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N6-methyladenosine (m6A), the most prevalent form of internal mRNA
modification, is extensively involved in Treg cells differentiation and function.
However, the involvement of m6A in functional Treg cells for transplantation
tolerance remains to be elucidated. By using an experimental transplantation
mouse model, we found that m6A levels in Treg cells were altered during the
induction of transplant tolerance by performing a dot blotting assay. Subsequently,
we used the heterogenic Treg-specific Mettl14 knockout mice (Foxp3-Mettl14"+
cKO) to reduce METTL14 expression and performed islets allograft transplantation.
Our result revealed that reduced expression of METTL14 prevented Treg cells
expansion and promoted the infiltration of CD4* and CD8* T cells around the
allograft, which led to rapid allograft rejection in Foxp3-Mettl14”* cKO mice. The
expression of regulatory cytokines including IL-10 and TGF-B was significantly
decreased in Foxp3—Mettll4f/+ cKO mice, and the suppressive function of Treg
cells was also abrogated. In addition, an analysis of RNA-seq data revealed that the
SOCS family (SOCS1, SOCS2 and SOCS3) is the subsequent signaling pathway
affected by the METTL14 mediated m6A modification in Treg cells to modulate the
suppressive function after transplantation. Taken together, our study showed for
the first time that the METTL14-mediated m6A modification is essential for the
suppressive function of Treg cells in transplantation and may serve as a regulatory
element of Treg cell-based therapy in transplant medicine.
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Introduction

Organ/tissue transplantation is one of the most effective
therapeutic options for end-stage organ failure. Successful
allograft transplantation is constantly plagued by the challenge
of acute and chronic cell-mediated allograft rejection. This
process is generally mediated by indirect or direct forms of
antigen recognition and activated T-cell response (1-3). T cells
respond to foreign (allogeneic) MHC molecules in the same way
as to any foreign proteins, which include cytokine secretion, cell
proliferation as well as differentiation. This process leads to the
accumulation of a large number of effector T cells and
macrophages, which are the main mediators in the process of
graft rejection (4). Regulatory T cells (Treg cells) are essential for
the maintenance of immune homeostasis. The main feature of
Treg cells is the ability to regulate or suppress the proliferation
and function of other effector T cells (5). Mechanistically, cell
death or anergy of other effector T cells can be induced in the
presence of Treg cells (4). Thus, many efforts have been made to
preserve the number and function of Treg cells and achieve long-
term graft survival after transplantation with an
unsatisfactory outcome.

Transcriptional regulation is coordinated with epigenetic
modifications, which affect gene expression and function (6).
Previous studies have shown that RNA modification,
particularly N6-methyladenosine (m6A), is the most prevalent
reversible methylation modification of eukaryotic mRNA (7, 8).
The main m6A regulators include methyltransferase ‘writers’,
demethylases ‘erasers’, and the m6A-binding protein ‘readers’ of
the RNA chemical mark (9). Based on accumulating evidence,
the abundance of the m6A modification in immune cells
correlates with multiple immune responses (10). In this
regard, the m6A ‘writer’ enzyme METTL3 plays an essential
role in dendritic cells and T cells during cellular development,
activation, and maturation, as well as influencing Treg cells
function and stability (11). These previous studies evaluated the
significance of the m6A modification in the progression of cell-
mediated immunity. Another study also indicated that
METTLI14 deficiency in T cells induces spontaneous colitis in
mice due to dysfunctional Treg cells (12). Since functional Treg
cells are closely related to controlling the development of
rejection or tolerance after transplantation, it is necessary to
explore the potential roles of the m6A modification in Treg cells
after transplantation.

Our group developed multiple allograft transplantation
models, including islet, heart, skin, and kidney models, and
these models have been used to explore the mechanisms of
immune tolerance, including the suppressive function of Treg
cells (13, 14). Based on our previous work in transplantation, we
generated mice carrying a conditional deletion of the Mettl14
allele in mice expressing Cre recombinase under the control of
the Foxp3 promoter, to delete or knockdown Mettl14 in Treg

Frontiers in Immunology

02

10.3389/fimmu.2022.1022015

cells. We used Foxp3-Mettl14”* cKO mice to evaluate the role of
m6A modification in functional Treg cells after transplantation.

Materials and methods
Mice and genotyping

Mettl14”" mice with a C57BL/6] background were generated
by changing the sequences flanking the Mettl14 gene using the
CRISPR/CAS9-based genome-editing system. Then, these mice
were crossbred with Foxp3-Cre mice (Jackson Labs) to generate
Treg-specific heterozygote (Foxp3-Mettl14""), homozygote
(Foxp3-Mettll4f/f) and littermate control mice. The PCR
products obtained, using 5loxp-F and 5loxp-R primers were
separated using agar gel electrophoresis. A 452-bp band was
detected as Cre-Foxp3. A 250-bp band was detected the loxp
sequence. Whereas a 198-bp band was observed in the wild-type
sample, which identified littermate controls mice (Mettl147).

BALB/c mice were used as pancreatic tissue donors. Wild
type mice (C57BL/6] background), Foxp3-Mettl14”* cKO mice
and littermate controls were used as recipients. The animal
procedures were compliant with the Institutional Animal Care
and Use Committee of the University of Electronic Science and
Technology of China.

Islet transplantation

Diabetes was induced in wild-type (C57BL/6] background),

littermate controls and Foxp3-Mettl14"”*

cKO mice by
administering a single intraperitoneal injection of
streptozotocin (200 mg/kg, Sigma Aldrich, St. Louis, MO,
USA). The established mouse model of type 1 diabetes was
confirmed as a transplant recipient by monitoring the blood
glucose level [> 18.8 mmol/L (400 mg/dL)] for at least 2
consecutive days. Pancreatic islets were separated from the
pancreata of donor (BALB/c) mice at a ratio of three
pancreata per recipient. Briefly, islets derived from BALB/c
mice were isolated by using 1.5 mg/ml cold collagenase for
digestion (Roche, Mannheim, Germany) and then purified by
Ficoll discontinuous gradients centrifugation (densities: 1.11,
1.096, 1.066). The cells at the interface between the 1.096 and
1.066 layers were the separated islet cells. Then, the islets were
transplanted into the capsule of kidney as described previously
(15). Graft rejection was defined as non-fasting blood glucose
levels > 11.1 mmol/l for two consecutive days after a period of
euglycemia. Induced transplant tolerance (long-term allograft
survival occurred) was defined as the non-fasting blood glucose
levels less than 11.1 mmol/L (200 mg/dL) for more than 90 days.
Nephrectomy was performed at day 90 post-islet transplantation
to determine whether the euglycemia was graft dependent.
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Isolation of Treg cells and CD4*
naive T cell

