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. The soluble ~c protein (s~c) is a naturally occurring splice isoform of the ~c cytokine receptor that is

. produced by activated T cells and inhibits ~c cytokine signaling. Here we show that s~c expression

. isalso highly upregulated inimmature CD4"CD8" thymocytes but then downregulated in mature

. thymocytes. These results indicate a developmentally controlled mechanism for s~c expression

. and suggest a potential role for s~c in regulating T cell development in the thymus. Indeed, s~c
overexpression resulted in significantly reduced thymocyte numbers and diminished expansion of
immature thymocytes, concordant to its role in suppressing signaling by IL-7, a critical ~c cytokine
in early thymopoiesis. Notably, s~yc overexpression also impaired generation of iNKT cells, resulting
in reduced iNKT cell percentages and numbers in the thymus. /NKT cell development requires IL-15,

. and we found that s~c interfered with IL-15 signaling to suppress iNKT cell generation in the thymus.

. Thus, s~c represents a new mechanism to control cytokine availability during T cell development that
constrains mature T cell production and specifically iNKT cell generation in the thymus.

Cytokines of the ~c family play critical roles in T cell development in the thymus2. Among others, IL-7 is
essential for thymopoiesis??®, IL-2 is necessary for Foxp3* Treg cell development*°, and IL-15 is required for
the development of invariant NKT (iNKT) cells in the thymus®’. Notably, ~c cytokine responsiveness is mostly
acquired during or after initiation of lineage-specification during thymocyte development. As such, pre-selection
: CD4"CD8" double-positive (DP) thymocytes are unresponsive to IL-7%°, and IL-7 responsiveness is acquired
* upon cessation of positive selection signals in post-selection CD4 or CD8 single-positive (SP) thymocytes>!®11.
. DP thymocytes are also unresponsive to IL-2, and IL-2 responsiveness in CD4 thymocytes is only acquired by
. strong TCR engagements that also upregulate expression of the transcription factor Foxp3'>!3. We and others
. have previously proposed that such ~c unresponsiveness in DP thymocytes is achieved through multiple redun-
dant mechanisms*!®!, and that prevention of pro-survival ~c cytokine signaling is critical to ensure selection of
self-peptide/ MHC-specific, immunocompetent T cells'1>1°,

The ability to respond to a specific ¢ cytokine depends on surface cytokine receptor expression. IL-7Ra
expression is silenced in pre-selection DP thymocytes but induced upon TCR-mediated positive selection, which
correlates with the inability of IL-7 signaling by DP cells'’~'°. Moreover, IL-2 receptor expression is absent in
DP and most CD4SP thymocytes, but upregulated in Foxp3™ Treg precursor cells which depend on IL-2 for

© survival’®. IL-2 receptor expression is also critical for generation of iNKT cells who utilize IL-2R@ to be signaled
© by IL-15, a critical survival and differentiation cytokine for iNKT cells”?*2!. The failure to express cytokine recep-
© tors in a stage-specific manner is detrimental for thymocyte development and lineage differentiation?*?. Thus,
understanding the molecular mechanisms that control expression of ~c family cytokine receptors during differ-
entiation of distinct thymocyte subsets is an important issue in T cell biology. Interestingly, and in contrast to
the cytokine-proprietary receptors, the regulatory mechanism of ~c expression has remained largely unmapped.
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~c is expressed on immature CD4, CD8 double-negative (DN) thymocytes for survival and proliferation, and ~c
expression is also upregulated upon positive selection to mediate lineage choice and effector cell differentiation'.
Importantly, ~c expression is downregulated on immature DP cells, presumably to suppress aberrant ~c cytokine
signaling that could provide pro-survival effects on pre-selection thymocytes!'. However, the molecular pathway
that suppresses ~c expression on DP cells remains still veiled.

We have previously identified alternative splicing of yc pre-mRNA as a new mechanism to reduce surface ~c
protein expression®*. The ~c gene is encoded in 8 exons, and exon 6 encodes the entire transmembrane domain®.
While the full-length ~c protein is a transmembrane protein, the new splice isoform lacks exon 6 and thus the
transmembrane region, making it a soluble secreted protein. Because the soluble form of ~c (s~c) is generated at
the expense of membrane ~c protein expression, s~c expression inversely correlates with the amount of surface
~c expression. Therefore, syc expression represents a novel mechanism to suppress ~c expression on cell surface.

