetal bovine serum (FBS) (Cat# 10099—
141) and DMEM (Cat# 11320033) were purchased from Gibco (Rockville, MD, USA). TRIzol (Cat# 15596026) and
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SYBR Green (FP205) were purchased from Invitrogen (Shanghai, China). Rabbit polyclonal anti-CD9 (Cat# ab92726),
TSG101 (Cat# ab125011) and Calnexin (Cat# ab22595) were purchase from Abcam (Cambridge, MA, USA). FITC
mouse IgG (Cat# 400108) was purchase from Biolegend (San Diego, CA, USA) and Alexa Fluor R 568 goat anti-mouse
IgGl (Cat# A21124) from Invitrogen (Shanghai, China). GW4869 (Cat# No0.6823-69-4) were obtained from Merck
(Darmstadt, Germany). Lipopolysaccharides (LPS) (Cat# L2880) were purchased from Sigma-Aldrich (Shanghai,
China). Colivelin TFA (STAT3 activator) and Stattic (STAT3 inhibitor) were purchased from MedChemExpress Inc
(Shanghai, China).

Induction of AR in Mouse Model
Healthy male C57BL/6J mice (6—8 weeks, 20+2 g) were obtained from the Shandong Provincial Hospital Affiliated to
Shandong University. The environment is equipped with a temperature of 20-22°C, a relative humidity of 50-60%, and
a 12 hour:12 hour light—dark cycle, and ample food and water. A murine AR model is established by inducing C57BL/6]
mice with OVA to as described.?* Briefly, 25 ug OVA and 2 mg aluminum hydroxide gel in 200 uL PBS solution were
injected intraperitoneally into mice on day 1 and 5. From day 12 to 18, OVA diluted in PBS with a concentration of 6%
was administered to mice intranasally, 20 pL/nostril once a day. For the next 4 weeks, mice were treated with OVA the
same way as in day 12 to 18, except that the frequency was three times a day. Afterward, on day 47, the symptoms
including secretion, sneezing frequency and nose-scratching times during a 30 min period were evaluated and scored as
described.”? The AR model is regarded as being successfully established, if total scores reach 5 points or above.** For
negative control, wild type (WT) mice was generated by using PBS, instead of OVA or aluminum hydroxide, for
intraperitoneal injection and intranasal administration.

To study the effect of exosomes from Tths on AR development in vivo, four mouse models were induced, following
a similar procedure as stated above for AR mouse model. The first is induced by injecting each mouse intravenously with
2 mL exosomes from AR-derived Tths with 10’ particles/mL concentration on day 1, 5, and 9. PBS was used for
intranasal treatment for the rest of the 47-day duration. The second is induced by injecting with exosomes from WT-
derived Tth. The third was a negative control, called WT mice, was induced using PBS for intranasal treatment. The
fourth, called OVA mice, was generated using intraperitoneal injection and nasal administration of OVA, the same as the
above process for AR mouse model.

Tfhs Sorting and Exosomes Detection

Mouse spleens were collected and dispersed into a single cell suspension. Red blood cells were lysed and washed. The
remaining cells were stained with specific antibodies and sorted according to the gating strategy and flow scheme shown
in Figure 1A: 1) The remaining were separated based on the cell size (FSC-A) and granularity (SSC-A) to select
lymphocyte (98.6% of the subtotal); 2) The lymphocytes are separated according to the combination of FSC-H and FSC-
A into single cells (93.8% of the subtotal); 3) The combination of 7AAD, a dye with low binding affinity for living cells,
and FSC-A is used for select the living cells (99.8% of the subtotal); 4) From the living cell, to separate T cells, the
AF700-labelled anti-CD3 antibody and the BV510-labelled anti-CD19 antibody were used for staining B cells (CD19")
and T cells (CD3"), respectively, and B cells are gated out, leaving with only T cells (39.9% of the subtotal); 5) The PE-
Cy7-labelled anti-CD4 antibody and the BV605-labelled anti-CD8 antibody were used for staining CD4" and CD8"
T cells, respectively, and CD4" T cells were selected (65.7% of the subtotal); 6) The FITC-labelled anti-CD44 antibody
and BV421-labelled anti-CD62L antibody were used to screen effector Th (31.6% of the subtotal); 7) By staining PE-
labelled anti-CXCRS5 antibody, Tths, which are a subgroup of Th cells with CXCRS5" characteristics, were selected
(7.05% of the subtotal); 8) At this point, Tths selected were further visualized by staining with the APC-labelled anti-
CCR6 antibody and the BV650-labelled anti-CXCR3 antibody, the subpopulations of Tth cells such as Tthl, Tth2,
Tth17, were visible in the contour plot. It is estimated that Tths comprises 0.54% (7.05% * 31.6% * 65.7% * 39.9% *
99.8% * 93.8% * 98.6% = 0.54%) of total spleen cell suspension devoid of red blood cells. Subsequently, the sorted cells
are placed on a 96-well plate pre-coated with anti-CD3 and anti-CD28 antibodies and cultivated in a medium without
serum. Afterward, IL-2 (Cat# 402-ML-020/CF; R&D Systems) and other stimulating factors were added, before the cells
were cultured in vitro for 48 hours, to ensure the amount and activity of cells were comparable in single wells. And the
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Figure | AR-derived Tfhs ina DC co-culture system promote DC maturation. (A) Gating strategy and flow plot for Tths sorting according to Materials and Methods. (B) A schematic
of Tfhs/DCs Transwell co-culture system. (C) Relative mRNA expression levels of CD80 or CD86 in treated or untreated DCs are expressed as mean * standard error from at least
three independent experiments. ** P < 0.001; ¥ P < 0.0001. (D) Flow cytometry results of DC cell surface expression of the co-stimulatory molecules CD80, CD86 and MHClII in
control (no treatment), WT mice-derived Tths, AR mice-derived Tths, or LPS treated group. Flow cytometry results demonstrate that the ratio of CD80, CD86 and MHC Il of DCs
was significantly increased in the AR-derived Tfhs/DCs co-culture group. Dot plots with the label for the proportion of CD80" CD86" or MHCII™ cells are representative of at least
three independent experiments.
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supernatant was collected. Exosomes were extracted using ultracentrifugation. Scanning electron microscopic imaging
was performed using Hitachi HT-7700 transmission electron microscope with an acceleration voltage of 100 kV. The
diameter of exosomes was analyzed using a particle size analyzer (NanoFCM N30E, NanoFCM Inc., China).

