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Abstract

The differentiation of mature medullary thymic epithelial cells (mTECs) is critical for

the induction of central immune tolerance. Although the critical effect of mechan-

istic target of rapamycin complex 1 (mTORC1) in shaping mTEC differentiation has

been studied, the regulatory role of mTORC2 in the differentiation and maturation

of mTECs is poorly understood. We herein reported that TEC‐specific ablation of a

rapamycin‐insensitive companion of mTOR (RICTOR), a key component of

mTORC2, significantly decreased the thymus size and weight, the total cell number

of TECs, and the cell number of mTECs with a smaller degree of reduced cortical

thymic epithelial cells. Interestingly, RICTOR deficiency significantly accelerated the

mTEC maturation process, as indicated by the increased ratios of mature mTECs

(MHCIIhi, CD80+, and Aire+) to immature mTECs (MHCIIlo, CD80−, and Aire−) in

Rictor‐deficient mice. The RNA‐sequencing assays showed that the upregulated

nuclear factor‐κB (NF‐κB) signaling pathway in Rictor‐deficient mTECs was one of

the obviously altered pathways compared with wild‐type mTECs. Our studies

further showed that Rictor‐deficient mTECs exhibited upregulated expression of

receptor activator of NF‐κB (RANK) and lymphotoxin β receptor (LTβR), as well as

increased activity of canonical and noncanonical NF‐κB signaling pathways as de-

termined by ImageStream and Simple Western. Finally, our results showed that

inhibition of NF‐κB signaling pathways could partially reverse the accelerated ma-

turation of mTECs in Rictor conditional KO mice. Thus, mTORC2 negatively controls

the kinetics of the mTEC maturation process by inhibiting the LTβR/RANK‐NF‐κB
signal axis.
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1 | INTRODUCTION

Thymic epithelial cells (TECs) are critical for the development of

functional competence T lymphocytes (Abramson & Anderson,

2017). TECs consist of cortical thymic epithelial cells (cTECs) and

medullary thymic epithelial cells (mTECs), which are responsible for

the positive and negative selection of thymocytes, respectively (Luan

et al., 2019; Sun et al., 2014). cTECs and mTECs originate from

common TEC progenitors (Bleul et al., 2006; Rossi et al., 2006).

Although little is known about the phenotype of cTEC‐committed

progenitors, the phenotype of mTEC‐committed progenitors was

identified as SSEA1+Cld3/4hi (Hamazaki et al., 2007; Sekai et al.,

2014). The mTEC progenitors go through the step‐wise process and

differentiate into mature mTECs. mTECs are heterogeneous with

regard to the expression of MHC II and CD80, enabling their sub-

division into MHCIIloCD80lo (known as mTEClo cells) immature

subpopulations and MHCIIhiCD80hi (known as mTEChi cells) mature

subpopulations (Kadouri et al., 2019). mTEClo subsets progressively

differentiate into highly proliferative Aire−CD80hiMHCIIhi mTEChi

subsets, which then progress to the Aire+CD80hiMHCIIhi mTEChi

population characterized by the high expression of tissue‐restricted
antigens (TRAs) (D. Gray et al., 2007; Rossi et al., 2007).

The differentiation and maturation of mTECs is finely regulated

by multiple signaling pathways, which are controlled by several

members of TNF receptor family (TNFRF), including lymphotoxin β

receptor (LTβR), receptor activator of nuclear factor‐κB (NF‐κB)
(RANK), and CD40 (T. Akiyama et al., 2012). Impaired LTβR signaling

reduces the expression of Aire in the thymus and administration of

agonistic LTβR antibody increases the expression of Aire (Chin et al.,

2003). LTβR signaling also promotes the development of involucrin‐
expressing mTECs (White et al., 2010). RANKL signals from

CD4+CD3− inducer cells could promote the maturation of

CD80−Aire− mTECs into CD80+Aire+ mTECs and RANK knockout

(KO) and RANKL KO mice exhibit a reduction in mature mTECs

(T. Akiyama et al., 2008; Rossi et al., 2007), indicating RANKL‐RANK

signaling plays critical roles in promoting the maturation of mTECs.

Although CD40L‐CD40 signaling is also essential for the develop-

ment of mTECs (T. Akiyama et al., 2008, 2012; D. H. D. Gray et al.,

2006), there is no direct evidence showing that CD40L‐CD40 sig-

naling could facilitate the maturation of mTECs because there are

reports showing that CD40 and CD40L knockout do not affect the

percentage of mature MHCIIhi mTECs, but reduces the percentage of

immature MHCIIlo mTECs (T. Akiyama et al., 2008; D. H. D. Gray

et al., 2006).

The NF‐κB signaling pathway is greatly important for the dif-

ferentiation and maturation of mTECs (T. Akiyama et al., 2008;

Dejardin et al., 2002). Ablation the component of both the canonical

and noncanonical NF‐κB pathway, reduces mature mTECs.

TEC‐specific deletion of TRAF6, which activates the canonical NF‐κB
pathway, reduces the percentage and cell number of MHCII-
hiAire+ mature mTECs (Bonito et al., 2013) and the expression of Aire

and TRAs declined significantly in the thymus of TRAF6 germline

knockout mice (T. Akiyama et al., 2005). As to the noncanonical

NF‐κB pathway, Zhang et al. (2006) showed that NF‐κ2 (p100)

knockout mice displayed profound reduction in CD80+ mTECs. In

addition, TEC‐specific ablation of Relb leads to almost completely

lack of CD80+Aire+ mature mTECs (Riemann et al., 2017). Interest-

ingly, some studies showed that there is a crosstalk between the

canonical and noncanonical NF‐κB pathway. TRAF6 could induce

Relb expression in mTECs (T. Akiyama et al., 2005) and the reduction

of mature mTECs in TEC‐specific TRAF6 knockout mice could be

partially restored by overexpression of Relb (Riemann et al., 2017).