Mononuclear suspensions were recovered from mouse
spleens and passed the cells through a 70 um nylon mesh.
Erythrocytes were lysed with ammonium chloride buffer and
counted using a hemocytometer. Mouse Treg cells was isolated
using a CD47CD25" Regulatory T cell Isolation Kit according to
the manufacturer’s protocols (Miltenyi, Bergisch Gladbach,
Germany) (16, 17). Briefly, cells were isolated using a two-step
procedure based on depleting samples of non-CD4" T cells
followed by positive selection of Treg cells.

Moreover, we purified mouse spleen CD4 " naive T cell using
a CD4" Naive T cell Isolation Kit (#130-104-453, Miltenyi,
Bergisch Gladbach, Germany) (18).

The purities of the sorted Treg cells or CD4™ naive T-cell
population were always 90% as confirmed by
flow cytometry.

Real-time quantitative PCR (RT-qPCR)

Treg cells were isolated as previously described. Total RNA
was extracted from Treg cells using TRIzol (Invitrogen,
Carlsbad, CA, USA). A reverse transcriptase reaction was
performed using a HiScript IIT RT SuperMix kit (Vazyme,
Shanghai, China). Subsequently, ChamQ Universal SYBR
qPCR Master Mix (Vazyme, Shanghai, China) was used to
perform the real-time quantitative PCR assay. Relative gene
expression was quantified using the 2 ALCT method. The
Gapdh served as a reference gene. Each sample was assayed in
triplicate. The following primer sets were used for the RT-qPCR
(Table 1).

RNA m6A dot-blot assays

Total RNA was extracted from Treg cells as described above.
The mRNA samples were dissolved in 3 volumes of RNA
incubation buffer and denatured at 65°C for 5 min. The
samples were divided into subgroups of 200 ng and were
loaded onto an NT membrane (Millipore, Billerica, MA, USA).
The membrane was UV cross-linked for 1200 w and washed
with TBST. Then, it was stained with 0.02% methylene blue
(Sangon Biotech, China), followed by scanning to indicate the
total content of input RNA. After blocking with 5% non-fat milk,
the membrane was incubated with a specific m6A antibody
(1:5000, Millipore, Billerica, MA, USA) overnight at 4 °C. Dot
blots were hatched with HRP-conjugated anti-mouse
immunoglobulin G (IgG) for 1hour before visualization by
using an HRP chemiluminescence kit (EMD Millipore;
Billerica, MA, USA).
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Western blot analysis

Treg cells were isolated as described above, total protein was
extracted from cells using pre-cooled RIPA buffer (Solarbio,
Beijing, China) containing protease and phosphatase inhibitors
(Thermo Scientific, USA). Protein concentrations were
quantified with a Bicinchoninic Acid Protein Assay Kit
(Thermo Scientific, USA). Equal amounts of protein samples
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE; 10% or 15%) and then transferred
to PVDF membranes (Millipore, Burlington, MA, USA). After
blocking with 5% non-fat milk in TBST for 1 h, the membranes
were incubated with the corresponding primary antibodies at 4 °
C overnight. The membranes were washed with TBST three
times, followed by an incubation with HRP-conjugated
secondary antibodies for 1hour at room temperature. The
primary antibodies used in this study as follows. Foxp3
(1:2000, Abcam, Cambridge, MA, USA), METTL14 (1:2000,
Peprotech, Rocky Hill, NJ,USA), METTL3 ((1:2000, Peprotech,
Rocky Hill, NJ,USA) ALKBH5 ((1:2000, Peprotech, Rocky Hill,
NJ,USA), FTO ((1:2000, Peprotech, Rocky Hill, NJ, USA),
SOCS1-3 ((1:2000, HUABIO, Hangzhou) and B-Actin
((1:2000, Peprotech, Rocky Hill, NJ, USA).

Immunotherapy

Recipient mice received 100 pg anti-mouse CD45RB
antibody (Bio X Cell, West Lebanon, NH, USA) delivered by
intraperitoneal injection on days 0, 1, 3, 5, and 7 after
transplantation. In addition, recipient mice also receive 500 ug
anti-mouse of an CD40L antibody (MR-1, Bio X Cell, West
Lebanon, NH, USA) delivered by intraperitoneal injection on
days 2, 4 and 7 following transplantation. The dose and duration
were selected according to previously published studies (19, 20).

Immunohistochemistry (IHC)

The engrafted kidneys were harvested from Foxp3-Mettl14/*
cKO mice and littermate controls after transplantation by
nephrectomy. The engrafted kidney was preserved in 10%
formalin overnight. Immunostaining procedures were performed
using a standard approach (21). Briefly, 4 to 6 um tissue sections
were deparaffinized and washed three times with PBS. These
sections were sealed with blocking buffer (Thermo Fisher
Scientific, USA). Then, primary antibodies against CD4" and
CD8" (1:200, Abcam, USA) were applied to these sections and
incubated in a humidified chamber at room temperature for 2
hours. Next, these sections were incubated with Sav-HRP
conjugates (Cell Signaling Technology, USA) at room
temperature for 30 min in the dark. Afterward, these sections
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TABLE 1 The primer sets for RT-qPCR are shown below.

GAPDH

FOXP3
Mettl14
Mettl3
ALKBH5
FTO
SOCS1
SOCS2

SOCS3

were incubated with biotinylated secondary antibodies (Cell
Signaling Technology, USA) at room temperature for 1 hour.
These sections were dehydrated with 95% ethanol and 100%
ethanol. Next, a DAB substrate solution (Cell Signaling
Technology, USA) was added to these sections to reveal the color
of IHC staining. Finally, images of these sections were obtained
under a microscope and analyzed with Image Pro Plus software.
This assay was repeated at least three times.