Extraction and Culture of Bone Marrow-Derived DCs

The lower limbs of the mice were obtained aseptically, the femur and tibia were separated, the cartilage was cut off, and
the medullary cavity was exposed. The medullary cavity was rinsed with medium, repeated 3 times to obtain sufficient
DCs, and obtain bone marrow DCs after lysing red blood cells and centrifugation. Active DCs were counted and the
concentration was adjusted to 1x10°/mL. And 20ng/mL of cytokines GM-CSF, 5% FBS, 0.1% 2-mercaptoethanol was
added to 24-well plate to culture DCs. DCs were harvested after cell detachment in subsequent experiments.

Tfhs/DCs Co-Culture

Tths were isolated from the mouse spleen as described above and DCs were derived from mouse bone marrow. In
a Transwell co-culture system, Tfhs were seeded in the upper chamber of the 24-well Transwell at a density of 1.5 x 10°
cells/well. Then, DCs were seeded at the bottom of the well at a density of 1.5 x 10° cells/well (Figure 1B). After being
co-cultured for 48 hours, the cell supernatants or cells were collected for subsequent experiments.

Reverse Transcription Quantitative PCR (RT-qPCR)

Total RNA was extracted with Trizol and chloroform, precipitated with isopropyl alcohol, washed with 75%
ethanol, dissolved in DEPC water, dried, dissolved in RNase-free water. The cDNA was synthesized by reverse
transcription and amplified in a PCR reaction composed of 40 cycles each with three steps (denaturation,
annealing, and extension). The relative gene expression was obtained by using the amplification efficiency
derived from the ¢cDNA standard curve. Reverse transcriptase and SYBR Green I dye were purchased from
TIANGEN (Hangzhou, China). Primers were designed as follows: 5'- TTACCTGCTTTGCTTCCG-3' (forward)
and 5'- GACGACGACTGTTATTACTGC-3' (reverse) for CD80; 5'- ATGGGCTCGTATGATTGT-3' (forward) and
5'- CTTCTTAGGTTTCGGGTG-3' (reverse) for CD86; 5'- GCGCGCATAAAGTAGAAAGC-3' (forward) and 5'-
AGTGCAGGGTCCGAGGTATT-3' (reverse) for miR-142-5p; 5'- GGGGAAGGCACCTATGGA-3' (forward) and
5'- AGGGCTGAACTTGGCACA-3' (reverse) for CDKS; 5'- CTCGCTTCGGCAGCACAT-3' (forward) and 5'-
AAATATGGAACGCTTCACG-3' (reverse) for U6; and 5'- GGCTGTATTCCCCTCCATCG-3' (forward) and 5'-
CCAGTTGGTAACAATGCCATGT-3' (reverse) for B-actin. Relative gene expression was calculated by 2—AACT
method using B-actin as an endogenous control. Results were presented as fold change after normalizing to
controls.

Flow Cytometry Analysis of DC Maturation

The DCs were collected after co-culture. The DC concentrations were adjusted to 1 x 10° cells/mL with PBS. Then, DC
samples were stained with anti-CD86 antibody (Cat#105045), anti-CD80 antibody (Cat#104733) or anti-MHCII antibody
(Cat#107613) labeled with fluorescein (APC-A750-A, PC7-A, APC-A) from Biolegend. Cells were washed, fixed and
analyzed using a BD FACS flow cytometer and Cell Quest Pro software version 5.1 (BD Biosciences, Franklin Lakes,
NJ, USA).

