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miR-155 promotes T reg cell development by
safeguarding medullary thymic epithelial

cell maturation

Jiayi Dong™*@®, Lindsey M. Warner™*@®, Ling-Li Lin'®, Mei-Chi Chen'@®, Ryan M. 0’Connell’®, and Li-Fan Lu***@®

During thymocyte development, medullary thymic epithelial cells (nTECs) provide appropriate instructive cues in the thymic
microenvironment for not only negative selection but also the generation of regulatory T (T reg) cells. Here, we identify that
miR-155, a microRNA whose expression in T reg cells has previously been shown to be crucial for their development and
homeostasis, also contributes to thymic T reg (T reg) cell differentiation by promoting mTEC maturation. Mechanistically, we
show that RANKL stimulation induces expression of miR-155 to safeguard the thymic medulla through targeting multiple
known and previously uncharacterized molecules within the TGFP signaling pathway, which is recognized for its role in
restricting the maturation and expansion of mTECs. Our work uncovers a miR-155-TGFp axis in the thymic medulla to
determine mTEC maturity and, consequently, the quantity of tT reg cells and suggests that miR-155 ensures proper tT reg cell

development in both cell-intrinsic and -extrinsic manners.

Introduction

Regulatory T (T reg) cells constitute a specialized tolerogenic
subset of cells recognized for maintaining immune homeostasis
and preventing inappropriate reactivity to self-antigens and
innocuous foreign antigens (Josefowicz et al., 2012a). While T
reg cells can be generated in the periphery and play a nonre-
dundant role in restraining allergic-type inflammation at mu-
cosal interfaces, those generated in the thymus (tT reg cells) are
absolutely critical for controlling systemic and tissue-specific
autoimmunity (Josefowicz et al., 2012b). To this end, the thy-
mic medulla represents a specific site for establishing self-
tolerance via the generation of tT reg cells in addition to its
known role in mediating negative selection (Hinterberger et al.,
2010). In the thymic medulla, medullary thymic epithelial cells
(mTECs) express high levels of MHCII molecules, tissue-
restricted antigens, and costimulatory ligands CD80/CD86 in
order to foster an instructive cross-talk between these special-
ized thymic stromal cells and developing thymocytes (Lucas
et al., 2016). Disruption of the aforementioned interactions re-
sults in failed de novo generation of tT reg cells (Aschenbrenner
et al., 2007; Malchow et al., 2016; Salomon et al., 2000; Tai et al.,
2005). The fact that loss of mTECs leads to an explicit defect in
the tT reg cell compartment while leaving conventional CD4

single positive thymocytes unaffected further substantiates an
indispensable role for the thymic medulla in tT reg cell differ-
entiation (Cowan et al., 2013).

To support the generation of tT reg cells, mTECs themselves
need to differentiate properly. Activation of the RelB-dependent
noncanonical NF-«B pathway driven by tumor necrosis factor
superfamily cytokines such as receptor activator of NF-«B ligand
(RANKL), CD40 ligand, and lymphotoxin B (LTB) have been
shown to be essential for mTEC progenitors to undergo a
stepwise differentiation process to generate immature
MHCII°CD80 mTECs before mature MHCIMCD8OM mTECs
(Akiyama et al., 2008; Hikosaka et al., 2008; Irla et al., 2008).
Among them, RANKL stimulation is particularly important for
the induction of autoimmune regulator (AIRE), a transcription
factor that plays a major role in driving the expression of tissue-
restricted antigens in mature mTECs (Anderson et al., 2002;
Rossi et al., 2007; Zuklys et al., 2000). On the other hand, TGFB
has been shown to play a negative role in restraining mTEC
maturation by interfering with the noncanonical NF-kB pathway
(Hauri-Hohl et al., 2014). However, because TGFB can be de-
tected in the thymus shortly after birth, and predominantly in
the thymic medulla (Konkel et al., 2014), exactly how mTECs
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shield themselves from persistent TGFP exposure remains un-
clear (Hauri-Hohl et al., 2014).