Cell stimulation and flow cytometry

Mononuclear suspensions were recovered from the spleen
and renal draining lymph nodes (RDLNs) as previously
described (22). One million cells were suspended in a buffer
containing 0.1% azide and 2% fetal bovine serum. For
intracellular cytokine staining, cells were stimulated with the
Stimulation Cocktail Kit containing PMA, ionomycin and
protein transport inhibitor (1:500, eBioscience, San Diego, CA,
USA)) at 37 °C for 3-5 hours. The membrane antibodies were
incubated on ice for 20 min, including CD3-APC-Cy7, CD4-
BB700, and CD25-APC antibodies. For intracellular staining of
Foxp3, IFN-vy, IL-4 and IL-17a, cells were fixed and
permeabilized using fixation and permeabilization buffer
(eBioscience, San Diego, CA, USA) and incubated with the
intracellular fluorescence-labeled antibodies, including anti-
IFN-y-PE, anti-IL-4-PerCP-cy5.5, anti-IL-17a-PE and anti-
Foxp3-PE. All antibodies were purchased from BD Biosciences
(San Diego, CA, USA). All samples were run on a BD flow
cytometer and analyzed using Flow Jo analysis software (Tree
Star Inc.).
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Forward,5-CTACACTGAGGACCAGGTTGTC-3’
Reverse,5’-GTT ATT ATG GGG GTCTGG GAT GG-3’

Forward, 5- GGTACACCCAGGAAAGACAG -3’
Reverse, 5- ATCCAGGAGATGATCTGCTTG -3
Forward, 5-CTGAGAGTGCGGATAGCATTG-3’
Reverse, 5-GAGCAGATGTATCATAGGAAGCC-3’
Forward, 5-CTGAGAGTGCGGATAGCATTG-3’
Reverse, 5- ATCCAGGAGATGATCTGCTTG -3’
Forward, 5-GCATACGGCCTCAGGACATTA-3
Reverse, 5-TTCCAATCGCGGTGCATCTAA-3’
Forward, 5-GACACTTGGCTTCCTTACCTG-3
Reverse, 5-CTCACCACGTCCCGAAACAA-3’
Forward, 5-CCTTTTCGAGCTGCTGGAG-3’
Reverse, 5-TACCGGGTTAAGAGGGATGC-3
Forward, 5-GCAAGGATAAACGGACAGGC-3’
Reverse, 5-GGTAAAGGCAGTCCCCAGAT-3’
Forward, 5-ACCAAGAACCTACGCATCC-3’
Reverse, 5’-GTGGCAAAGAAAAGGAGGGG-3’

Enzyme-Linked Immunosorbent
Assay (ELISA)

The serum was harvested from recipients in different groups
and stored at —80°C until analysis. The concentrations of
cytokines including IL-10, TGF-f, IL-2 and IFN-y in serum
were measured using ELISA kit (Neobioscience, China,
Shenzhen) according to the manufacturer’s protocol.

Cell and short interfering RNA
(siRNA) transfection

Treg cells (2x10°) were isolated as described above and plated
into each well of a 24-well plate. The siRNA and negative control
siRNA were transfected with as duplexes using the Lipofectamine
2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) (Mettl14
siRNAs; sense: 5-GGGAGAGUAUGCUUGCGAATT 3-UUCG
CAAGCAUACUCUCCCTT). After the cells were transfected for 6
hours at 37°C in 5% CO? with Opti-MEM medium (Invitrogen,
Carlsbad, CA, USA), the medium in each well was replaced with
complete RPMI 1640 without antibiotics and incubated for 48 h at
37 °C before subsequent experiments. The protein expression of
METTL14 was detected using western blotting.

CFSE labeling and Treg cells
suppression assays

As described previously, Treg cells were isolated from
Foxp3-Mettl14”* ¢KO mice and littermate controls after
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transplantation and were used as suppressor cells. The CD4"
naive T cells from C57/6] mice were used as responder cells. For
the assay, CD4" naive T cells (1x10° cells/ml in PBMI) were
freshly stained with 2 pM carboxyfluorescein diacetate
succinimidyl ester (CFSE, Invitrogen, Carlsbad, CA, USA) for
15 min at room temperature and cultured in round-bottom 96-
well plates containing anti-CD3 (3 ug/ml, BD Bioscience) and
anti-CD28 (5 ug/ml, BD Bioscience) monoclonal antibodies (1-
2x10°/well). For the suppression assay, Treg cells were co-
cultured with labeled-CD4" naive T-cells at a certain ratio,
namely 0:1, 1:1 1:2, and 1:4. After five days, the ratio of
proliferation was analyzed by flow cytometry.

Mixed lymphocyte reaction assay

Enriched Tregs cells were isolated as previously described.
CD4" naive T-cells (0.3x10°) as responder was isolated from
spleens and labeled with CFSE. BALB/c splenocytes (2x10°)
were irradiated (6 Gry) as allogeneic stimulator cells. In general,
the responder cells and stimulator cells were resuspended in
Iscove modified Dulbecco’s medium (IMDM, HyClone, Logan,
UT, USA) in 96-well round-bottom plates, and anti-CD3/CD28
antibody (eBioscience, T-activator CD3/CD28 Dynabeads,
(0.5ug/ml) was added (23-25). Treg cells (0.2x10%) were
subsequently added to each well. These cells were cultured at
37°C for 5 days, and proliferation was monitored using
flow cytometry.

RNA sequencing (RNA-seq)

As described above, Treg cells were isolated from Foxp3-
Mettl14”* ¢KO mice and littermate controls on day 7 post-
transplantation. Total RNA was extracted with TRIzol and
mRNA was then separated by using a Dynabeads mRNA
Purification Kit (Invitrogen). Standard Illumine HiSeq2000
sequencing was applied for sequencing. Raw RNA-sequencing
reads were aligned to the mouse genome (mm10) with TopHat.
Genes were considered significantly differentially expressed if
the fold change was greater than 1.5-fold and less than 0.1. A GO
enrichment analysis and KEGG pathways enrichment analysis

were performed using online bioinformatics tools.