Immunofluorescence Staining

DCs are planted on cell slides in a 24-well plate, cultured for 24 hours. After treatment (co-cultivation, exosomal or LPS
stimulation), DCs were washed with PBS, and fixed with 4% paraformaldehyde for 15 minutes, permeabilized with 0.1%
TritonX-100 for 10 minutes, blocked with 10% goat serum for 30 minutes, and incubated overnight at 4°C with the respective
antibodies at 1:100 dilution, including rabbit polyclonal anti-STAT3 antibody, rabbit anti-phospho-STAT3-Y705 antibody,
rabbit anti-CD80 antibody, and rabbit anti-CD86 antibody, and rabbit anti-CDKS5 antibody. The next day, DCs were stained
with the corresponding secondary antibody for 1 hour at room temperature in the dark, and DAPI was used to stain the nucleus.
After mounting with anti-quenching agent, images were captured with a confocal microscope (Leica).

Journal of Inflammation Research 2022:15 hetps: 3191
Dove


https://www.dovepress.com
https://www.dovepress.com

Teng et al Dove

RNA-Seq
Total RNA samples were extracted from AR or WT mouse-derived Tfhs using TRIzol (Invitrogen, Shanghai, China).
RNA samples were subject to agarose electrophoresis, NanoDrop ND-1000 (Nano Drop Inc., Wilmington, DE, USA)
quantification, and then used to prepare miRNA sequencing library using NEB Multiplex Small RNA Library Prep Set
for Illumina in five steps: 1) 3’-adapter ligation; 2) 5’-adapter ligation; 3) cDNA synthesis; 4) PCR amplification; and 5)
extraction and purification of 135-155 bp PCR amplified fragments (corresponding to ~15-35 nt small RNAs). An
Agilent 2100 Bioanalyzer (Agilent, Beijing, China) was used to quantify the libraries. The DNA fragments in the library
were denatured with 0.1 M NaOH, captured on Illumina flow cells, amplified in situ, and sequenced for 50 cycles on
Illumina NextSeq 500 sequencer (Illumina, San Diego, CA, USA) at Aksomics, Inc. (Shanghai, China). Sequencing
reaction was performed using TruSeq Rapid SR Cluster Kit (#GD-402-4001, Illumina).

Cell Transfection

DCs were cultured in 60 mm dish containing DMEM with 10% FBS for 24 h at a density of 3 x 10° cells per dish. The
miR-142-5p mimic and inhibitor and their negative control (NC) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). CDKS5 siRNAs was purchased from Shanghai Biotechnology Company (Shanghai, China). The
cells were transfected with miR-142-5p mimic or inhibitor at a final concentration of 25 nmol/L or CDKS5 siRNA at 20
nmol/L using jetPRIME® Transfection Agent (Cat# PT-114-15; Polyplus-transfection SA, Illkirch, FRANCE) according
to the manufacturer’s instruction. The sequence of CDKS5 siRNA was as follows: UAUGACAGAAUCCCAGCCCTT,
GGGCUGGGAUUCUGUCAUATT.>® DCs were transfected twice to improve transfection efficiency. The second
transfection was performed 24 hours after the end of the first transfection. Transfection efficiency of the DC transfection
system was monitored by using siGLO Cyclophilin B Control siRNA purchased from Thermo Scientific (Waltham, MA,
USA) as described.”*

Dual-Luciferase Reporter Assay

Recombinant plasmids containing the firefly luciferase reporter were constructed by replacing the 3’-UTR of firefly
luciferase gene with the WT and mutant 3’-UTR of CDKS5, including PGL-3-CDK5-WT (WT vectors in the 3’-UTR
region of CDKS5) and PGL-3-CDKS5-MT (mutant-type vectors in the 3’-UTR region of CDKS). On day 1, HEK293 cells
were seeded at a concentration of 5 x 10* cells/well in a 24-well plate. On day 2, the HEK293 cells were transfected with
recombinant plasmids or miR-142-5p mimics with Lipofectamine 2000. As a transfection control for normalization
purpose, Renilla luciferase reporter pPRLCMV (Promega, Madison, WI, USA) was co-transfected. At 48 hours post-
transfection, the luciferase activity was analyzed using the Dual-luciferase Reporter assay system (Promega, Madison,
WI, USA).

Western Blot

Cells were washed with cold PBS, lysed on ice with a lysis buffer containing PMSF, and scraped with a cell scraper. The
lysates were centrifuged and the supernatants were collected. After the protein content of the samples was determined,
the sample containing 50 ng protein was electrophoresed on SDS-PAGE gel and transferred to PVDF membrane and
blocked using a solution with dissolved skimmed milk powder. The PVDF membrane was incubated with the primary
antibody at 4°C overnight, washed with PBS, and incubated with the horseradish peroxidase—conjugated secondary
antibody at 37°C for 1 hour. The bands of antibody-stained proteins were detected using the enhanced chemilumines-
cence (ECL) reagent from Cell Signaling Technology (Beverly, MA, USA; Cat# 6883) according to the manufacturer’s
procedures.

Hematoxylin and Eosin Staining

Fresh nasal mucosa tissue was fixed in 4% paraformaldehyde for 48 hours, embedded in paraffin, before being sliced into
4um sections. After using Xylene to dewax sections, and dehydrating in 100%, 95%, 80%, 75% alcohol, the sections
were stained by using hematoxylin and eosin (Cat#G1120, Solarbio), dehydrated sequentially in 95%, 95%, and 100%
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alcohol. Then, the slices were sealed using neutral gum and observed under a microscope (Leica Microsystems CMSA
GmbH, Wetzlar, Germany).