MicroRNAs (miRNAs) comprise a class of small noncoding
RNAs that regulate gene expression at the posttranscriptional
level and whose roles in controlling the development and
function of T cells, including T reg cells, are well established
(Chong et al., 2008; Cobb et al., 2006; Cobb et al., 2005; Liston
et al., 2008; Zhou et al., 2008). It is also now appreciated that
miRNAs can regulate thymic T cell differentiation by main-
taining a proper thymic microenvironment, where deletion of
the miRNA network within TECs severely compromises thymic
infrastructure and largely impacts mTECs (Khan et al., 2014;
Papadopoulou et al., 2012; Zuklys et al., 2012). Nevertheless, the
current understanding of individual miRNAs crucial for con-
trolling different aspects of TEC biology and, more importantly,
their impact on thymic T cell development, remains limited
(Khan et al., 2015). Here, we show that miR-155, a prominent
miRNA known for its diverse functions in various immune cell
populations (Vigorito et al., 2013), plays an equally important
role in mTECs. Previously, we and others have shown that ele-
vated expression of miR-155 driven by Foxp3 ensures proper T
reg cell homeostasis by maintaining their competitive fitness
(Lu et al., 2009). Our current work further demonstrates that
miR-155 promotes T reg cell development in the thymus by
safeguarding mTEC maturation. Mechanistically, RANK signal-
ing induces miR-155 expression in the thymic medulla to alle-
viate the negative effects that ensue from the continuous
presence of intrathymic TGFp via targeting multiple known and
previously uncharacterized molecules within this cytokine-
signaling pathway. As such, the miR-155-TGFf axis maintains
the mature mTEC population and, thus, establishes a thymic
microenvironment favorable for tT reg cell development.

Results and discussion

miR-155 promotes tT reg cell development in both

T cell-intrinsic and -extrinsic manners

miRNAs play a pivotal role in controlling multiple aspects of T
reg cell biology. Among the many miRNAs predominantly ex-
pressed in T reg cells, miR-155 is crucial for promoting optimal T
reg cell development and homeostasis partly through ensuring
responsiveness to IL-2, a cytokine required for thymic and pe-
ripheral T reg cell maintenance (Kohlhaas et al., 2009; Lu et al.,
2009). Mice harboring a germline deficiency of miR-155 present
with diminished T reg cell numbers and frequencies, plus ad-
ditional studies using mixed bone marrow chimeras have
identified a cell autonomous role of miR-155 in controlling T reg
cell biology (Kohlhaas et al., 2009; Lu et al., 2009). Consistent
with this notion, upon T cell-specific miR-155 ablation (Fig. S1 A),
reduced frequencies as well as total numbers of T reg cells in the
thymus are also detected (Fig. 1, A-C). Interestingly though, the
degree of reduction in T cell-specific miR-155 conditional KO
(T-cKO) mice does not fully recapitulate that observed in mice
completely devoid of miR-155 (~30% in T-cKO versus ~60% in
miR-155 null; Fig. 1 D; Kohlhaas et al., 2009; Lu et al., 2009;
Sénchez-Dfaz et al,, 2017). These results suggest that loss of
miR-155 expression in other non-T cell populations may also
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contribute to the impaired tT reg cell phenotype observed in
mice containing miR-155 germline deficiency.

miR-155 is preferentially expressed in mature mTECs and is
induced by RANKL stimulation

mTECs function as a key stromal cell population crucial for the
generation of T reg cells in the thymus, and so it is possible that
miR-155 promotes tT reg cell development by regulating mTEC
biology. In support of this notion, a previous miRNA profiling
study has demonstrated that miR-155 is expressed at elevated
levels in mTECs compared with cortical thymic epithelial cells
(cTECs), another population of thymic stromal cells critical for
early thymocyte development (Khan et al., 2015). In line with
this work, our analyses of different thymic resident cell subsets
also revealed higher expression levels of miR-155 in mTECs
relative to ¢TECs, albeit lower than that in CD45* immune cells
(Fig. 2, A and B). Moreover, in scrutiny of two major subsets
within the mTEC population, CD80°MHCII'® and CD8OMMHCIIM
(Fig. 2 C), with the latter comprising the more mature subset
essential for tT reg cell generation, we found that miR-155 ex-
pression is restricted to the CD§OMMHCII™ mTEC compartment.
Together, these data point to a potential role of miR-155-mediated
regulation of mTEC maturation.