Statistical analysis

In all the bar graphs, data are reported as the means + SD,
unless described. Statistical analyses were performed using
GraphPad Prism 6 software. Two-tailed unpaired Student’s t-
test was used to compare data between two groups. Graft
survival was analyzed using the Kaplan-Meier method, and
survival curves were compared using the log-rank test. P
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values < 0.05 were considered significant (P*<0.05, **P< 0.01,
%4 P< 0,001 and ****P<0.0001); P values >0.05 were considered
nonsignificant (n.s.). FlowJo software (Treestar) was used to
analyze all the flow cytometry data.

Results

The level of the m6A modification
in Treg cells correlates with
allograft tolerance

We isolated islets from BALB/c mice and transplanted them
under the kidney capsule of wild-type mice with STZ-induced
diabetes to construct an islets allograft transplantation model
and to explore whether m6A modification affected the function
of Treg cells after transplantation. Transplant tolerance is
induced by treatment with anti-CD45RB & anti-CD40L
monoclonal antibodies (mAbs), which are used to decrease
TCR sensitivity and prevent graft rejection (26, 27)
(Supplementary Figure 1A). Allograft rejection was defined as
the two successive non-fasting blood glucose concentrations
exceeding 11.1 mmol/L (400 mg/dL). In the absence of mAbs
treatment (n=7), the islets allograft was rejected rapidly, with a
mean survival time of approximately 13 + 2.2 days. The mAbs
treatment induced long-term graft survival of more than 90 days,
which returned to a hyperglycemic state by nephrectomy. These
results indicated that normoglycemia was achieved due to the
functional islets graft (Figures 1A, B). Subsequently, Treg cells
were isolated separately from the group of allograft tolerant mice
(Treg-AT cells) or the group of allograft rejection mice (Treg-AR
cells). The level of m6A in total RNA extracted from Treg-AT
and Treg-AR cells was detected using dot blotting with an m6A-
specific antibody. We observed a 40% to 50% reduction in the
m6A level in Treg-AR cells, compared to that in Treg-AT cells
(Figures 1C, D). Moreover, we examined the mRNA and protein
levels of m6A regulators, including ‘writer’ enzymes (METTL3
and METTL14) and ‘eraser’ enzymes (ALKBH5 and FTO), in
Treg-AT and Treg-AR cells. The expression of METTL3 and
METTL14 was significantly lower in Treg-AR cells than in Treg-
AT cells at both the mRNA and protein levels (Figures 1E-G).
These results implied that m6A modifications were involved in
maintaining functional Treg cells after transplantation, and may
affect the induction of transplant tolerance.

METTL14 deficient Treg cells failed to
maintain islets allograft survival

We first generated Treg-specific heterozygous (Foxp3-
Mettl14”*) and homozygous (Foxp3-Mettl14”%) mice using the
Cre-loxp system to assess whether the m6A modification in Treg
cells affects allograft acceptance after transplantation
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FIGURE 1

The level of the m6A modification increases in Treg cells from allograft tolerant group. (A) Islet allografts (BALB/c mice to C57BL/6J mice)
displayed long-term graft survival in all recipients (n=7, 100%) under anti-CD45RB and anti-CD40L monoclonal antibodies (mAbs) treatment
(blue line). Without mAbs treatment, the islet allografts were rejected within 13 + 2.2 days (red line). (B) Blood glucose levels in recipients
represent the function of islets allograft post-transplantation. Diabetic mice transplanted islets and treated with mAbs maintained the long-term
allograft function as an allograft tolerance (AT) group (blue line), and splenic-derived Treg cells were isolated on day 90 days after
transplantation as Treg-AT cells. Without mAbs treatment, the recipients rejected islets allograft rapidly and was referred to as the allograft
rejection (AR) group (red line). The splenic-derived Treg cells were isolated from the recipients with two successive non-fasting blood glucose
concentrations exceeding 11.1 mmol/L as Treg-AR cells. (C, D) The global m6A level in total RNA isolated from Treg cells (including Treg-AR
cells and Treg-AT cells) was measured using dot blotting. (E) The mRNA levels of m6A regulators were measured by using qPCR, and METTL14,
METTL3, and ALKBH5 levels were significantly decreased in the Treg-AR group, compared to those in the Treg-AT group. (F, G) Western blot
analysis indicated that the METTL14, METTL3, and ALKBH5 protein levels were significantly decreased in the Treg-AR group compared to those
in the Treg-AT group. The data are shown as the means + SD and are representative of three separate experiments. The data in (E) depict the
mean MRNA expression normalized to the Gapdh mRNA. The data in (G) depict the mean protein expression normalized to the gene B-Actin
The statistical analysis was performed with an unpaired Student’s t-test (two-tailed). ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. P values
>0.05 were considered nonsignificant (n.s.).
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(Supplementary Figure 2A). The Treg cells were separated from
the Mettl14"f, heterozygous (Foxp3-Mettl14”*) and
homozygous (Foxp3-Mettl14”") mice. The purity of Foxp3*
Treg cells is 90% =+ 2.3%, 89% = 1.2% and 90% * 3.5% in
Mettl14”, heterozygous (Foxp3-Mettl14”*) and homozygous
(Foxp3—Mettll4f/f) mice (Supplementary Figure 2B). In this
animal model, the Mettl14 allele is selectively depleted or
reduced in Treg cells, and the western blot analysis showed the
protein level of METTL14 was significantly abrogated in Treg
cells isolated from either heterozygotes or homozygotes.
Meanwhile, the expression of METTLS3, the core component of
the RNA methyltransferase complex, was also reduced to some
extent, similar to a previous report (28). Moreover, compared to
the littermate controls, a 60% to 90% decrease in FOXP3
expression was observed in Treg cells from Foxp3-Mettl14"*
and Foxp3—Mettll4f/ f KO mice (Figures 2A, B).