ELISA

Serum was collected from mice treated with exosomes of Tths on day 9 post-treatment. As a control, serum was collected
from mice treated with OVA immediately after 46-day treatment. Inflammatory mediators in serum including IgE (Cat#
70-EK275), IFN-y (Cat# EK280-96), IL-13 (Cat# EK213/2) and IL-17 (Cat# 70-EK217S) were measured with com-
mercial ELISA kits (MultiSciences, Hangzhou, Zhejiang Province, China) according to manufacturer’s instructions. The
absorbance value was read at 450 nm using Multiskan MK3 (Thermo Fisher Scientific, Inc.).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 8.0 (GraphPad Software, San Diego, CA,
USA). Statistical analysis of differences among multiple groups was performed using one-way analysis of variance, or
Student’s #-test. Differences were considered statistically significant if P values are smaller than 0.05.

Results
Tfhs Derived from AR Induce DC Maturation

A mouse model of AR was established by nasal and intraperitoneal induction with OVA as described in Materials and
Methods. In order to determine whether Tfhs that are derived from AR mice can affect DC maturation, Tths were
isolated from spleens of AR or control WT mice (Figure 1A), and co-cultured with DCs in a Transwell system
(Figure 1B). The expression levels of the co-stimulatory molecules CD80 and CD86 or MHCII were measured using RT-
gPCR and flow cytometry to determine the maturation of DCs. The RT-qPCR results indicated that the relative mRNA
expression levels of CD80 and CD86 in the AR-Tfh/DCs co-culture group were significantly higher than those in the
control PBS treated group and the WT-Tth/DCs co-culture group. LPS served as a positive control for DC maturation
(Figure 1C). The flow cytometry results showed that the proportion of CD80", CD86" and MHCII" DCs was much
higher in the AR-Tths/DCs co-culture group (9.52%), compared with the control PBS treated group (5.90%) and the WT-
Tths/DCs co-culture group (7.68%) (Figure 1D). In addition, immunofluorescence staining was performed on the co-
cultured DCs, and the results are consistent with the RT-qPCR and flow cytometry results (Figure 2). These results
indicated that Tths derived from AR promote DC maturation.

Tfh Exosomes Derived from AR Contribute to DC Maturation

Recently, exosomes have been reported to play an important role in cell-to-cell communication.>> For instance,
exosomes from B lymphocytes promoted T cell response that are MHC class Il-restricted.”® The miRNA in
exosomes released by adipocytes can participate in glucose tolerance.>’ Therefore, we hypothesize that exosomes
in Tths may mediate the interaction between Tfhs and DCs. In order to elucidate the mechanism by which AR-
derived Tfhs promote DC maturation, exosomes were extracted from Tths derived from AR or WT mice and added
to DCs culture medium. The presence of exosomes was confirmed using scanning electron microscopy. And the
morphology of exosomes of WT and AR mice was indistinguishable (Figure 3A). PBS was added to DCs as a no
treatment control. And DC maturation was measured by detecting the expression levels of CD80 and CD86 using
RT-gqPCR and flow cytometry. The RT-qPCR results showed that the expression level of CD80 and CD86 mRNA in
the AR-Tfh-exosomes group were significantly higher than that in the non-treatment control group. As another
control, GW4869, a non-competitive phospholipase inhibitor that blocks the secretion of exosomes, was added to
Tth culture before exosome extraction. It was found that with GW4869 addition, the expression levels of CD80 and
CD86 mRNA in the AR-Tth-exosomes group were significantly reduced (Figure 3B). These results suggested that
exosomes mediate the effect of AR mouse-derived Tths in promoting DC maturation. In addition, the results from
flow cytometry showed that, compared with the control group and the AR-Tth-GW4869 group, the AR-Ttfh-
exosomes group had a much higher proportion of CD80" CD86" DCs (43.24%) and MHCII" DCs (14.89%)
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Figure 2 Expression of CD80 and CD86 of DCs under four different conditions. Immunofluorescence staining was performed to determine the expression level of CD80
and CD86 on DC cell surface. Scale bar at the bottom right stands for 50 um. Data shown are representative of 3 independent experiments. Green represents CD80
staining, red CD86 staining, and blue DAPI staining for cell nuclei.

Control

WT-Tfh

AR-Tth

(Figure 3C). Results from immunofluorescence staining experiment were consistent with the results from RT-qPCR
and flow cytometry (Figure 4). Taken together, RT-qPCR, flow cytometry, and immunofluorescence staining results
strongly indicate that AR-derived exosomes play a key role in promoting DC maturation.