Among different tumor necrosis factor superfamily members
that have been characterized in mTEC development, RANKL-
RANK is the foremost determinant of mTEC development
(Akiyama et al., 2008). To examine whether elevated miR-155
expression in mature mTECs is induced by RANK signaling,
primary CD80°MHCII® immature mTECs were isolated and
stimulated with RANKL. Along with prior work (Rossi et al.,
2007), we noted an induction of AIRE mRNA in these cells as
early as 6 h following RANKL stimulation (Fig. 2 E). Moreover,
along with up-regulation of AIRE, an increase in the primary
transcript of miR-155 (pri-miR-155) was also readily detectable
(Fig. 2 E). Contrarily, a reduction in pri-miR-155 was observed
concomitantly with diminished expression of Aire in mTECs
isolated from mice treated with RANKL-blocking antibodies
(Fig. 2 F). Collectively, these results locate RANK signaling in
driving miR-155 expression in mTECs and imply functional
relevance for miR-155 during mTEC development.

Expression of miR-155 in TECs is required to maintain optimum
mTEC maturation and tT reg cell development

To investigate the potential role of miR-155 in mTEC maturation
and its subsequent impact on tT reg cell development, we gen-
erated mice with TEC-specific ablation of miR-155 by crossing
miR-155 floxed mice (miR-155%) to FOXN1-Cre mice (Fig. S1, B-D).
Considering that deletion of miR-155 is not restricted to mTECs
but rather encompasses the entire thymic epithelium, we first
sought to determine whether the cellularity and phenotype of
the thymic epithelia would be impacted by the loss of miR-155.
As depicted in Fig. 3 A (and data not shown), we did not detect
any alterations in total thymic cellularity, including proportions
of ¢TECs and mTECs, upon deletion of miR-155 in TECs relative
to control WT or T-cKO mice. In contrast, we found that the
frequency of CD8OMMHCI™ mature mTECs was significantly
reduced in TEC-specific miR-155 conditional knockout mice
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Figure 1. miR-155 promotes tT reg cell development in both
T cell-intrinsic and -extrinsic manners. (A-C) FACS analysis (A),
frequencies (B), and absolute numbers (C) of total Foxp3* T reg cells
in the thymus of 5-6-wk-old WT and T-cKO mice. (D) Percentages
of the reduction of tT reg cell frequencies (on the basis of corre-
sponding WT controls) in miR-155 null and T-cKO mice. Each symbol
represents an individual mouse, and the bar represents the mean.
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(TEC-cKO) mice in comparison to both WT and T-cKO controls,
supporting our proposed function of miR-155 during mTEC
maturation (Fig. 3 B). Accompanied by a decrease in mature
mTECs that also express AIRE, we detected an increase in the
frequency of a subset of AIRE-CCL21* mTECs in TEC-cKO mice
(Fig. S2 A). Unlike AIRE-expressing mTECs, the development of
this specific mTEC subset relies on LT receptor signaling and
has been implicated in recruiting (and/or retaining) positively

selected CCR7* thymocytes to the medulla (Lkhagvasuren et al.,
2013; Zhang and Bhandoola, 2014). On the other hand, no sig-
nificant change was observed in DCLK1-expressing thymic tuft
cells (Fig. S2 B), another mTEC subset that is transcriptionally
distinct from the AIRE* mature mTECs (Bornstein et al., 2018).
Interestingly, despite the reduction of mature mTECs in TEC-
cKO mice, on a per-cell basis, levels of AIRE in mature mTECs
were comparable between TEC-cKO and control mice (Fig. S2, C

Fhk Figure 2. RANKL stimulation results in elevated miR-
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Figure 3. miR-155 deficiency in TECs leads to a diminished mature mTEC population and impaired tT reg cell development. (A) FACS analysis and
frequencies of Ly51*UEA-1- cTEC and Ly51-UEA-1* mTEC populations from 5-6-wk-old WT, T-cKO, and TEC-cKO mice. (B) FACS analysis and frequencies of
CD8OMMHCIIM mTECs from 5-6-wk-old WT, T-cKO, and TEC-cKO mice. (C and D) FACS analysis and frequencies of total Foxp3* T reg cells (C) or CD73~
Foxp3* T reg cells (D) in the thymus of 5-6-wk-old WT, T-cKO, and TEC-cKO mice. (E) Fold change of percentage of total or CD73" tT reg cells in TEC-cKO mice
compared with WT littermates. (F) FACS analysis and frequencies of Foxp3* T reg cells in the spleen of 5-6-wk-old WT and TEC-cKO mice. Each symbol
represents an individual mouse, and the bar represents the mean. Data are pooled from at least three independent experiments. Results of Student’s t test:
*, P < 0.05 *** P < 0.00]; ns, not significant.
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and D), implying that miR-155 does not directly regulate AIRE
expression despite its role in mTEC maturation.