Another study revealed that the activation of canonical NF‐κB
pathway by LTβR leads to an increase in the expression of NF‐κ2
(Dejardin et al., 2002).

The mechanistic target of rapamycin (mTOR) is a serine/threo-

nine kinase that senses and integrates a variety of environmental

inputs to regulate cell growth and metabolism (Saxton & Sabatini,

2017). mTOR interacts with several other proteins to form two

distinct complexes named mTORC1 and mTORC2 (Laplante &

Sabatini, 2012). Both mTOR complexes contain the catalytic mTOR

subunits (Saxton & Sabatini, 2017). There are also several distinct

components in mTORC1 and mTORC2: mTORC1 contains RAPTOR

(regulatory protein associated with mTOR) and is sensitive to rapa-

mycin (Kim et al., 2002), in contrast, mTORC2 contains RICTOR

(rapamycin‐insensitive companion of mTOR) and is insensitive to

acute rapamycin treatment (Sarbassov et al., 2004). mTORC1 mainly

regulates cell growth and metabolism, whereas mTORC2 mainly

controls cell survival and proliferation by phosphorylating of AKT,

SGK, and PKC (Saxton & Sabatini, 2017). Wang, Cheng, et al.

(2016) and our group (Liang et al., 2018) have reported the pivotal

role of mTORC1 in the development of mTECs and the establish-

ment of central immune tolerance. Wang, Shin, et al. (2016) also

demonstrated that mTORC2 in TECs is crucial for normal thymo-

poiesis and efficient T cell generation. However, the role of mTORC2

in the differentiation and maturation of mTECs has not been re-

ported. We herein found that TEC‐specific inactivation of mTORC2

leads to the reduced cellularity of mTECs and the accelerated ma-

turation of mTECs. Further investigation revealed that the expres-

sion of TNFRF member LTβR and RANK increased in Rictor‐deficient
mTECs, which activates the canonical and noncanonical NF‐κB sig-

naling pathways that, in turn, promote the maturation of mTECs.

2 | MATERIAL AND METHODS

2.1 | Mice

The Rictor conditional knockout (Rictor cKO) mice were obtained by

crossing Rictorlox/lox mice with Foxn1‐Cre mice. Foxn1‐Cre mice were

kindly gifted by Dr. Yu Zhang from Peking University Health Science

Center, Beijing, China. The Rictorlox/lox mice with exon 3 flanked by

tandem loxP sites were purchased from Mutant Mouse Resource &

Research Centers. The primers used to identify the genetic

information of mice were as follows: Rcitor‐forward 5’‐ACTGAAT
ATGTTCATGGTTGTG‐3’, Rcitor‐reverse 5’‐GAAGTTATTCAGATG
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GCCCAGC‐3’; Foxn1‐forward 5’‐TGCCTAGACGTTGGTCCTCAT‐3’,
Foxn1‐reverse 5’‐AATGTTGCTGGATAGTTTTTACTGC‐3’. All mice

used in the study were bred under specific pathogen free conditions.

All animal experiments were performed in accordance with the

approval of the animal Ethics Committee of the Institute of Zoology,

Beijing, China.

2.2 | Abs and flow cytometry

Fluorescein‐labeled Ulex Europaeus Agglutinin I (UEA I) (FL‐1061;
Vector Laboratories) was purchased from Vector Laboratories. The

following antibodies were purchased from eBioscience or BioLegend:

CD45‐PerCP/Cy5.5 (clone 30‐F11, 103132; Biolegend), CD326‐PE/
Cy7 (clone G8.8, 188216; Biolegend), CD40‐PE (clone 3/23, 124610;

Biolegend), CD80‐PE (clone 16‐10A1, 104708; Biolegend), Ly51‐
AF647 (clone 6C3, 108312; Biolegend), Aire (clone 5H12, 50‐5934‐
80; eBioscience), RANK‐PE (clone R12‐31,12‐6612‐82; eBioscience),
LTβR‐PE (clone 5G11, 134403; BioLegend), CD4‐FITC (clone GK1.5,

100405; Biolegend), CD4‐PE (clone GK1.5, 100408; Biolegend),

CD4‐PE‐Cy5 (clone GK1.5, 100410; Biolegend), CD4‐APC (clone

GK1.5, 100412; Biolegend), CD4‐APC‐Cy7 (clone GK1.5, 100412;

Biolegend), CD8a‐PE (clone 53‐6.7, 100725; Biolegend), CD8a‐PE‐
Cy5 (clone 53‐6.7, 100710; Biolegend), CD62L‐PE (clone MEL‐14,
12‐0621‐82; eBioscience), CD25‐PE‐Cy5 (clone PC61.5, 12‐0251‐
82; eBioscience), Foxp3‐FITC (clone FJK‐16s, 11‐5773‐82;
eBioscience), CD44‐FITC (clone IM7, 103006; Biolegend).

For flow cytometry staining, the samples were first incubated

with 2.4G2 for 20min at 4°C. Surface staining of cell suspensions

was performed in PBS containing 0.1% BSA, 0.02% NaN3 at 4°C for

30min. Intracellular staining for Fxop3 and Aire was performed

using fixation buffer (00‐5123‐43 and 00‐5223‐56; eBioscience) and
permeabilization buffer (00‐8333‐56; eBioscience) according to

manufacture's instructions. The flow cytometry was performed with

a Gallios Flow Cytometer (BeckMan Coulter).