Next, we explored the effect of METTL14-deficient Tregs
on transplant tolerance induction by using an allograft
transplantation model. However, homozygous Foxp3-
Mettl14”" cKO mice developed a severe autoimmune disease
and died within eight to twelve weeks, similar to the results for
Mettl3-Treg cKO mice (11). We subsequently used heterozygous
Foxp3-Mettl14”* ¢KO mice to perform islets transplantation,
unless indicated otherwise stated. Consistent with our previous
studies, stable long-term allograft survival was not established in
either Foxp3-Mettl14”* cKO mice, or littermate controls in the
absence of mAbs treatment, and the grafts were rejected within
two weeks after transplantation. Despite the presence of mAbs,
Foxp3-Mettl14”* cKO mice were not able to achieve long-term
survival of the allograft. The euglycemia in Foxp3-Mettl14”*
cKO mice was maintained for 15 + 3.2 days, which was
significantly reduced compared to the littermate controls
(Figure 2C). As the deleterious inflammatory response around
the graft is one of the main causes of rejection after
transplantation, we next explored the infiltrated CD4" and
CD8" T cells around the graft in Foxp3-Mettl14”* cKO mice
and littermate controls on day 7 post-transplantation. The
number of CD4" and CD8" T cells were significantly increased
around the grafts in Foxp3-Mettl14”* cKO mice, regardless of
the presence or absence of mAbs treatment (Figures 2D, E).
These results suggested that the METTLI14-mediated m6A
modification in Treg cells plays a key role in long-term
allograft survival post-transplantation.

The population of Treg cells was
limited in the Foxp3—Mettl14f/+ cKO mice
after transplantation

The proportion of Treg cells is critical in controlling immune
homeostasis and tolerance after transplantation (29). Therefore, we
analyzed the percentage of CD4'CD25"FOXP3"Treg cells, from
spleen and renal draining lymph nodes (RDLNs), on day 7 post-
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/+

transplantation in Foxp3-Mettl14"" cKO mice and littermate

controls. Without mAbs treatment, the level of the Foxp3™*

1/ .
"+ KO mice,

population decreased significantly in Foxp3-Mettl14
compared to the littermate controls. However, with treatment of
anti-CD45RB and anti-CD40L, the level of Foxp3 maintain low
population in the Foxp3-Mettl14”* cKO mice after transplantation
(Figure 3A and Supplementary Figure 3A). These data suggested
that the METTL14-mediated m6A modification in Treg cells is
important for preserving and expansion the number of Treg cells
after transplantation.

Since CD4" T cells function as helper subsets (TH1, TH2
and TH17) after transplantation to generate specific cytokine
profiles, resulting in graft damage (30, 31), we also analyzed the
ratios of TH1, TH2, and TH17 in Foxp3-Mettll4f/Jr cKO mice
and littermate controls receiving identical treatments post-
transplantation using flow cytometry. We observed significant
increases in the TH1, TH2, and TH17 populations in Foxp3-
Mettl14”* cKO mice compared with those in littermate controls
mice (Figures 3B-D and Supplementary Figure 3B-3D). Thus,
the METTL14 deficiency Treg cells inhibited functional Treg
cells expansion and resulted in TH1, TH2, and TH17
polarization, which may ultimately lead to transplant rejection.

The METTL14 mediated m6A
modification is required for the
suppressive function of Treg cells
after transplantation

Suppressive factors, such as TGF-, IL-2 and IL-10, are critical
regulator of the function and development in Treg cells, the
proinflammatory cytokine IFN-y is negatively related to
functional Treg cells (32). We evaluated the changes in cytokine

levels triggered in Foxp3-Mettl14"*

cKO mice after transplantation
and observed alterations. Specifically, the level of the effector
cytokines IFN-y was elevated, while the levels of the functional
Treg-associated factors TGF-, and IL-10 and IL-2 were

significantly decreased in Foxp3-Mettl14”*

cKO mice, compared
to littermate controls after transplantation (Figures 4A-D).
Previous studies revealed that proper control of the CD45RB
level might promote the expansion of functional Treg cells,
which is why researchers have used the anti-CD45RB antibody
in transplantation (33). However, in our study, the Foxp3-
Mettl14”* cKO mice rapidly rejected the islets allograft even
while receiving mAbs treatment compared to the littermate
controls. We thus hypothesized that the METTL14-mediated
m6A modification is involved in the function of Treg cells after
transplantation. We established a co-culture system of Treg cells
with CFSE labeled-CD4" naive T cells (T-con) at various ratios
ex vivo to confirm the effect of METTL14 deficiency on the
suppressive function of Treg cells after transplantation. Treg

f/+

cells were isolated from Foxp3-Mettl14"" mice or littermate

controls on day 7 post-transplantation. According to the

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1022015
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al. 10.3389/fimmu.2022.1022015

= Mettl14+*
= Foxp3-Mettl147
A Treg cells B . = Foxp3-Mettl14”
Mettl14** Foxp3-Mettl14”* Foxp3-Mettl14” £ 107 Frrr—
#1 #2 #1 #2 =0
3 5 — 5
® 0.64
2
H 0.44
£
© 0.24
=
IE 0.0+
(2]
E 107
5 -
c § 0.8 RS
— ® 0.6
g )
& 100 5 04q
© F
o : 02
go -o- Mettl14** (mAbs non-Treated) E 0.0
s 504 -=- Foxp3-Metti14” (mAbs non-Treated) |
El =+ Mettl14** (mAbs Treated) |.... B 1o, 2
B “¥- Foxp3-Mettl14" (mAbs Treated) S =
a k3
-E © 0.6
8 0 AT AT 1 °’oa-
5 024638 10 15 20 40 60 80100 he
o Days after Transplantation S 02
% 0.0-
w
D Mettl14++ Foxp3-Mettl14" Mettl14++ Foxp3-Mettl14"
{mAbs non-Treated) (mAbs non-Treated) (mAbs Treated) (mAbs Treated)
CD4
CD8
E

mm Mettl14** (mAbs non-Treated)

B Foxp3-Mettl14” (mAbs non-Treated)
B \ettl14** (mAbs Treated)
Foxp3-Mettl14”* (mAbs Treated)