Due to the aforementioned role of mature mTECs in tT reg
cell development and the impairment in mature mTECs from
mice bearing TEC-specific ablation of miR-155, we next asked
whether the generation of tT reg cells is similarly affected in
TEC-cKO mice. Analogous to what has been discerned in T-cKO
mice, a comparable reduction in tT reg cell frequency was de-
tected in TEC-cKO mice (Fig. 3 C), highlighting that miR-155 as
expressed in T cells and TECs contributes equally to T reg cell
development in the thymus. Further supporting this notion, a
similar reduction in the frequency of nascent tT reg cells in TEC-
cKO mice was also seen when mature recirculating CD73* T reg
cells were excluded from the total tT reg cell population (Fig. 3, D
and E). It should be noted that while miR-155 deletion in mTECs
results in a reduction in tT reg cell frequency, the proliferative
capacity as well as expression levels of Foxp3 and other T reg
cell-associated molecules were unaffected in these T reg cells,
relative to WT controls (Fig. S3). In the spleen, even though the
frequency of T reg cells in TEC-cKO mice remained lower than
WT controls, significantly more T reg cells in the spleen of TEC-
cKO mice were seen when compared with T-cKO mice (Fig. 3 F).
While the difference between the results obtained from the
thymus and the spleen is intriguing, it is not surprising, seeing
as miR-155 is a known crucial regulator conferring competitive
fitness to T reg cells both in the thymus and in the periphery ina
cell autonomous manner (Lu et al., 2009). Taken together, these
data clearly demonstrate an indispensable role of TEC-derived
miR-155 in controlling mTEC maturation and, subsequently, the
generation of T reg cells in the thymus.

miR-155 limits TGFP signaling via targeting multiple
components of the TGFP signaling pathway

The TGFp signaling cascade has previously been reported to play
a regulatory role in limiting the establishment and function of
the thymic medulla, specifically by influencing the differentia-
tion of mTECs (Konkel et al., 2014). In addition, miR-155 has also
been implicated in regulating TGFP signaling by directly tar-
geting Tgfbr2 and Smad2 in human lung fibroblasts and in THP-1
monocyte cell lines, respectively (Chu et al., 2017; Louafi et al.,
2010). Therefore, it is possible that miR-155 also promotes mTEC
maturation by restraining TGFP signaling. Indeed, we observed
increased levels of both Tgfbr2 and Smad2 in mature mTECs
isolated from TEC-cKO mice, indicating that these two genes are
also subject to regulation by miR-155 in mature mTECs (Fig. 4, A
and B). Consistently, we detected higher levels of P2I, an es-
tablished TGFB-induced gene (Datto et al., 1995), in mature
mTECs devoid of miR-155. The levels of Myc, a gene known to be
repressed by TGFB activity (Frederick et al., 2004), were, al-
ternatively, reduced (Fig. 4, C and D). Overall, these results are
suggestive of enhanced TGFf signaling in the absence of miR-
155-mediated gene regulation.

Since miRNAs usually exert their regulatory effects by tar-
geting multiple genes in a shared pathway or protein complex to
ensure biological impact (Ebert and Sharp, 2012), we sought to
define additional targets in the TGFP signaling pathway that
may be controlled by miR-155 in mature mTECs. After analyzing
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previous results obtained from high-throughput sequencing of
RNAs isolated by cross-linking immunoprecipitation (HITS-
CLIP), a biochemical approach that affords the identification of
functional miRNA-mRNA interaction in a given tissue/cell
sample (Loeb et al., 2012), we identified SMAD3, a molecule that
acts cooperatively with SMAD2 to form major TGEFP signaling
transducers, as another potential miR-155 target (Fig. 4, E and F).
Supporting this notion, our luciferase reporter studies con-
firmed that miR-155 directly represses SMAD3 (Fig. 4 G), and
mature mTECs isolated from TEC-cKO mice express signifi-
cantly higher amounts of Smad3 transcript (Fig. 4 H). Moreover,
by taking similar approaches, we also identified and confirmed
RNFI111 as a direct target of miR-155 (Fig. 4, E-H). RNF111 (or
“Arkadia”) is an E3 ubiquitin ligase recognized for its role in
enhancing TGFP responses by promoting the degradation of
¢-SKI, a known negative regulator of TGFp signaling that blocks
TGFpB-driven transcriptional activation and repression by
forming an inhibitory complex with SMAD proteins (Sharma
et al., 2011; Suzuki et al., 2004). Thus, our data show that
through targeting multiple requisite components within the
TGFP signaling pathway, ranging from the receptor to major
signal transducers and to the E3 ligase that degrades the TGFf
signaling inhibitor, miR-155 acts as a key molecule involved in
attenuating TGFp signaling in mTECs amid their maturation
process.