2.3 | Thymic stromal cell isolation

Thymic stromal cells were isolated according to a previously estab-

lished method. In brief, freshly dissected thymi were cut into

pieces and washed with Dulbecco's modified Eagle's medium

(DMEM) (containing 2% fetal bovine serum [FBS]) to remove most

thymocytes. The thymic fragments were then resuspended in 2ml

solution of 1 mg/ml collagenase/dispase (11097113001; Sigma‐
Aldrich) with 20 U/ml DNAse I (D5025; Sigma‐Aldrich) and incubated

at 37°C for 15min. We repeated this process three times until all the

fragments disappeared. Gentle agitation was performed periodically

at the middle‐ and end‐points of each digestion. Cell suspensions

from each digestion were pooled in PBS containing 1% FBS and

5mM EDTA to neutralize digestion. Cells were centrifuged, re-

suspended in DMEM with 2% FBS medium, and filtered to remove

clumps.

2.4 | Hematoxylin and eosin (H&E) staining of
thymic sections

For H&E staining of the thymus, thymi from Rictor cKO mice and

littermate control mice were fixed in 4% formalin and embedded in

paraffin blocks. Sections (6 μm) were stained with H&E and examined

by Aperio VERSA (Leica).

2.5 | RNA sequencing

Thymi from 4‐week‐old WT and Rictor cKO mice were pooled and

digested to isolate thymic stromal cells as mentioned above. The

isolated stromal cells were enriched using anti‐mouse CD45

microbeads (130052301; Miltenyi Biotec) then sorted for mTECs

using a MoFlo XDP cell sorter (BeckMan Coulter). Total RNA were

extracted using TRIzol reagent (15596018; Thermo Fisher Scientific)

according to the manufacturer's instructions. First‐strand com-

plementary DNA (cDNA) synthesis and cDNA amplification was

performed using the Smart‐Seq2 method. The quality of amplified

products was detected by Agilent 2100 High‐Sensitivity DNA Assay

Kit (Agilent Technologies). Library construction was performed using

a Bioruptor Sonication System and CWBIO Gel Extraction Kit fol-

lowing the manufacturer's instructions. After the library construc-

tion, the insertion size was assessed by Agilent Bioanalyzer 2100

system and the accurate insertion size was quantified by Taqman

fluorescence probe of AB Step One Plus Real‐time PCR system

(library valid concentration > 10 nM). Then, the libraries were

sequenced by an Illumina Hiseq platform with 150 bp paired‐end.
Reads were mapped to the mouse 10‐mm reference genome

using Mapping software HISAT2, then StringTie was used to con-

struct transcripts independently for each cell (submitted the map-

ping result file for each cell to String‐tie). DEGseq was used to

identify the differentially expressed genes between WT and Rictor‐
deficient mTECs. We first normalized the data and eliminated the

batch effect. Then, we set p < 0.05 and |log2(foldchange)|>0 for a

significant difference in the two cell thresholds. Gene Ontol-

ogy functional annotation analysis was performed on all cell differ-

ential genes using the DAVID Bioinformatics Resources 6.8 online

search tool (https://david.ncifcrf.gov/). KEGG pathway analysis was

performed on all the different genes of each cell using the KOBAS

online search tool (http://kobas.cbi.pku.edu.cn/).

2.6 | Simple Western

Due to the rarity of freshly isolated mTECs, we used Simple Western

technology to detect the activity of NF‐κB pathway. mTECs were

sorted by FACS as mentioned above then were lysed with RIPA.

Simple Western was performed using 12‐230 kDa Separation Mod-

ule (Protein simple, SM‐W002‐1) according to the manufacturer's

instructions. The Biotinylated Ladder and 5× fluorescent master mix

was prepared following instruction. We combined one part
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5× fluorescent master mix with four parts lysate and mixed by pip-

ette. We denatured the prepared samples and biotinylated ladder by

heating at 95°C for 5min and then stored on ice. We diluted primary

antibodies, combined Luminol‐S and Peroxide as substrate, then

stored on ice. After these preparation, the prepared agents were

added to the indicated lines, then we centrifuged the plate for 5min

at 2500 rpm at room temperature. At last, the prepared plate was

placed on the plate holder of Wes (ProteinSimple) for detection.

The primary and secondary antibodies used for Simple Western

are as follows: NF‐kB2 p100/p52 (D9S3M) rabbit mAb (52583; CST),

phospho‐NF‐kB p65 (Ser536) (93H1) rabbit mAb (52583; CST),

NF‐κB p65 (L8F6) mouse mAb (6956; CST); anti‐mouse secondary

horseradish peroxidase (HRP) antibody (Proteinsimple, 042‐205),
anti‐rabbit secondary HRP antibody (042‐206; Proteinsimple).

2.7 | Western blot assay

TECs from 4‐week‐old WT and Rictor cKO mice were sorted by flow

cytometry. Then, the cells were washed with cold PBS, lysed in RIPA

buffer (P0013B; Beyotime) with protease inhibitor phe-

nylmethylsulfonyl fluoride (P0013B; Beyotime) and phosphatase in-

hibitors PhosSTOP (04906845001; Roche). Proteins were analyzed

on sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS‐PAGE) and transferred onto PVDF membranes (Millipore). Each

polyvinylidene fluoride membrane was blocked with 5% nonfat dried

milk for 1 h, and then incubated with primary antibodies overnight

on a shaker at 4°C. The appropriate HRP‐coupled secondary anti-

bodies were then added and were detected through chemilumines-

cence (Millipore). Actin was used as a protein loading control.