40

30

o

20 —_—

% of CD8* positive cells
o

% of CD4* positive cells

FIGURE 2

The METTL14-mediated m6A modification affected islet allograft tolerance. (A, B) Western blot analysis revealed that the expression of FOXP3,
METTL14 and METTL3 in Treg cells isolation from Foxp3-Mettl14”* and Foxp3-Mettl14”" cKO mice was significantly decreased compared to the
levels in Treg cells from littermate controls. (C) Without mAbs treatment, allografts were rejected in littermate controls (n=7, 14 + 1.2, red) and
Foxp3-Mettl14”* cKO mice (n=7, 7.9 + 1.8, green). With mAbs treatment, long-term graft survival (blue) was observed in littermate controls,
while islets allograft was rejected in Fo><p3fMet'cll4f/+ cKO mice (n=7, 15 + 3.2, yellow). (D, E) Immunohistochemistry and the quantitation of the
results revealed the infiltration of CD4* and CD8" T cells around islet allografts on day 7 post-transplantation (red arrow), indicating severe
inflammation in this region. The images (40x) were captured; scale bar 50um. The data are presents as the means + SD and are representative
of three separate experiments. The data in (B) depict the mean protein expression normalized to the gene B-Actin. The allograft survival analysis
was performed with a log-rank test. The statistical analysis was performed with an unpaired Student's t-test (two-tailed). ****P<0.0001,
***P<0.001 and **P<0.01. P>0.05 was considered nonsignificant (n.s.).
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the presence or absence of mAbs, the proportion of CD4*CD25*Foxp3* Treg cells was decreased in Foxp3-Mettl14”* cKO mice compared to
littermate controls after islets allograft transplantation. (B—D) Representative FACS analysis showing the proportion of TH1 (CD4*IFN-y"TH1), TH2
(CD4*IL-4"TH2) and TH17 (CD4*IL-17a*TH17) cells among the CD4* T-cell population in the spleen at day 7 after transplantation (n=7). Compared to
littermate controls, the proportions of other main subtypes of T-cell including CD4*IFN-y*TH1 (B), CD4*IL-4*TH2 (C) and CD4*IL-17a*TH17 (D) were
significantly increased in Fo><p37MettL14”+ cKO mice after islets allograft transplantation. The data are shown as the means + SD, the statistical analysis
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FIGURE 4

METTL14 deficiency Treg cells resulted in the loss of suppressive function after transplantation. (A—D) Serum was collected on day 7 after
transplantation and cytokine levels were measured using ELISA assay. In the presence or absence of mAbs treatment, the scatter plots show the
mean serum cytokine concentration in picograms per milliliter of IFN-y (A), TGF-p (B), IL-10 (C) and IL-2 (D) from serum in Foxp3-Mettl14”*
cKO mice and littermate controls (n=7). (E) The islets were isolated from BALB/c mice and transplanted them under the kidney capsule of
littermate controls or FoxpSfMettLH“* cKO mice with STZ-induced diabetes. These mice were treated with mAbs as described above. Treg
cells were isolated on day 7 post-transplantation which were co-cultured with CFSE-labeled CD4* naive T cells from C57BL/6J mice, in round-
bottom 96-well plates containing anti-CD3 (3 ug/ml) and anti-CD28 (5 ug/ml) monoclonal antibodies, at various ratios for 5 days. The
suppressive effect on T cell expansion was detected using flow cytometry. (F) The suppressive function of Treg cells was quantified. The data
are presented as the means + SD. The data in (A-D) depict the mean values measured from seven separate experiments, while the data in (D)
are representative of at least three independent experiments. The statistical analysis was performed with an unpaired Student's t-test (two-
tailed). ****P<0.0001 and ***P<0.001.
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suppressive T-cell proliferation assay, we found that Treg cells
isolated from Foxp3-Mettl14”* mice exhibited a remarkably
decreased ability to suppress naive T-cell proliferation,
regardless of the ratio compared to the Treg cells isolated from
the littermate controls (Figures 4E, F).

The loss of METTL14 disrupted the
stability of functional Treg cells in vitro

Next, we decided to further confirm the importance of the
m6A modification to the functional Treg cells, which were isolated
from the group of allograft tolerance mice (Treg-AT cells). It was
suggested to have a strong suppressive function in our previous

A A
W
GNC e

-
Mettl14 | —— ‘ ~75Kd v

=]
o —

10.3389/fimmu.2022.1022015

studies (34). We isolated Treg cells from the allograft tolerance
group after transplantation and transfected cells with a siRNA to
specifically knockdown METTL14 expression (Figure 5A).
Subsequently, we performed a mixed lymphocyte reaction assay
to determine the suppressive effect of Treg-AT cells after
METTL14 knockdown (Figure 5B). In the absence of Treg cells,
sensitized CD4" naive T cells rapidly responded to stimulators,
originating from BALB/c mice, and proliferated actively.
However, METTL14 knockdown significantly abrogated the
suppressive function of Treg-AT cells and resulted in an
increased proliferation rate of CD4" naive T cells in response to
the alloantigen (Figures 5C, D). Thus, the METTL14-mediated
m6A modification is required to maintain the stability of
functional Treg cells after transplantation.
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FIGURE 5

Manipulation of functional Treg cells by disturbing METTL14 expression in vitro. (A) Treg cells isolated from the group of allograft tolerance (Treg-AT), and
transfected with si-negative control (Treg-AT-si-NC) or si-Mettl14 (Treg-AT-si-Mettl14). METTL14 expression was detected using western blot. (B) The
experimental plan for the mixed lymphocyte response assay. In briefly, the CD4* naive T-cells (0.3x10°) serving as responders were isolated from the
spleen and labeled with CFSE. The BALB/c splenocytes (2x10°) were irradiated (6 Gry) and served as allogeneic stimulator cells. In general, the responder
cells and stimulator cells were resuspended in 96-well round-bottom plates, and T-activator CD3/CD28 Dynabeads (0.5ug/ml) were added. Subsequently,
the Treg-AT, Treg-AT-si-NC or Treg-AT-si-Mettl14 (0.2x10%) was added to each well. These cells were cultured at 37°C for 5 days, and proliferation was
monitored using flow cytometry. (C) Mixed lymphocyte response assays were performed to determine the suppressive function and stability of Treg cells in
the allograft tolerance group. CFSE-labeled CD4* naive T cells as responder cells, and were stimulated with BALB/c splenocytes, and the Treg-AT, Treg-
AT-si-NC, or Treg-AT-si-Mettl14 were used as suppressor cells in this assay. The ratio of proliferation CD4* naive T cells in the presence of Treg-AT, Treg-
AT-si-NC, or Treg-AT-si-Mettl14 was detected using flow cytometry. The data are presented as the means + SD. The data (D) are representative of three
independent experiments. The statistical analysis was performed with an unpaired Student's t-test (two-tailed). ***P<0.001.
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Signaling pathway affected in Foxp3-
Mettl14"* cKO mice after transplantation