Diminished mTECs and tT reg cells in TEC-cKO mice are largely
rescued by partial TGFf receptor deletion

While our results demonstrate that TEC-specific miR-155 abla-
tion leads to enhanced TGFp signaling in mTECs, it remains
obscure as to whether loss of miR-155-dependent regulation of
TGFp signaling is responsible for the mTEC and tT reg cell
phenotypes observed in TEC-cKO mice. Previously, it has been
shown that short-term systemic pharmacological inhibition of
TGFB signaling with the TGFB receptor I (TGFPRI) kinase in-
hibitor selectively increases the number of mature mTECs
(Hauri-Hohl et al., 2014). Interestingly, however, such treatment
did not seem to rescue the defective tT reg cell phenotype ob-
served in mice with TEC-specific miR-155 ablation; only a
modest increase of tT reg cell frequencies was detected in TEC-
cKO mice following treatment of the TGFBRI kinase inhibitor
compared with the untreated group (Fig. 5, A and B). It should be
noted that TGFp signaling in thymocytes has previously been
reported to be needed for both induction of Foxp3 and the dif-
ferentiation of tT reg cells (Konkel et al., 2014). It is therefore
possible that any positive effect resulting from blockade of TGFP
signaling in mTECs is masked by the loss of TGFB-driven tT reg
cell induction in mice with systemic TGFBRI kinase inhibitor
administration.

To directly examine the role of the miR-155-TGFp signaling
axis in mTECs and its subsequent impact on tT reg cell devel-
opment, we opted for a genetic approach by removing one allele
of Tgfbr2 specifically in the thymic epithelia of TEC-cKO mice
(TEC-cKO/Tgfbr2f/+). As shown in Fig. 5, C and D, a significantly
enlarged mature CD8OMMHCII™ mTEC population was seen in
TEC-cKO/Tgfbr2/* mice compared with TEC-cKO mice. Accor-
dant with the previously established role of mature mTECs in
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Figure 4. miR-155 regulates TGFP signaling in mature mTECs via targeting multiple key components. (A-D) qPCR analyses for the expressions of Tgfbr2
(A), Smad2 (B), P21 (C), and Myc (D) in sorted CD8OMMHCIIM mature mTECs from 5-6-wk-old WT and TEC-cKO mice. The n-fold changes on the basis of each
corresponding WT controls were shown. (E and F) High-throughput sequencing of RNAs isolated by cross-linking immunoprecipitation analyses (the un-
derlying numbers represent the nucleotide position related to the start of the 3'UTR (E) and sequence alignments (F) of the putative miR-155 binding sites in
3'UTR of SMAD3 (upper) and RNF111 (lower). Mutations of the corresponding miR-155 target sites are shown in blue. (G) Ratios of repressed luciferase activity
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wk-old WT and TEC-cKO mice. Each symbol represents an individual mouse, and the bar represents the mean. Data are pooled from at least three independent

experiments. Results of Student’s t test: *, P < 0.05; **, P < 0.0, ***, P < 0.001.