The primary antibodies used for Western blot are as follows:

Rictor (D16H9) Rabbit mAb (5364; Cell Signaling Technology)

diluted by 1:1,000; Phospho‐S6 Ribosomal Protein (Ser240/244)

(D68F8) Rabbit mAb (5364; Cell Signaling Technology) diluted by

1:10,000; human/mouse phospho‐Akt (S473) Pan‐specific antibody

(MAB887R&D) diluted by 1:500.

2.8 | Nuclear translocation analysis via
ImageStream

Thymic stromal cells were enriched using anti‐mouse CD45

microbeads as described above. The enriched thymic stromal cells

were surface stained for CD45‐PerCP/Cy5.5 (clone 30‐F11, 103132;
Biolegend), (clone G8.8, 118215; EpCAM‐PE BioLegend),

UEA1‐Fluorescein (FL‐1061; Vector Laboratories), CD80‐APC/Fire750
(clone 16‐10A1, 104740; eBioscience). After surface staining, the cells

were fixed and permeabilized with fixation and permeabilization buffer

(00‐5123‐43, 00‐5223‐56, and 00‐8333‐56; eBioscience) according to

manufacturer's instructions, then the cells were stained for NF‐κB
p52‐AF647 (sc‐7386; Santa Cruz), NF‐κB p65‐AF647 (sc‐8008; Santa
Cruz) and nuclear dye Hoechst 33342 (H3570; ThermoFisher).

Fluorescence images were visualized on Amnis Imagestream.

The colocalization of p52 and p65 with nuclear dye was measured by

similarity (Amnis; IDEAS software).

2.9 | In vivo SC‐514 treatment

SC‐514 was dissolved in 30% polyethylene glycol/5% Tween‐80 at a

concentration of 25mg/ml. Three‐week‐old WT and Rictor cKO mice

were treated by intraperitoneal injection with 10mg/kg SC‐514
(S4907; Selleck) or vehicle every 2 days for 14 days, then the mice

were killed to assess the maturation of mTECs.

2.10 | Statistical analysis

All data are presented as the means ± SD. A Student unpaired t test

for comparison of means was used to compare groups. A p < 0.05 was

considered statistically significant.

3 | RESULTS

3.1 | TEC‐specific ablation of Rictor reduces
mTECs dramatically

To investigate the role of mTORC2 in TECs, we produced mice with

TEC‐specific deletion of Rictor by crossing mice expressing the Cre

recombinase under the Foxn1 promoter to mice with loxp‐flanked
Rictor alleles (Rictorflox/flox) to obtain Foxn1‐cre; Rictorflox/flox mice

(designated as Rictor cKO mice henceforth). The efficient ablation of

RICTOR was determined by western blot (Figure S1). The phos-

phorylation of pAKTSer473, the substrate the mTORC2, reduced

substantially in Rictor knockout TECs compared with wild‐type (WT)

TECs; in contrast, the phosphorylation of pS6Ser240/244, the substrate

of the mTORC1, was unaltered after Rictor knockout (Figure S1).

After TEC‐specific ablation of Rictor, the thymus size, thymus weight

and total thymocyte cellularity of 4‐week‐old mice decreased

substantially in contrast to WT littermate controls (Figure 1a–c). We

next evaluated the histological change of the thymus in Rictor cKO

mice. The thymus is divided histologically into two main regions, the

cortex and the medulla (Nowell et al., 2007). The H&E staining re-

sults showed that the medullary region diminished obviously after

Rictor deficiency (Figure 1d). We, then, investigated the change of

TECs in Rictor cKO mice by flow cytometry. The results showed that

both the percentage and cellularity of total TECs declined notably

(p < 0.01, Figure 1e,f). We further scrutinized the impact of Rictor

deficiency on cTECs and mTECs. The percentage of mTECs con-

tracted significantly in mice with TEC‐specific ablation of Rictor,

whereas the percentage of cTECs augmented obviously (p < 0.01,

Figure 1g–i). The cell number of mTECs decreased dramatically

(p < 0.01, Figure 1h) and the cell number of cTECs decreased mod-

erately (p < 0.05, Figure 1i) in Rictor cKO mice compared with WT

mice. Collectively, these data elucidated that TEC‐specific
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inactivation of mTROC2 impaired the development of thymus and

predominately reduced mTECs.

3.2 | TEC‐specific deletion of Rictor impairs
thymocyte development

The cTECs and mTECs provide essential niches for the development

of thymocytes (Sun, Luo, et al., 2013), so we investigated the de-

velopment of thymocytes in 4‐week‐old WT and Rictor cKO mice.

The frequency of early thymic precursors (ETPs, which are

CD25−CD44+cKit+ thymocytes (Žuklys et al., 2016)), a population

that seeds the thymus in response to chemokines CXCL12, CCL19,

CCL21, and CCL25 expressed by TECs (Abramson & Anderson,

2017; Zlotoff et al., 2010), diminished significantly in the thymi of

Rictor cKO mcie in contrast to littermate controls (p < 0.01,

Figure 2a). The ETPs further progress into CD4+CD8+ double‐
positive (DP) thymocytes through DN1 (CD44+CD25−), DN2