We further investigated the effect of the METTL14 mediated
m6A modification on the transcriptome of Treg cells after
transplantation. We performed an RNA sequencing (RNA-
seq) analysis of Treg cells, which were isolated from Foxp3-
Mettl14”* cKO mice and the littermate controls on day 7 post-
transplantation without mAbs treatment. The transcripts levels
of 434 genes were upregulated and those of 277 genes were

7+ KO mice

downregulated in Treg cells from Foxp3-Mettl14
compared to those genes in Treg cells from the littermate
controls (Figure 6A, Supplementary Table 1). Moreover, the
KEGG pathway enrichment analysis revealed that the
differentially expressed genes in Treg cells lacking METTLI14 is
mainly related to ‘allograft rejection” and ‘immunoinflammatory
diseases” (Figure 6B). Additionally, the GO enrichment analysis
indicated that the biological processes related to lymphocyte
differentiation and activation were significantly altered in the
absence of METTL14 (Figure 6C). Among them, suppressors of
cytokine signaling (SOCS), a specialized family of proteins were
upregulated in Treg cells from Foxp3-Mettl14f/+ cKO mice after
transplantation (Figure 6A). The SOCS family is known to
participate in the negative feedback regulation of cytokine
signaling to maintain appropriate immune cell development
and function. Moreover, it is also involved in the regulation of
cytokine receptor signaling which affects the processes of
inflammation and transplant tolerance (35-37). In our study,
consistent with previous findings from Mettl3-Treg ¢cKO mice
(11), the mRNA levels of SOCS1, SOCS2 and SOCS3 in Treg

cells were increased in Foxp3-Mettl147*

cKO mice post-
transplantation without mAbs treatment (Figure 6D).
However, the levels of SOCS2 and SOCS3 (particularly
SOCS2) were decreased, and no changes in SOCS1, in Treg
cells at the translational levels, compared to those in Treg cells
isolated from littermate controls (Figures 6E, F). Furthermore,
the KEGG pathway analysis indicated that the SOCS2 expression
was mainly related to the JAK-STAT signaling pathway, which is
closely related to the differentiation and function of Treg cells
(38) (Figure 6G). Thus, these results indicated that the
METTLI14-mediated m6A modification might affect the
expression and relative signaling of the SOCS family, especially
SOCS2, in Treg cells after transplantation and it may further
impact the outcome of transplant tolerance.

Discussion

Among post-transcriptional modifications, m6A is the most
abundant mRNA modification in mammals. It plays an important
role in the translational control to regulate immune cells
(including DCs, T cells, B cells, and Treg cells) within cancer
and inflammatory diseases. However, the requirement of m6A
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modification for Treg cells in transplantation has not been
reported. In the present study, we showed that the
methyltransferase METTL14 is necessary for allograft
acceptance. Meanwhile, we found that that METTL14-mediated
m6A modification is essential for the stability, expansion and
function of Treg cells post-transplantation, which was probably
mediated by the translational regulation of SOCS family proteins.
Our findings demonstrated for the first time the regulatory
function of the m6A modification in transplant medicine.

FOXP3 is essential for the development and suppressive
function of Tregs, and it also plays a key role in maintaining the
immune homeostasis. Loss or disruption of stable FOXP3
expression results in overt lymphoproliferative disease,
autoimmunity, and graft rejection (39-41). It has been
reported that the epigenetic modification including DNA
methylation, histone modification, and chromatin remodeling
play a role in FOXP3 expression (42). Moreover, RNA can also
be modified, which serves as a key biomarker for several
biological events. The N6-methyladenosine (m6A) is the most
abundant mRNA modification in mammals to regulate mRNA
processing and metabolism (export, splicing, decay, translation)
(43, 44). It has been reported that the lineage-specific deletion of
Mettl3 in Treg cells leads to the loss of Foxp3-dependent
transcriptional activation and gene expression which
contributes to the development of autoimmunity disease and
subsequent death in the Foxp3-Mettl3”' ¢KO mice (11, 40),
similar to what was observed in the Mettl14”" ¢cKO mice.
Therefore, METTL14-mediated m6A modification is required
to maintain the continuous expression of Foxp3 and keep the
suppressive function of Treg cells. Besides, it was also reported
that METTL14 deficient in CD4" T cells leads to increased
infiltration of inflammatory cells with induced pro-
inflammatory cytokines. Meanwhile, inhibition of the
development from naive T cells to induced Treg cells was also
observed in that study (12). Our results lead to similar
conclusion where the function and stability of Treg cells in
Foxp3-Mettl14”* ¢KO mice were significantly inhibited
(Figure 4D). Furthermore, Treg cells isolated from the group
of allograft tolerance lost the function to inhibit the proliferation
of naive T cells in the absence of METTLI4 (Figure 5C). In
addition, we also found the infiltration of immune cells (CD4"
and CD8") increased around the allograft in Foxp3-Mettl14"*
cKO mice, which might be a direct cause of the allograft
rejection in our study (11). Meanwhile, in line with our studies
that specific deletion of Mettl14 in CD4" T cells has also been
shown to cause spontaneous colitis in mice, which is the
outcome of T cell dysfunction and subsequent loss of the
inhibitory activity of Treg cells (12). These results suggested
that METTL14-mediated m6A modification is involved in the
expression of FOXP3, which further affect the stability and
function of Treg cells after transplantation.