driving tT reg cell development, substantially augmented tT reg
cell frequencies were also detected in accompany with an in-
crease in the mature mTEC population in TEC-cKO mice containing
Tgfbr2 heterozygosity (Fig. 5, E and F). Notably, the frequencies of
mature mTECs and tT reg cells in TEC-cKO/Tgfbr2/V*mice remained
lower than those in WT controls (Fig. 5, C-F), indicating that ad-
ditional miR-155 targets independent of TGFP signaling might also
contribute to the mTEC and tT reg cell phenotypes observed
in TEC-cKO mice. Nevertheless, our data effectively dem-
onstrate that miR-155 supports mTEC maturation and the re-
sultant tT reg cell development by restricting TGFp signaling.
In the past decade, the role of miRNAs in controlling diverse
immune responses has become a focal point of intense investi-
gation. Previously, we have shown that the same miRNA can
impose its gene regulatory effect in different immune cell sub-
sets, enabling them to play their specialized roles in producing a
concerted response to a particular environmental stimulus (Cho
et al.,, 2018). Therefore, while numerically speaking, it seems
that combining the loss of miR-155 in T cells and TECs largely
accounts for the tT reg cell phenotype in mice with the germline
miR-155 deletion, it remains possible that impaired function
of other immune cells such as dendritic cells (DCs) could also
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contribute to the reduction in T reg cell numbers seen in miR-
155 null mice. After all, miR-155 deficiency is already known to
diminish the antigen-presenting and costimulatory capacities of
DCs (Rodriguez et al., 2007), and like mTECs, DCs are also crucial
for optimal tT reg cell generation (Perry et al., 2014; Proietto
et al, 2008). Still, despite our accumulating knowledge of
miRNA-mediated gene regulation in different immune cell
populations, relatively limited efforts have been spent on un-
derstanding how miRNAs impact the immune system by shap-
ing the environmental cues supplied by nonimmune cells. Here,
our results demonstrate that miR-155 can facilitate T reg cell
development in the thymus by ensuring the proper maturation
of the thymic medulla and, thus, suggest that additional atten-
tion be paid to stromal cells residing in the same micro-
environments in order to better understand the biological
impact of a given miRNA on a selective immunological process.

Materials and methods

Mice

miR-1551 mice (Hu et al., 2014) were bred with CD4-Cre mice
(Lee et al., 2001) and FOXN1-Cre mice (Gordon et al., 2007),
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Figure 5. Tgfbr2 heterozygosity in TECs restores mature mTEC and tT reg cell phenotypes in TEC-cKO mice. (A and B) FACS analyses (A) and fre-
quencies (B) of Foxp3* T reg cells in the thymus of 6-8-wk-old WT and TEC-cKO mice treated daily with the TGFBRI kinase inhibitor SB431542 or vehicle only
via i.p. injection from day 1 to day 6 and analyzed 12 d after the first injection. (C and D) FACS analysis (C) and frequencies (D) of CD80MMHCII" mature mTECs
in the thymus of 5-6-wk-old WT, TEC-cKO, and TEC-cKO/Tgfbr2V*mice. (E and F) FACS analysis (E) and frequencies (F) of Foxp3* T reg cells in the thymus of
5-6-wk-old WT, TEC-cKO, and TEC-cKO/Tgfbr2V*mice. Each symbol represents an individual mouse, and the bar represents the mean. Data are pooled from at
least three independent experiments. Results of Student’s t test: **, P < 0.01; ***, P < 0.001; ns, not significant.

respectively, to obtain mice with T cell-specific deletion (T-cKO)
and TEC-specific deletion (TEC-cKO) of miR-155. Tgfbr2! mice
(Levéen et al., 2002) were bred with TEC-cKO mice to obtain TEC-
cKO/Tgfbr2/* mice. Unless otherwise indicated, 5-6-wk-old mice
were used. All mice were maintained and handled in accordance
with the Institutional Animal Care and Use Guidelines of Uni-
versity of California, San Diego and National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and the
Animal Research: Reporting of In Vivo Experiments Guidelines.

Tissue preparation

For T cell analysis, single-cell suspensions of thymus and spleen
were prepared by slide mechanical disruption. TECs were iso-
lated as previously described (Seach et al., 2013). In brief, thy-
mus was mechanically disrupted and digested with DNase I
(Sigma-Aldrich) and Liberase (Roche). The resulting single-cell
suspension was filtered and washed once in magnetic-activated
cell sorting buffer. In some experiments, cells were used im-
mediately for FACS analysis. Otherwise, density-gradient cen-
trifugation was performed for TEC enrichment before FACS
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analysis or sorting. Briefly, cells were resuspended in 2 ml of
1.115 g/ml isotonic Percoll and overlaid with 1.5 ml 0f 1.065 g/ml
isotonic Percoll, followed by a layer of 1 ml of PBS. Samples were
then centrifuged at 600 g at 4°C for 30 min with the brakes off.
The thymic stroma accumulated between the top and middle
layers and was collected and washed for subsequent FACS
analysis or cell sorting.