MiR-142-5p is a MicroRNA That is Significantly Decreased in AR-Derived Exosomes

and is Involved in the Regulation of DC Maturation

Exosomes contain various proteins, DNA, and RNA enclosed in the phospholipid membrane.*® The RNAs include a variety of
non-coding RNAs, such as miRNA, long-chain non-coding RNA, that are known to influence DC maturation.?? ! Therefore, we
hypothesized that non-coding RNAs in exosomes in AR-derived Tths play a key role in DC maturation. Therefore, in a first
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Figure 3 Tfhs secrete exosomes and AR-derived Tth exosomes promote DC maturation. (A) Morphology of exosomes isolated from WT or AR mice by scanning electron
microscopy. Scale bar represents 100 nm. (B) Comparison of relative mRNA expression level (mean * standard error of at least three independent experiments) of CD80
and CD86 in the DCs treated with control (no treatment), WT mice-derived Tfh exosome, AR mice-derived Tfh exosome, LPS, or WT mice-derived Tth exosomes with
the addition of GW4869. *** P < 0.001; **** P < 0.0001. (C) Flow cytometry results of DC cell surface expression of the co-stimulatory molecules CD80, CD86 and MHCII
in control (no treatment), WT mice-derived Tfhs exosome, AR mice-derived Tths exosome group, LPS, or WT mice-derived Tth exosomes with the addition of GW4869
group. Dot plots with the label for the proportion of CD80" CD86" or MHCII" cells are representative of at least three independent experiments.

attempt to screen the non-coding RNAs in exosomes related to DC maturation, RNA was extracted from exosomes and
microRNA sequencing was performed using RNA-Seq to identify the differentially expressed microRNAs in exosomes of

Tths derived from AR vs control WT mice. And miR-142b was isolated as a differentially expressed microRNA. Among the
differentially expressed miRNA genes identified, the down-regulated miR-142b gene (Figure 5A) attracted our attention. The
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Figure 4 Expression of CD80 and CD86 on DC cells under five different conditions. Sections of DCs were stained Immunofluorescence dyes for CD80 (green) and CD86
(red). DAPI was used to stain nuclei (blue). Representative images are shown from at least three independent experiments. Scale bar at the bottom right stands for 50 um.
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Figure 5 miR-142-5p in AR mouse-derived exosomes regulated DC maturation. (A) Heat map of differentially expressed miRNAs. The heat map was divided into two
columns (left: AR; right: Control). Up- or down-regulation of the miRNAs was represented with red or green color, respectively. A specific miRNA, miR-142b, was down-
regulated in AR, as indicated with a yellow arrow. (B) The expression level of miR-142-5p in exosomes of Tfhs from AR vs control mice. (C) Detection of the expression
level of CD80 and CD86 in different groups with overexpression or inhibition of miR-142-5p. ¥ P < 0.001; **** P < 0.0001. (D) Flow cytometry analysis of co-stimulatory
molecules CD80, CD86 and MHCII on surface of DCs transfected with miR-142-5p mimics or inhibitors. Dot plots with the label for the proportion of CD80" CD86" or
MHCII* cells are representative of at least three independent experiments.

miR-142b gene has the same sequence as miR-142-5p and miR-142-5p has been studied by our laboratory as a miRNA playing
a crucial role in acquired middle ear cholesteatoma.*” Therefore, miR-142-5p is the subject of subsequent analysis. First, by using
RT-qPCR, it was found that the expression level of miR-142-5p in exosomes from AR group was significantly lower than that in
the control WT group (Figure 5B). Second, in order to verify whether down-regulation of miR-142-5p is related to DC
maturation, DCs were transfected with miR-142-5p mimics, mimics negative control (NC), inhibitor, or inhibitor NC (all as
mirVana™ products custom synthesized by Thermo Fisher Scientific). Transfection efficiency using the jetPRIME®
Transfection Agent for transfecting DCs was regularly monitored to be between 70% and 90% by monitoring cell fluorescence
after transfection fluorescent siRNA (siGLO Cyclophilin B Control siRNA) as described.”* In addition, siRNA knockdown
efficiency was measured with each experiment as a proxy for transfection efficiency. After transfection, DC maturation was
analyzed by measuring the relative expression level of CD80 and CD86 mRNA using RT-qPCR. The results showed that the
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relative expression level of CD80 and CD86 in the miR-142-5p mimics group was lower, than that in the mimic NC group. The
relative expression of CD80 and CD86 was higher in the miR-142-5p inhibitor group, compared with the inhibitor NC group
(Figure 5C). Flow cytometry results showed that the miR-142-5p mimics decrease the proportion of CD80" CD86" DCs, 37.7%
for mimics vs 42.65% for mimics NC; while the inhibition of miR-142-5p significantly increased the proportion of CD80"
CD86" DCs, 52.38% for inhibitor vs 44.00% for inhibitor NC (Figure 5D). The results from RT-qPCR and flow cytometry are
consistent, suggesting that miR-142-5p in AR-derived exosomes is involved in the regulation of DC maturation.