(CD44+CD25+), DN3 (CD44−CD25+) and DN4 (CD44−CD25−) stages

(Takada et al., 2014). The percentage of DN1 cells decreased

obviously in Rictor cKO mice compared with WT controls, whereas

the percentage of subsequent DN cells were comparable between

WT and Rictor cKO mice (Figure 2b). The frequency of CD4+ single‐
positive (CD4SP) and CD8+ single‐positive (CD8SP) thymocytes de-

creased mildly and the frequency of DP thymocytes increased mildly

after Rictor ablation (p < 0.05, Figure 2c), reflecting a partial block in

the differentiation of DP thymocytes into single‐positive (SP) thy-

mocytes. The cellularity of DN, DP, CD4SP and CD8SP thymocytes

deceased significantly in Rictor cKO mice compared with WT animals

(p < 0.01, Figure 2d), indicating that the thymopoiesis was impaired

after inactivation of mTORC2 specifically in TECs. The role of thy-

mus medulla for the induction of central tolerance also relies on the

F IGURE 1 Rictor deficiency reduces mTEC compartment dramatically. (a) Representative picture of thymi from 4‐week‐old WT and Rictor
cKO mice. (b) The thymus weight of 4‐week‐old WT and Rictor cKO mice. (c) The cellularity of thymocytes from 4‐week‐old WT and Rictor cKO
mice. (d) The representative histological thymus sections of 4‐week‐old WT and Rictor cKO mice. At least three thymus samples of each
genotype were analyzed. Scale bars: 1000 μm. (e) Representative flow cytometric profiles for the staining of TECs and average frequency of
TECs from 4‐week‐old WT and Rictor cKO littermate control mice. TECs were defined as CD45−EpCAM+ cells. (f) The cellularity of TECs from
4‐week‐old WT and Rictor cKO mice. (g) Representative flow cytometric profiles for the staining of mTECs and cTECs of 4‐week‐old WT and
Rictor cKO mice. mTECs were defined as CD45−EpCAM+UEA1+Ly51−; cTECs were defined as CD45−EpCAM+UEA1−Ly51+. (h) The frequency
and the cellularity of mTECs of WT and Rictor cKO mice at 4‐week‐old. (i) The frequency and the cellularity of cTECs of WT and Rictor cKO mice
at 4‐week‐old. cKO, conditional knockout; cTEC, cortical thymic epithelial cells; mTEC, medullary thymic epithelial cell; NS, not statistically
different; WT, wild‐type. *p < 0.05; **p < 0.01; ***p < 0.001
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ability of mTECs to support the generation of Foxp3+ nTreg cells

(Aschenbrenner et al., 2007; Cowan et al., 2013). The frequency and

cellularity of CD4+CD8−Foxp3+ nTreg cells reduced obviously in

4‐week‐old Rictor cKO mice in contrast to WT mice (p < 0.01,

Figure 2e,f).

The functionally competent T cells generated in the thymus

export to the peripheral lymphoid organs to perform their immune

surveillance function (Klein et al., 2014). We next examined whether

the homeostasis of peripheral T cells was affected due to impaired

thymocyte development. Indeed, both the percentage and cell

number of CD4+ and CD8+ splenocytes declined notably after

ablation of Rictor in TECs (p < 0.05, Figure 2g,h). In addition, the

CD62L+CD44− naïve CD4+ and CD8+ splenocytes exhibited a ten-

dency to decrease and the CD62L+CD44+ central memory CD4+ and

CD8+ splenocytes exhibited a tendency to increase in Rictor cKO

mice in comparison with littermate controls (Figure S2a,b). In sum-

mary, the inactivation of mTORC2 in TECs impaired the develop-

ment of thymocytes and disrupted the homeostasis of peripheral

naïve T cell pool.

3.3 | The inactivation of mTORC2 in TECs
accelerates the maturation of mTECs

The maturation of mTECs is critical for their expression of TRAs

and subsequent induction of central immune tolerance

(Abramson & Anderson, 2017). As mentioned above, the ma-

turation of mTECs is characterized by the upregulation of MHCII,

CD80 and Aire (Luan et al., 2019). We then scrutinized the ma-

turation of mTECs after the ablation of Rictor. The proportion of

F IGURE 2 Inactivation of mTORC2 in TECs impairs thymocyte development. (a) Representative flow cytometric profiles and average
frequency of ETPs from 4‐week‐old WT (n = 4) and Rictor cKO (n = 4) mice. ETPs are defined as CD25−CD44+cKit+ thymocytes. (b) The flow
cytometric analysis for the expression of CD44 and CD25 on Lin− thymocytes (left). lineage negativity, Lin−, refers to the absence of
TCRβ, CD4, CD8, CD11c, CD11b, F4/80, CD19, TCRγδ, NK1.1 and TER119 expression. The percentage of DN1‐DN4 of 4‐week‐old WT (n = 4)
and Rictor cKO (n = 4) mice (right). (c,d) The representative flow cytometric plots (c, left), average frequency (c, right) and cellularity
(d) of double‐negative (DN), double‐positive (DP), CD4+CD8− single‐positive (CD4SP), and CD4−CD8+ signal‐positive (CD8SP) thymocytes of

4‐week‐old WT (n = 4) and Rictor cKO (n = 4) mice. (e,f) The representative flow cytometric plots (e, left), average frequency (e, right) and
cellularity (f) of nTreg cells from 4‐week‐old WT (n = 4) and Rictor cKO (n = 4) mice. (g) The representative flow cytometric plots (g, left) and
average frequency (g, right) of CD4+ and CD8+ splenocytes from 4‐week‐old WT (n = 4) and Rictor cKO (n = 4) mice. (h) The cell number of CD4+

and CD8+ splenocytes from 4‐week‐old WT (n = 4) and Rictor cKO (n = 4) mice. cKO, conditional knockout; ETP, early thymic precursor;
mTOR, mechanistic target of rapamycin; NS, not statistically different; WT, wild‐type. *p < 0.05; **p < 0.01; ***p < 0.001
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MHCIIhiCD80+ mature mTECs increased drastically in 4‐week‐
old Rictor cKO mice in comparison with WT mice (p < 0.01,

Figure 3a,b). The percentage of CD80+ and Aire+ mTECs was

significantly higher in 4‐week‐old Rictor cKO mice than those in

WT littermates (p < 0.01, Figure 3c,d). The ratios of relative ma-

ture mTECs (MHCIIhi, CD80+, and Aire+) to relative immature

mTECs (MHCIIlo, CD80−, and Aire−) were also increased sig-

nificantly in Rictor cKO mice than those in WT mice (p < 0.05,

Figure 3e).