In the present study, we now identify DP thymocytes as a major source of syc and we propose that alterna-
tive splicing into s~c could promote establishing the low level of surface ~c on pre-selection DP thymocytes.
Moreover, because s~c proteins suppress signaling of ~c cytokines, such as IL-2 and IL-7%, s~c production by DP
thymocytes would create an overall suppressive milieu for ~c cytokine signaling in the thymus. In fact, we found
that svc overexpression resulted in significantly diminished percentages and numbers of thymic iNKT cells,
which are critically dependent on IL-15 signaling for their development and differentiation®”?*?!. Specifically,
increased s~c expression resulted in the loss of HSA"® mature iNKT cells, as it interfered with upregulation of
anti-apoptotic Bcl-2 expression and induced increased cell death. Collectively, these data demonstrate a previ-
ously unappreciated role for syc in downregulating surface ~c expression and also in dampening ~c cytokine sig-
naling in thymocytes, which can inhibit the generation and differentiation of specific T cell subsets in the thymus.

Results

~c family cytokine receptor expression on thymocytes. Surface staining for ~c family cytokine
receptors revealed distinct and stage-specific expression of individual cytokine receptors (Fig. 1). Most ~c family
cytokine receptors were found on both CD4 and CD8 single positive (SP) thymocytes but absent on immature DP
thymocytes. IL-4Ra, IL-21R and ~c differed as they were also expressed on DP cells. Consequently, DP thymo-
cytes would be unable to respond to IL-7, but they are equipped with IL-4 and IL-21 responsiveness. Importantly,
while DP cells did express ~c, the amount of surface ~c was markedly lower compared to that on immature DN
or mature SP thymocytes (Fig. 1). These results indicated and confirmed that ~c expression is a developmentally
controlled event that is specifically suppressed on pre-selection DP cells'®. Reduced ~c expression presumably
helps avoiding signaling by pro-survival ~c cytokines which could interfere with TCR-induced positive selection
as previously suggested'®.

To correlate ~c expression with positive selection, next, we analyzed surface expression of nc and IL-7Ra on
HSAMTCRB pre-selection (gate I) and HSA®TCRBM post-selection thymocytes (gate II) (Fig. 2a). Expression
of IL-7Ra and ~c was low on gate I immature DP thymocytes but upregulated on gate II mature SP cells,
which illustrated developmental control of cytokine receptor expression in thymocytes. The molecular mech-
anism that downregulates ~c expression on DP thymocytes is not known. However, we previously reported a
post-transcriptional mechanism that can downregulate surface ~c expression®. Specifically, we found that alter-
native splicing of ~c transcripts produced a soluble form of ~c (s~c) that was generated at the expense of mem-
brane ~c (m~c) protein expression®*. Thus, increase in s~c expression conversely results in reduced surface ~c
expression. Interestingly, here we found that DP thymocytes expressed markedly higher levels of syc transcripts
than mature SP thymocytes (Fig. 2b right), and that increased sc expression inversely correlated with decreased
mnc protein expression in the same cells (Fig. 2b). These data suggest that alternative splicing of ¢ mRNA might
contribute to downregulation of surface ~c expression on DP thymocytes. Moreover, DP cells comprise up to 90%
of total thymocytes so that they are a major source of syc proteins, and thus render the thymus into an s~yc-rich
environment. However, if sc plays a role in thymocyte differentiation is not known.

s~c overexpression impairs thymocyte development. To interrogate s~c’s effect on T cell develop-
ment, we analyzed thymocytes in svc transgenic mice (sycTg)*!. To generate sycTg mice, a murine syc cDNA
was placed under the control of a human CD2 mini-cassette so that syc is overexpressed in all T lineage cells.
Increased sc expression significantly reduced total thymocyte numbers, and we observed an inverse correlation
of s~c expression and total thymocyte numbers in WT, syc medium (M) and s~c high (H) expresser transgenes
(Fig. 3a). All further experiments in this study were done with the s~c high expresser line. Assessing thymocyte
profiles of sycTg mice did not reveal any significant changes in TCR3" mature T cell generation (Fig. 3b) or in
CD4/CD8 lineage commitment (Fig. 3¢ left). However, we did find a significant increase in DN cell frequency
(Fig. 3c right), suggesting a developmental defect in DN to DP cell transition, which would also explain the reduc-
tion in thymocyte numbers in sycTg mice (Fig. 3d)*.