CDKS5, a Target Gene of miR-142-5p, Mediates the Regulation of DC Maturation by
miR-142-5p

In an effort to find the target gene of miR-142-5p, TargetScan prediction was performed (https://www.targetscan.org/

mmu_80/). CDKS5 was identified to be a candidate target gene (Figure 6A). CDKS is a serine/threonine protein kinase
known to play an important role in cell division and transcription regulation through phosphorylation of transcriptional
regulator TrkB, NUDEL, and STAT3.*** To validate the TargetScan prediction results, a dual luciferase reporter assay
was performed. First, HEK293T cells were transfected with two reagents: the miR-142-5p mimic and one of PGL3-
Control, PGL3-CDKS5-WT (WT vectors in the 3’-UTR region of CDKS5), and PGL3-CDKS5-MT (mutant vectors in the
3’-UTR region of CDKS5). Compared with the PGL3-Control+mimic group, the luciferase activity in PGL3-WT+mimic
and PGL3-MT+mimic group was significantly decreased. Compared with the PGL3-MT+mimics group, the luciferase
activity of PGL3-WT+mimics group was significantly higher (Figure 6B), suggesting that miR-142-5p directly targets
CDKS. To knockdown CDKS5 expression, siRNA was used before miR-142-5p expression was detected by RT-qPCR.
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Figure 6 miR-142-5p targets CDK5 to mediate the regulation of DC maturation by Tfhs derived from AR mice. (A) The potential miR-142-5p target sites in CDKS5
transcript. (B) Levels of relative luciferase activity in HEK293T cells following transfection with PGL-3-control-WT-miR-142-5p mimics, PGL-3-CDK5-WT-miR-142-5p
mimics and PGL-3-CDK5-MT-miR-142-5p mimics respectively (I pg). The relative luciferase activity refers to the ratio of firefly luminescence/renilla luminescence. (C)
Relative expression of miR-142-5p after CDK5 knockdown. (D) CDKS5 expression level under overexpression or inhibition of miR-142-5p by RT-qPCR. The values shown
are mean * SD of three independent experiments. * P < 0.05; ** P < 0.01; *** P < 0.001; *** P < 0.0001. (E) CDK5 expression level under overexpression or inhibition of
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3198 s Journal of Inflammation Research 2022:15

Dove!


https://www.targetscan.org/mmu_80/
https://www.targetscan.org/mmu_80/
https://www.dovepress.com
https://www.dovepress.com

Dove Teng et al

The results show that the relative expression of miR-142-5p was higher after si-CDKS5 knockdown (Figure 6C).
Subsequently, CDKS5 expression level under the influence of miR-142-5p mimic or inhibition was measured. At both
the mRNA level (Figure 6D) and the protein level (Figure 6E), the expression level of CDK5 was significantly higher in
the mimic group than the mimic NC group, and significantly lower in the inhibitor group than the inhibitor NC group.
These results demonstrate that there is a strong negative correlation between miR-142-5p and CDKS5 expression. To
determine the relation between CDKS5 and DC maturation, CDKS5 siRNA was transfected into DCs and the DC
maturation was detected by flow cytometry. It was found that the proportion of CD80" and CD86" cells were decreased
in the si-CDKS5 group (Figure 6F), which was consistent with the previous results (Figure 6B-D). Therefore, our
conclusion is that CDKS5 mediates regulation of DC maturation by miR-142-5p.

Tfh-Derived Exosomes Regulate DC Maturation Through miR-142-5p/CDK5/STAT3
Signaling Pathway

The above results showed DC maturation is related to the expression level of miR-142-5p (Figure 5) and CDKS
(Figure 6). Therefore, in an effort to study the relative changes of miR-142-5p and CDKS5 expression during DC
maturation, the mRNA expression of miR-142-5p and CDKS5 was monitored, after DCs were stimulated with LPS. It
was found that upon DCs stimulation with LPS from 0 to 24 hours, the expression level of miR-142-5p gradually
decreased, while expression of CDK5 increased. Significant changes were observed at 6 h to 12 h and 12 h to 24
h (Figure 7A). It was found that the fluorescence intensities of CD80, CD86 and CDKS5 in DCs are increased
significantly 24 h after LPS stimulation, and the change of pSTAT3 is also more pronounced than that of STAT3 at
the same time point (Supplement Figures 1-3). The Western blot results showed that, consistent with results for the

mRNA expression level, upon DCs stimulation with LPS from 0 to 24 hours, the proteins expression level of CDK5
increased over time, while the expression level of the control housekeeping protein, actin, remains stable (Figure 7B).
Subsequently, DCs were transfected with miR-142-5p mimic, mimic-NC, inhibitor, or inhibitor-NC. The DCs trans-
fected with mimic or with mimic-NC were also stimulated with LPS. Changes in the activity of STAT3 signaling
pathway were measured by detecting the level of STAT3 phosphorylation in Western blot. A significant increase in
STAT3 phosphorylation was observed in the inhibitor group, while the opposite result was observed in the mimic group
(Figure 7C). The effect of LPS in inducting STAT3 phosphorylation was suppressed by miR-142-5p mimic. In another
experiment, DCs were not transfected (control), transfected with miR-142-5p mimic, or miR-142-5p inhibitor with or
without si-CDKS. DCs were also stimulated with LPS with or without si-CDKS transfection. The results indicated that
CDKS5 knockdown using si-CDKS5 attenuated STAT3 protein phosphorylation which is caused by miR-142-5p
inhibitors or by LPS stimulation (Figure 7D). The results indicated that STAT3 signaling pathway can be activated
by CDKS. Finally, flow cytometry results indicated that the expression level of CD80 and CD86 was decreased in the
presence of Stattic (a STAT3 phosphorylation inhibitor), and was increased in the presence of Colivelin TFA (a STAT3
activator) (Figure 7E), which strongly suggested that activation of the STAT3 signaling pathway was required for DC
maturation.