Flow cytometry and antibodies

For FACS analysis, cells were first stained with Ghost Dye Red
780 (Tonbo Biosciences) followed by surface antibody staining
for CD4 (RM4-5), CD8a (53-6.7), CD45 (30-F11), EpCAM (G8.8),
Ly51 (6C3), BiotinylatedUEA-1 (Vector Labs), CD80O (16-10A1),
MHCII (M5/114.15.2), TCRP (H57-597), Streptavidin (eBio-
science), CD44 (IM7), CD62L (MEL-14), CD25 (PC61), GITR (DTA-1).
Intracellular staining for Foxp3 (FJK-16s), Ki67 (SolAl5), AIRE
(5H12), CTLA-4 (UC10-4B9), CCL21 (59106), DCLK1 (Abcam poly-
clonal ab31704) and AlexaFluor-488-conjugated donkey anti-rabbit
IgG Ab (Poly4064) was completed after fixation and permeabiliza-
tion with Foxp3/Transcription Factor Staining Kit according to
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manufacturer protocol (Tonbo). Cells were fixed in 2% parafor-
maldehyde before analysis by flow cytometry. For T reg cell
analysis, total tT reg cells were gated on Foxp3* cells from the
CD4+CD8" population. For nascent tT reg cells, CD73" cells were first
gated from the CD4*CD8~ population, followed by Foxp3* gating. As
for TEC analysis, cells were first gated/sorted from the
CD45"EpCAM* population followed by using Ly51 and UEA-1 to
separate cTECs (Ly51*UEA-1-) and mTECs (Ly51-UEA-1*). Within
the mTECs, immature (or mTEC!) and mature (or mTEC™) mTECs
were separated by the expression levels of CD80 and MHCIL
Moreover, AIRE and CCL21 were used to identify the CCL21*AIRE"
mTEC subset while DCLK1 was used to label the thymic tuft cells.
FACS data were collected by BD LSRFortessa or BD LSRFortessa
X-20 (BD Biosciences) and analyzed by Flow]Jo (Tree Star). Finally,
BD BD FACSAria Fusion (BD Biosciences) was used for cell sorting.

Quantitative PCR analysis

Different thymic cell subsets, CD45*(CD45*EpCAM-), cTEC
(CD45-EpCAM*Ly51*UEA-1-), mTEC (CD45 EpCAM-*Ly51 - UEA-1*)
cells, immature mTEC (CD45 EpCAM*Ly51-UEA-1*CD80°MHCII®),
and mature mTEC (CD45-EpCAM*Ly51-UEA-1*CD8OMMHCI™)
cells were sorted on a FACSAria Fusion (BD Biosciences), and then
total mRNA was isolated using a miRNeasy kit (Qiagen) according
to the manufacturer’s instructions. To determine expression of
miR-155, TagMan MicroRNA Assay (Thermo Fisher Scientific) was
performed. For other gene detection, cDNA was generated using
iScript cDNA Synthesis Kit (Bio-Rad), followed by quantitative real-
time PCR (qPCR) reactions using SYBR Green PCR Mix (Thermo
Fisher Scientific). The primer sequences used were as follows:
Tgfbr2: 5'-GAGAAGCCGCATGAAGTCTG-3' (F), 5-CATGAAGAA
AGTCTCGCCCG-3' (R); Smad2: 5'-ATATAGGAAGGGGAGTGCGC-3'
(F), 5'-AAACGGCTTCAAAACCCTGG-3' (R); Smad3: 5'-ACTTGGACC
TACAGCCAGTGC-3' (F), 5'-TGCATTCCGGTTGACATTGG-3' (R);
Rnfill: 5'-CAGCCTTCCACAGTGTCAGA-3' (F), 5'-GGTGTGCTAATG
CATGATGG-3' (R); Myc: 5'-CACTCACCAGCACAACTACG-3' (F), 5'-
GTTCCTCCTCTGACGTTCCA-3' (R); P2I: 5-GCAGATCCACAGCGA
TATCC-3' (F), 5'-CAACTGCTCACTGTCCACGG-3' (R); Aire: 5'-AGG
TCAGCTTCAGAGAAAACCA-3' (F), 5-TCATTCCCAGCACTCAGT
AGA-3' (R); pri-miR-155: 5'-ACCCTGCTGGATGAACGTAG-3' (F), 5'-
CATGTGGGCTTGAAGTTGAG-3' (R); Gapdh: 5'-CGTCCCGTAGAC
AAAATGGT-3' (F), 5'-TCAATGAAGGGGTCGTTGAT-3' (R); pri-miR-
29a: 5'-AACCGATTTCAGATGGTGCT-3' (F), 5'-AAGCCTTCTCTG
GAAGTGGAC-3' (R).