Precursor‐product studies showed that mTEClo subsets progres-

sively differentiate into intermediate mature Aire−CD80hiMHCIIhi

subsets that further give rise to mature Aire+CD80hiMHCIIhi popula-

tions (Gabler et al., 2007; D. Gray et al., 2007; Rossi et al., 2007). The

costaining of CD80 and Aire was performed to analyze the maturation

stages of mTECs after inactivation of mTORC2. The percentage of

immature CD80−Aire− mTECs reduced markedly in Rictor cKO mice

compared with WT mice (p < 0.01, Figure 3f,g). In contrast, the per-

centage of intermediately mature CD80+Aire− mTECs and mature

CD80+Aire+ mTECs increased significantly in Rictor cKO mice in con-

trast to littermate controls (p < 0.05, Figure 3f,g). The ratio of the in-

termediately mature CD80+Aire− mTECs to immature CD80−Aire−

mTECs enhanced markedly in Rictor cKO mice compared with WT mice

(p < 0.01, Figure 3h), whereas the ratio of mature CD80+Aire+ mTECs to

intermediately mature CD80+Aire− mTECs only increased to a less

degree in Rictor cKO mice compared with WT mice (Figure 3i). Thus,

these results demonstrated that Rictor deficiency mainly accelerates the

differentiation of immature CD80−Aire− mTECs to intermediately ma-

ture CD80+Aire− mTECs in mice.

F IGURE 3 TEC‐specific Inactivation of mTORC2 accelerates the maturation of mTECs. (a) Representative flow cytometric profiles for the
expression of MHCII and CD80 on mTECs from 4‐week‐old WT and Rictor cKO mice. (b) The frequency of CD80+MHCIIhi mTECs from
4‐week‐old Ricotr cKO (n = 4) mice and littermate controls (n = 4). (c) Representative flow cytometric profiles for the expression of CD80 and
Aire on mTECs from 4‐week‐old WT and Rictor cKO mice. (d) The percentage of CD80+ and Aire+ mTECs from 4‐week‐old WT and Rictor cKO
mice. At least four individuals were analyzed for each genotype. (e) The ratio of immature mTECs to mature mTECs. (f) Representative flow

cytometric profiles for the costaining of CD80 and Aire on mTECs from 4‐week‐old WT and Rictor cKO mice. (g) The percentage of CD80−Aire−,
CD80+Aire−, and CD80+Aire+ mTECs from 4‐week‐old WT (n = 4) and Rictor cKO (n = 4) mice. (h) The ratio of CD80+Aire− mTECs to
CD80−Aire− mTECs. (i) The ratio of CD80+Aire+ mTECs to CD80+Aire− mTECs. cKO, conditional knockout; mTEC, medullary thymic epithelial
cell; mTOR, mechanistic target of rapamycin; NS, not statistically different; TEC, thymic epithelial cell; WT, wild‐type. *p < 0.05; **p < 0.01;
***p < 0.001
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The thymic tuft cells are a newly defined subpopulation

within mTECs, which is characterized by the expression of ser-

ine/threonine protein kinase DCLK1 (Bornstein et al., 2018;

Miller et al., 2018). We further investigated whether the in-

activation of mTORC2 will affect the differentiation of thymic

tuft cells. The results showed that the frequency of thymic tuft

cells within mTECs was similar between WT and Rictor cKO mice

(Figure S3a,b), indicating the inactivation of mTORC2 did not

affect the differentiation of thymic tuft cells.

3.4 | The NF‐κB signaling pathway is
over‐activated in Rictor‐deficient mTECs

To unveil the molecular mechanism that causes the accelerated

maturation of mTECs in Rictor cKO mice, we performed

RNA‐sequencing analysis (RNA‐seq) of mTECs isolated from

4‐week‐old WT and Rictor cKO mice. The global gene expression

profiles comparison between WT and Rictor‐deficient mTECs

revealed that 764 probes increased and 954 probes decreased

after Rictor ablation (Figure S4). Gene Set Enriched Analy-

sis showed that the NF‐κB pathway was elevated in mTECs of

Rictor cKO mice in comparison with that of WT mice (Figure 4a).

As we know that the activation of NF‐κB pathway is critical for

the maturation of mTECs, so we focused our study on the NF‐κB
pathway in Rictor‐deficient mTECs. Imagestream flow analysis

showed that both the nuclear localization of p65 (p < 0.01,

Figure 4b,c) and p52 (p < 0.01, Figure 4d,e) within mTECs in-

creased markedly in Rictor‐deficient mTECs than that in WT

mTECs, indicating the enhanced activation of both canonical and

noncanonical NF‐κB pathway in Rictor‐deficient mTECs.