The Effect of AR-Derived Tfh Exosomes on Occurrence of AR

In order to verify the effect of exosomes of AR-derived Tths on AR in vivo, healthy C57BL/6J mice were either not
treated (negative control WT), treated with exosomes extracted from Tths of WT or AR mice, or treated with OVA to
induce AR. Hematoxylin and eosin staining results showed that the extent of mucosal thickening and nasal mucosal
inflammation in the AR-Tth-exosomes group and OVA group, were more severe than those of WT group and WT-Tth
exosomes group. The yellow arrow indicates areas of intense dark blue staining in AR group, representing mucosal
thickening and aggregation of inflammatory cells such as eosinophils or neutrophils, which are features of AR. Overall,
AR-Tth-exosome group image has the most intense dark blue staining, while OVA group has the second most intense
dark-blue staining and the other two group has only light blue staining (Figure 8A). Flow cytometry and RT-qPCR were
performed on the nasal cavity lavage fluid cells. And it was found that the results of CD80 and CD86 levels in the four
groups were consistent with the results from hematoxylin and eosin staining, with expression levels of CD80 and CD86
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Figure 7 Tfh-derived exosomes promote DC cell maturation through miR-142-5p/CDK5/STAT3 pathway. (A) Relative expression of miR-142-5p and CDKS5 in DCs upon
LPS stimulation at different time points. The values shown are mean * SD of three independent experiments. ** P < 0.01; **** P < 0.0001. (B) CDK5 expression level
changed with prolonged LPS stimulation. (C) Detection of STAT3 phosphorylation in overexpression and inhibition of miR-142-5p. (D) Detection of STAT3 phosphorylation
in inhibition of miR-142-5p with or without si-CDKS5. (E) Expression of CD80 and CD86 on DCs with STAT activator or STAT inhibitor and LPS stimulation for different
times. Dot plots with the label for the proportion of CD80" CD86" or MHCII™ cells are representative of at least three independent experiments.

the highest in the AR-Tfh-exosomes group (Figure 8B—C). To detect whether AR-derived Tfh exosomes affect the
differentiation of naive T cells in mouse nasal mucosa, the serum levels of inflammatory factors IFN-y, total IgE, IL-13
and IL-17 were measured using ELISA. The results showed that the level of IL-13 and total IgE that correspond to Th2-

type differentiation was significantly higher in the AR-Tth exosomes group than in the WT-Tth exosomes group, while
the levels of IFN-y (correspond to Thl-type) and IL-17 (correspond to Th17-type) were significantly lower in the AR-Tth
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Figure 8 Results from an in vivo experiment showing the effect of AR-derived Tth exosomes on occurrence of AR. (A) Hematoxylin and eosin staining of nasal mucosal
from different group of mice. Scale bars at the bottom right of each image represent 50 um. The area of mucosal thickening and inflammation appeared as dark blue area in
the image, with one area indicated with a yellow arrow. (B) The relative mRNA expression of CD80 and CD86 in mouse nasal mucosa of various groups. The data shown
are mean = standard error of at least 3 independent experiments. (C) Flow cytometry results of the co-stimulatory molecules CD80, CD86 and MHCII in DCs. Dot plots
with the label for the proportion of CD80" CD86" or MHCII* cells are representative of at least three independent experiments. (D) Inflammatory factors including IFN-y,
IgE, IL-13 and IL-17 are studied in the serum of mice of various group. ** P < 0.01; ** P < 0.001; *** P < 0.0001.
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exosomes group than in the WT-Tth exosomes group (Figure 8D). The results indicated that AR-derived Tfh exosomes
cause imbalance of naive T cells differentiation, mainly by promoting Th2-type inflammation.

Discussion

In our study, a murine AR model was induced by challenging with OVA. Tths derived from AR mice were found to
effectively promote DC maturation in an in vitro Transwell co-culture system (Figure 1). In the Transwell system, Tths
were seeded at the upper chamber of the 24-well Transwell with a density of 1.5 x 10 cells/well, while DCs were seeded
at the bottom with a density of 1.5 x 10° cells/well (Figure 1B). The ratio of their densities is 1:10 for Tfhs: DCs. Such
a density ratio is not uncommon in experiments involving Transwell co-culture system. In one report, monocytes
(comparable to DCs) were co-cultured with T cells (comparable to Tfhs) at a ratio of 5 to 10 monocytes per T cell.>®
In another report, B cells and DCs were co-cultured with DCs. B cells were plated with a plating density of 0.5 x 10° in
100 pL in the upper chamber, and DCs were plated with a density of 0.5 x 10° in 600 L at the bottom, which correspond
to a ratio of 1:6.%” In yet another report, the ratio of mesenchymal stem cells to DCs in a co-culture experiment was 1:5.%
Transwell system is a “co-culture system that have long been used to study the interactions between cell populations”.>”
Our explanation for using a 1:10 ratio is Transwell system is mimicking the natural system. The miR-142-5p/CDK5/
STAT3 pathway is a signaling pathway and a natural signaling pathway is known to amplify signals when signals are
transmitted from one step to the next due to many steps being enzymatic.*’ Thus, one Tth cell is capable of activating
multiple DCs.