In vitro RANKL stimulation

CD8O'MHCII® immature mTECs were sorted on a FACSAria
Fusion (BD Biosciences) into complete RPMI, followed by stim-
ulation with 500 ng/ml recombinant mouse RANKL (BioLegend)
for 6 h at 37°C.

In vivo mouse treatment

For in vivo RANKL blockade, anti-RANKL antibody (IK22/5) or
isotype control antibody (RTK2758) was administrated to 4-wk-
old mice at a dose of 250 pg in PBS every other day via i.p. in-
jection for a total of three injections. Mouse thymi were collected
for further study 1 d after the last injection. For systemic ad-
ministration of TGFBRI kinase inhibitor SB431542 (Selleckchem;
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10 mg per kg body weight, 0.2 mg in 100 pl of 2% DMSO + 30%
PEG300 + PBS) or vehicle control was administrated via i.p.
injection once a day from day 1 to day 6 and analyzed 12 d after
the first injection.

Luciferase reporter assay

The 3'UTR sequences of SMAD3 and RNF111 were amplified from
mouse genomic DNA and cloned into pSiCheck2 vector (Promega).
Site-direct mutagenesis (Agilent) was performed to obtain mutants
of SMAD3 3'UTR and RNF111 3'UTR, respectively. Indicated 3'UTR
WT or mutant plasmids were transfected into HEK293T (ATCC
CRL-3216) cells along with either a miR-155-expressing plasmid or a
control empty vector. Luciferase activity was determined by the
Dual luciferase reporter assay system (Promega) according to the
manufacturer’s instructions at 24 h after transfection.

Statistical analyses

An unpaired, two-tailed Student’s t test (or one-way ANOVA for
studies with more than two groups) was done on all reported
data using Prism software (GraphPad; *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ns, not significant). All experiments were performed
independently at least three times to ensure the reproducibility
of the data.

Online supplemental material

Fig. S1shows the generation of T-cKO and TEC-cKO mice. Fig. S2
shows the effects of miR-155 deficiency on different mTEC
subsets. Fig. S3 shows that tT reg cells developed in TEC-cKO
mice exhibited normal phenotypes.
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Figure S1.  Generation of T-cKO and TEC-cKO mice. (A and B) Schematic of the generation of T-cKO (A) and TEC-cKO (B) mice. (C and D) qPCR analyses of
the expression of miR-155 in CD4SP T cells (CD4*CD8"; C) and TECs (CD45-EpCAM*; D) isolated from the thymus of 5-6-wk-old WT, T-cKO, and TEC-cKO
mice. Each symbol represents an individual mouse, and the bar represents the mean. Data are pooled from at least three independent experiments. Results of

Student’s t test: **, P < 0.01; ***, P < 0.001; ns, not significant.
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Figure S2. Effects of miR-155 deficiency on different mTEC subsets. (A and B) FACS analysis and frequencies of CCL21-AIRE* and CCL21*AIRE™ mTECs (A)
as well as DCLK1* tTuft cells (B) from 5-6-wk-old WT and TEC-cKO mice. (C and D) FACS analyses (C) and mean fluorescence intensity (MFI; D) of AIRE in
MHCII" mature mTECs of TEC-cKO mice compared with WT controls. Each symbol represents an individual mouse, and the bar represents the mean. Data are
pooled from at least three independent experiments. Results of Student’s t test: *, P < 0.05; ns, not significant.
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Figure S3. Despite reduced frequencies, tT reg cells developed in TEC-cKO mice exhibited normal phenotype. (A and B) FACS analysis and frequencies
of Ki67* (A) and CD25* (B) in thymic CD73 Foxp3* T reg cells from 5-6-wk-old WT and TEC-cKO mice. (C and D) FACS analyses (C) and mean fluorescence
intensity (MFI; D) of Foxp3, GITR, and CLTA4 in thymic CD73 Foxp3* T reg cells from 5-6-wk-old WT and TEC-cKO mice. Each symbol represents an individual
mouse, and the bar represents the mean. Data are pooled from at least three independent experiments. Results of Student’s t test: ns, not significant.
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