Consistent with the augmented canonical and noncanonical

F IGURE 4 TEC‐specific Inactivation of mTORC2 leads to over‐activation NF‐κB signaling pathway in mTECs. (a) Gene Set Enriched Analysis
of NF‐κB pathway in WT mTECs versus Rictor‐deficient mTECs. (b) Representative cell images of mTECs using imagestream. After gating
mTECs, the nucleus of localization of p65 was analyzed by using Hoechst 33342 as a counterstain. (c) Statistical analysis of p65 nuclear
localization (similarity) in mTECs from 4‐week‐old WT and Rictor cKO mice. (d) Representative cell images of mTECs using imagestream. After
gating mTECs, the nucleus of localization (similarity) of p52 was analyzed by using Hoechst 33342 as a counterstain. (e) Statistical analysis
of p52 nuclear localization in mTECs from 4‐week‐old WT and Rictor cKO mice. (f,g) mTECs from 4‐week‐old WT and Rictor cKO mice were
sorted using flow cytometry. The expression of P‐p65 (f) and p100/52 (g) was analyzed by Simple Western. cKO, conditional
knockout; mTEC, medullary thymic epithelial cell; mTOR, mechanistic target of rapamycin; NF‐κB, nuclear factor‐κB; NS, not statistically
different; TEC, thymic epithelial cell; WT, wild‐type. *p < 0.05; **p < 0.01; ***p < 0.001
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NF‐κB signaling, the phosphorylation of p65 and the ratio of p52

to p100 were also increased in Rictor‐deficient mTECs as as-

sessed by Simple Western (Figure 4f,g).

It is notable that the elevated NF‐κB signaling in Rictor‐
deficient mTECs may be caused by the enlargement of mature

mTEC proportion. So, we further dissected the activity of NF‐κB
signaling in immature CD80− mTECs and in mature CD80+

mTECs. The results showed that the nuclear localization of p65

increased in both the immature and mature mTECs (p < 0.05,

Figure S5a); as to the p52, similar results were obtained (p < 0.05,

Figure S5b). Notably, after Rictor ablation, there was a strong

increase of p65 and p52 nuclear localization in immature mTECs

than that in mature mTECs. In summary, these results revealed

that both the canonical and noncanonical NF‐κB signaling in

mTECs increased after mTORC2 inactivation.

3.5 | The expression of LTβR and RANK increases
in Rictor‐deficient mTECs

To elucidate the molecular mechanism that caused the activation

of NF‐κB signaling, we scrutinized the expression of the mole-

cules that regulate the activity of NF‐κB signaling in our RNA‐seq
data, including Ltbr, Tnfrsf11a (RANK), Cd40, Tnfrsf11b (Opg), and

Tgfbr2 (T. Akiyama et al., 2012; Hauri‐Hohl et al., 2014; Hikosaka

et al., 2008). The expression of Ltbr and Tnfrsf11a increased

notably in Rictor‐deficient mTECs in comparison with WT mTECs,

in contrast, the expression of Cd40, Tnfrsf11b and Tgfbr2 was

comparable between Rictor‐deficient mTECs and WT mTECs

(Figure 5a). We then used flow cytometry to evaluate the ex-

pression of LTβR and RANK in mTECs from 4‐week‐old WT and

Rictor cKO mice. Consistently, the protein level of LTβR and

F IGURE 5 Rictor deficiency elevates the expression of RANK and LTβR significantly. (a) The expression of Ltbr, Tnfrsf11a (RANK), Cd40,
Tnfrsf11b (Opg), and Tgfbr2 in RNA‐seq data was shown by heatmaps. (b) The representative flow cytometric plots and average frequency of
LTβR+ mTECs from 4‐week‐old WT (n = 7) and Rictor cKO (n = 7) mice. (c) The representative flow cytometric plots and average frequency
of RANK+ mTECs from 4‐week‐old WT (n = 7) and Rictor cKO (n = 8) mice. (d) The flow cytometric profiles and percentage of LTβR+ in MHCIIlo

mTECs and MHCIIhi mTECs from 4‐week‐old Rictor mutant mice and littermate controls. At least six individuals were analyzed for each
genotype. (e) The flow cytometric profiles and percentage of RANK+ in MHCIIlo mTECs and MHCIIhi mTECs of 4‐week‐old Rictor mutant mice
and littermate controls. At least three individuals were analyzed for each genotype. cKO, conditional knockout; LTβR, lymphotoxin β
receptor; mTEC, medullary thymic epithelial cell; NF‐κB, nuclear factor κB; NS, not statistically different; RANK, receptor activator of NF‐κB;
WT, wild‐type. *p < 0.05; **p < 0.01; ***p < 0.001
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RANK also increased significantly in Rictor‐deficient mTECs

compared with WT mTECs (p < 0.01, Figure 5b,c). We further

investigated the expression of LTβR and RANK in MHCIIlo im-

mature mTECs and MHCIIhi mature mTECs. The results showed

that RANK and LTβR were mainly expressed on MHCIIlo

immature mTECs and that the upregulation of RANK and LTβR

mainly occurred on MHCIIlo immature mTECs in Rictor cKO mice

compared with those in WT mice (p < 0.05, Figure 5d,e). In con-

trast, the expression of CD40 was comparable between

Rictor‐deficient mTECs and WT mTECs (Figure S6a) and similar

results was also observed when we compared the expression of

CD40 on both immature and mature mTECs between WT and

Rictor cKO mice (Figure S6b,c). Thus the over‐activated NF‐κB
signaling was mainly caused by the increased expression of LTβR

and RANK.