The scanning electron microscopy results showed that the morphology of the exosomes from WT and AR mice was
indistinguishable from each other (Figure 3A). Thus, we ask this question: what is it in AR exosomes that makes AR
exosomes different from WT exosomes? RT-qPCR results showed that the expression level of miR-142-5p in exosomes
of AR group was significantly lower than that of the control WT group (Figure 5B). Such a difference in miR-142-5p
level resulted in many consequences. First, the expression level of CD80 mRNA in the AR-Tth-exosomes group was
higher than that in WT-Tth-exosomes group, whereas the expression level of CD86 mRNA in the AR-Tfh-exosomes
group was similar to that in WT-Tfh-exosomes group (Figure 3B). Second, flow cytometry showed that, compared with
the WT-Tfh-GW4869 group, the AR-Tth-exosomes group had a higher proportion of CD80" CD86" DCs (43.24% for
AR vs 41.96% for WT) and MHCII" DCs (14.89% for AR vs 12.21% for WT) (Figure 3C). Therefore, our interpretation
is that the fact that exosomes from AR mice are better at promoting DC maturation than exosome from WT mice
(Figure 3B—C) is because miR-142-5p expression is decreased in AR mice (Figure 5B), resulting in an increase in CDKS5
expression and an increase in Stat3 phosphorylation. In other words, when mice develop AR, there is no change in
exosome morphology, but rather in exosome contents (specifically, miR-142-5p level) that make the difference. The role
of miR-142-5p is allergy, and inflammation has been reported. In one report, miR-142-5p is shown to mediate abnormal
T cell differentiation by interacting with SOCS1 and TGFBR-1 transcripts, and then participate in the occurrence of
autoimmune neuroinflammation. Increased expression of miR-142-5p in glial cells and immune cells after traumatic
brain injury led to neuroinflammation.*' Our results for the role of miR-142-5p are consistent with the report.

Besides miR-142-5p, many other non-coding RNA in exosome may also play a role in AR and other allergic diseases.
GASS, a long non-coding RNA derived from the exosomes of mucosal epithelial cells of AR patients, induced Th1/Th2
differentiation of naive CD4+ T cells, thereby inhibiting the transcriptional expression of EZH2 and T-bet proteins and
promoting the occurrence of AR.*> Another miRNA, miR-146a-5p, released from the exosomes of mesenchymal stromal
cells was reported to prevent airway inflammation induced by the second group of innate lymphocytes (ILC2).** Besides
miR-142-5p, our RNA-Seq study has identified many up-regulated and down-regulated miRNA genes (Figure 5A), and
further studied should be carried out on these miRNA to gain more insight into signaling pathway regulating AR.

Our results demonstrated of miR-142-5p from Tth exosomes promote DC maturation through CDK5-STAT3 pathway
(Figure 6-7). Our previous study of miR-142-5p indicated that miR-142-5p plays a crucial role in acquired middle ear
cholesteatoma (AMEC) via CDK5.*? CDKS is a serine/threonine protein kinase known to play an important role in cell
division and transcription regulation through phosphorylation of transcriptional regulators TrkB, NUDEL, and STAT3.>*~
35 In one report, CDK5-STAT3 pathway is activated in response to sciatic nerve injury and participates in axon
regeneration upon peripheral nerve injury.34 Abnormal CDKS5 expression lead to cellular inflammation, altered cell
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metabolism, and abnormal cell growth."'” CDKS5 regulates phosphorylation of various proteins involved in neurode-
generative diseases, such as Alzheimer’s disease.** In addition, CDK5 regulated mitochondrial activity through phos-
phorylation of STAT3 in neuron axons, which promoted the regeneration of axons. Phosphorylation of STAT3 also led to
inhibition of topoisomerase I, which induced the up-regulation of CDK5.*> CDKS5 regulated MAPK phosphorylation and
affected IL-10 expression in LPS-induced macrophages. CDKS5 can also regulate the expression of PDL1 and affect the
maturation of DCs in CRSWNP.*® Taken together, these studies indicate the important role CDK5 plays in inflammatory
diseases. Since the pathway of CDK5-STAT3 in AR has not been reported, our finding that miR-142-5p in AR-derived
Tth exosomes promotes DC maturation through regulation of CDK5/STAT3 pathway shed new light into the etiology
of AR.

Conclusion

Our study revealed an important role of Tfh-derived exosomes in the pathogenesis of AR, in which the miR-142-5p/
CDKS5/STATS3 signaling pathway axis plays a key role in the maturation of DCs. Based on these findings, a novel strategy
for the diagnosis and treatment of AR by targeting the miR-142-5p/CDKS/STAT3 signaling pathway may be proposed.
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