The suppressor of cytokine signaling proteins (SOCS) family
consists of intracellular proteins that regulate the development

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1022015
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

10.3389/fimmu.2022.1022015

A valcano(CtrlicKO) B
o o
Hematopoietic cell lineage 'Y
* - Cell adhesion molecules °
b1
Systemic lupus erythematosus Y
s Type B cell receptor signaling pathway °
3 v
e :D:m Intestinal immune network for IgA production °
3 .
£ @ NotDEG Leishmaniasis ° P. adjust
s S Rheumatoid arthritis ° 3%
P &
S M Viral myocarditis ° gg:gg
_pia =
L]
Naggras -
. Asthma .
, o C—
et
c logy(fold change)
antigen processing and presentation of peptide antigen via MHC class Il [N "
en and of peptide or antigen via MHC class Il [ 2
[ty Teguiation of lymphooyte profiferation; [ 2
: mononuclear cell prol\!eration: ] 35
! lymphocyte proliferation; [N s
I leukocyte prol\ieration: [ | 38
: positive regulation of cell adhesioni [ 40
| B cell activation] I 4
H multicellular organismal homeostasisi [ a4
1 _negative regulaton of immune system process - “
- 5 s % % - E)
log10(pvalue) Gene Number
Dz
4
4 ig = Mettl14** (mAbs non-Treated)
E 4 = \ettl14”* (mAbs Treated)
o 35 =1 Foxp3-Mettl14” (mAbs non-Treated)
230 = Foxp3-Mettl14” (mAbs Treated)
£
[$)
z
°©
w
socs1 socs2 socs3
Treg Cells
E F = Mettl14** (mAbs non-Treated)
Mettl14+  Foxp3-Mettl14" = \ettl14"* (mAbs Treated)
ef yod P = Foxp3-Mettl14” (mAbs non-Treated)
yee? ed e @8 1.0
oV 508 (00T o s = Foxp3-Mettl14” (mAbs Treated)
g ] —taae
A5 S 0.8:
socs1 ‘ - ~25kd o
=
e
socs2 ’ - .y ~22Kd <]
S04
=
socs3 ~25Kd O o2
z
S
. pron— — w 0.0
B-Actin - ‘ 42Kd socs1 socs2 socs3
G
. P. adjust
Insulin signaling pathway o g:g;
0.03
Growth hormone synthesis, 0.04
secretion and action o

Type Il diabetes mellitus

Prolactin signaling pathway -

FIGURE 6

The SOCS family was disturbed in Foxp3-Mettl14”* cKO mice. (A) RNA-seq indicated that 434 genes were upregulated and 277 genes were
downregulated in Treg cells from FoxpS—Metth”* cKO mice compared with the littermate controls. (B) Gene Ontology (GO) enrichment
analysis indicated that transplantation related signaling pathways were altered in Treg cells from Foxp3-Mettl14”* cKO mice. (C) KEGG pathways
were enriched in proliferation and activation in immune cells. (D—=F) The expression of SOCS1, SOCS2 and SOCS3 in Treg cells from littermate

controls and Foxp3-Mettl14”*

cKO mice on day 7 post-transplantation in the presence or absence of mAbs was validated using gPCR and

western blotting. (G) KEGG pathway enrichment analysis of the RNA-seq results for the Socs2 gene, which indicated that the JAK-STAT
signaling pathway was altered in METTL14 deficient Treg cells post-transplantation. The data are shown as the means + SD and are
representative of three separate experiments. The data in (D) depict the mean mRNA expression normalized to the gene Gapdh. The data in (F)
depict the mean protein expression normalized to the B-Actin.The statistical analysis was performed with an unpaired Student's t-test (two-
tailed). ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. P values >0.05 were considered nonsignificant (n.s.).
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of Treg cells by controlling cytokine secretion. Meanwhile, the
SOCS family of proteins plays a key role in the metabolic and
inflammatory response of immune cells (45, 46). METTL3
deficiency in CD4" T cells leads to aberrant differentiation of
Treg cells, which is caused by increased SOCS levels and
inhibition of the IL-2-STATS5 signaling pathway (47).
Furthermore, SOCS1 and SOCS3 proteins were shown to
regulate Treg cells function by specifically disrupting the
generation of IL-10 and TGE-B (48). In our study, we found
that the SOCS family was upregulated in Foxp3-Mettl14”* cKO
mice by using high-throughput RNA-Seq and qPCR analysis.
However, the protein expression of SOCS2, SOCS3 decreased in
Foxp3-Mettl14”* ¢KO mice compared to those in littermate
controls (Figures 6E, F). Previous studies have revealed that
SOCS2 is highly expressed in induced Treg (iTreg) cells, and
deletion of SOCS2 selectively affect the stability of iTreg cells
(49). Combined with our findings, we speculated that the
regulation of the SOCS family by m6A modification acts as a
“valve”, which is closely related to the stability and function of
Treg cells after transplantation; thus, the underlying mechanism
is needed for further study.

According to previous studies, depletion of Foxp3™ Treg
cells by anti-CD25 mAb after transplantation leads to the
subversion of transplant tolerance to rejection in animal
models (50). Preclinical evidence suggests that the use of Treg
cells therapy is effective in diminishing the usage of
immunosuppressive drugs and preventing allograft rejection
(51). In our study, we found that the METTL14 deficient Treg
cells inhibited its suppressive function by disrupting the
expression of FOXP3. Our study suggested that it might be a
novel marker to check the functional Tregs by monitoring the
level of m6A modification after transplantation. In clinical, it is
a novel strategy to transfer adoptive Treg cells in order to
preserve the number of functional Treg cells post-
transplantation for induction of immune tolerance. However,
the main obstacle of adoptive Treg cells therapy is the unstable
property of Treg cells in vivo (52). Therefore, harnessing the
natural power of epigenetic modification to enhance the
stability and number of functional Treg cells could provide
alternative strategy to improve the allograft acceptance. Since
our work underscores the significance of epitranscriptomic
modification for the expression of FOXP3 as well as the
development of Treg cells, it is exciting to expect that the
development of pharmacological agonist or inhibitors to
modulate the m6A related enzymes could be a promising
strategy for improving the suppressive function of transferred
Treg cells post-transplantation.

Taken together, our study for the first to explored the
significance of m6A modification in Treg cells post-
transplantation. As functional Treg cells are recognized as one
of the most promising cell-based therapies for the induction of
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immune tolerance in allogenic transplantation, researchers have
attempted to explore appropriate strategies to modulate and
improve the function of Treg cells as methods to benefit long-
term transplant outcomes. Our results also suggested that
modulation of m6A might be a potential regulatory strategy
to control the development, differentiation, and function of
Treg cells post-transplantation and it provided fundamental
research data to explore the underlying molecular mechanisms
involved in m6A modification mediated Treg cell function in
the future.
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