3.6 | Inhibition of the NF‐κB signaling pathway
could partially rescue the accelerated maturation of
mTECs in Rictor cKO mice

To further confirm the accelerated maturation of mTECs in Rictor cKO

mice was caused by increment of NF‐κB signaling pathway, we treated

3‐week‐old WT and Rictor cKO mice with the NF‐κB pathway inhibitor,

SC‐514, every 2 days for 2 weeks. The results showed that the ad-

ministration of SC‐514 could significantly reduce the expression of

MHCII and CD80 on mTECs in Rictor cKO mice (Figure 6a,b). We

further assessed the coexpression of CD80 and Aire within mTECs. The

percentage of CD80−Aire− immature mTECs from Rictor cKO mice in-

creased obviously after treatment with SC‐514 (Figure 6c,d). Further-

more, the percentage of CD80+Aire− intermediate mature and

CD80+Aire+ mature mTECs decreased significantly after treatment

F IGURE 6 Inhibition of NF‐κB signaling pathway could partially rescue the accelerated maturation of mTECs in Rictor cKO mice. 3‐week‐old
WT and Rictor cKO mice were treated with SC‐514 or vehicle for 2 weeks and the maturation of mTECs was examined by flow cytometry.
At least three mice were analyzed for each group. (a) Representative flow cytometric profiles for the expression of MHCII and CD80 on mTECs.
(b) The frequency of CD80+MHCIIhi mTECs from treated WT and Rictor cKO mice. (c) Representative flow cytometric profiles for the
expression of CD80 and Aire on mTECs. (d) The percentage of CD80−Aire−, CD80+Aire−, and CD80+Aire+ within mTECs from treated WT and
Rictor cKO mice. cKO, conditional knockout; mTEC, medullary thymic epithelial cell; NF‐κB, nuclear factor‐κB; NS, not statistically different;
WT, wild‐type. *p < 0.05; **p < 0.01; ***p < 0.001
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with SC‐514 (Figure 6c,d). These results further demonstrated the ac-

celerated maturation of mTECs was caused by over‐activated NF‐κB
signaling pathway in Rictor cKO mice.

4 | DISCUSSION

The differentiation of mature mTECs is essential for its expression of

TRAs and induction of central immune tolerance (Abramson &

Anderson, 2017). In the present study, we reported here that

TEC‐specific ablation of RICTOR, a key component of mTORC2,

significantly decreased the cell number of mTECs but accelerated the

mTEC maturation process.

Our RNA‐sequence assays showed that the upregulated NF‐κB
signaling pathway in Rictor‐deficient mTECs was one of the obviously

altered pathways compared with WT mTECs. The increased activity of

canonical and noncanonical NF‐κB signaling pathways in Rictor‐deficient
mTECs was further confirmed by Simple Western and Imagestream

flow analysis. It is well known that the maturation of mTECs mainly

depends on NF‐κB signaling (T. Akiyama et al., 2012). In addition to

LTβR, RANK and CD40, some other genes also regulate the maturation

of mTECs by interfering NF‐κB signaling pathway. The deficiency of

osteoprotegerin (OPG), a decoy receptor for RANKL, upregulates the

ratio of mTEChi to mTEClo (Hikosaka et al., 2008; McCarthy et al.,

2015), indicating OPG negatively regulates the maturation of mTECs.

The transcriptional factor Spib negatively regulates the maturation of

mTECs by promoting the expression of Opg (N. Akiyama et al., 2014).

A recent study revealed TGF‐β signaling inhibits the maturation of

mTECs by interfering with the noncanonical NF‐κB pathway (Hauri‐Hohl
et al., 2014). Studies by our group delineated that the knockout of

phosphatase Wip1 attenuates the maturation of mTECs (Sun, Li, et al.,

2013). The knockout of Wip1 elevates p38 MAPK activity in mTECs,

which, in turn, suppresses CD40 expression on mTECs (Sun, Li, et al.,

2013). In the present study, we found that inactivation of mTORC2

specifically in TECs elevates the proportion of MHCIIhi, CD80+, and

Aire+ mature mTECs and mainly promotes the differentiation progres-

sion of CD80−Aire− immature mTECs into CD80+Aire− mature mTECs,

thus accelerating the maturation of mTECs. We further illustrated that

the inactivation of mTORC2 upregulates the expression of LTβR and

RANK on mTECs, which, in turn, elevates the activity of both canonical

and noncanonical NF‐κB signaling as reported previously (Abramson &

Anderson, 2017; T. Akiyama et al., 2012). Our results are well in line

with the observation showing that elevated expression of LTβR and

RANK promotes the maturation of mTECs, stimulation of LTβR by

agonistic antibody leads to increased expression of Aire in both intact

thymi and thymic epithelial cell line (Chin et al., 2003). We further

showed that inhibition of NF‐κB signaling by NF‐κB inhibitor, SC‐514, in
Rictor cKO mice could rescue the accelerated maturation of mTECs.

Thus, mTORC2 decreases the maturation process and kinetics of mTECs

through negatively regulating LTβR/RANK‐NF‐κB axis.

Although the number of mTECs decreased significantly, there

is no sign of autoimmunity in old Rictor cKO mice (data not

shown). In contrast, in mice with TEC‐specific deletion of Mtor,

which causes more severe reduction of mTECs, there is an

obvious phenotype of autoimmunity when these mice grow old

(Liang et al., 2018). The difference maybe because the moderate

reduction of mTECs and high proportion of mature mTECs makes

the Rictor cKO mice free from suffering autoimmunity. It should

be noticed that although the differentiation process of mTECs

was accelerated in Rictor cKO mice, the total cell number of

mTECs was significantly decreased. The decreased mTECs num-

ber in Rictor cKO mice was probably caused by decreased cell

proliferation because the RNA‐seq data showed that the cell

cycle signaling pathway in Rictor‐deficient mTECs decreased

significantly in comparison with WT mTECs (Figure S7). This

phenotype alteration is consistent with the observation showing

that the reduced number of mTECs in TEC‐specific Mtor and

Raptor knockout mice was mainly caused by impaired prolifera-

tion ability (Liang et al., 2018; Wang, Shin, et al., 2016).

In summary, mTORC2 controls the maturation of mTECs by

restraining the LTβR/RANK‐NF‐κB axis, which provides new insights

into our understanding of the differentiation and maturation of

mTECs in mice.
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