To directly address this point, we examined surface CD44 and CD25 expression in lineage marker negative
DN thymocytes and determined DN1-DN4 differentiation in sNcTg and WT thymocytes (Fig. 4a)?. Contrary
to our expectation, however, we did not find any significant differences in DN1-4 subset frequencies between
WT and s~cTg mice. We also did not find any significant difference in Ki-67 expression in individual DN subsets
(Fig. 4b), suggesting that the proliferative potential of sxcTg DN cells did not differ from WT thymocytes. Finally,
to examine the possibility that increased cell death of DN thymocytes would account for reduced cell numbers,
we assessed caspase-3 activity and intracellular Bcl-2 contents in sycTg DN thymocytes (Fig. 4c). Decreased Bcl-2
expression is associated with increased susceptibility to apoptosis, and elevated caspase-3 activity is indicative of
increased cell death?®?*. However, we did not find any differences in their expression either between s~cTg and
WT DN thymocytes (Fig. 4c).
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Figure 1. Cell surface expression of ~c family cytokine receptors on thymocytes. Expression of the indicated
cytokine receptors were assessed on thymocyte subpopulations. Data are representative of 5 independent
experiments.

Notably, DP thymocytes in s~cTg mice had been previously reported to contain increased percentages of
CD25-positive cells?*. Also, surface CD25 expression is diluted during the proliferative burst of DN to DP transi-
tion*. Thus, these results collectively suggested that reduced thymocyte numbers and increased DN cell percent-
ages are results of reduced cell proliferation during DN to DP cell transition and not due to a developmental arrest
at DN2/DN3 stage of T cell development.

Thymic development of N3 T cells and Foxp3* Treg cells in sycTg mice. To further assess the
impact of increased svc expression, next, we analyzed generation of individual thymic T cell subsets. We first
assessed 0 T cell generation in the thymus and found it unaffected in s~cTg mice. Thymic N8 T cell numbers did
not differ between WT and scTg mice, and because overall thymocyte numbers were decreased in sycTg mice,
this translated into increased percentages of 0 T cells in the thymus (Fig. 5a). Next, we examined generation of
Foxp3* T regulatory (Treg) cells in s~cTg thymocytes, and found a significant decrease in Foxp3*CD25" CD4SP
Treg cell numbers (Fig. 5b). However, we did not find a decrease in Foxp3*tCD25* cell percentages among CD4SP
thymocytes (Fig. 5b), which indicated that reduced Foxp3™ Treg cell number is due to an overall impairment in
thymopoiesis and not because of a specific defect in thymic Treg cell generation.

SCIENTIFICREPORTS | 6:36962 | DOI: 10.1038/srep36962 3



www.nature.com/scientificreports/

a
Thymocytes e IL-7Ra
38% T%
Total| /f
\\\
31% 1.2%
< 1| M
2 y\
70% 55%
A A
II / \ |
\ -\
ye — > IL-7TRa—>
o
CD8
b
myc syc
=25 250 o
L *kk < ?
o = 201 Z 32004
=34 a'd -
8 <151 € S 150+
© .Q 0 9
‘€ @10+ = @ 100+
38 88
S 54 & 3 50+
o (A 0-

DP SP DP SP

Figure 2. Immature DP thymocytes express low levels of membrane ~c but high levels of soluble ~c
proteins. (a) Stage-specific expression of cell surface IL-7Ra and ~c during thymocyte development. Contour
plot shows HSA and TCR@ staining on total thymocytes (left). Discrete developmental stages were defined

by surface HSA and TCRQ expression. IL-7Ra and ~c expression (open histograms) were assessed on gated
thymocytes and overlaid with control antibody staining (shaded histogram) (middle). Contour plots show CD4/
CD8 profiles of gated thymocyte populations (right). Data are representative of 6 independent experiments.

(b) ~c protein and mRNA expression in pre-selection DP and post-selection SP thymocytes. ~c surface protein
levels on gated DP (CD4+CD8") and SP (TCR3*HSA") thymocytes (left). Relative expression of syc mRNA in
sorted DP and SP thymocytes determined by qRT-PCR (right). Data are the mean and SEM of 4 independent
experiments.

s~c overexpression impairs iINKT cell generation. iNKT cells are thymus-generated innate T lineage
cells that depend on IL-15 for their development and differentiation”*!*2. iNKT cells can be identified by their
TCR reactivity to lipid-loaded CD1d tetramers (CD1dTet)*?, and here we found that both frequency and number
of CD1dTet" iNKT cells were significantly reduced in sycTg thymocytes (Fig. 6a). Conventionally, iNKT cell
development had been understood based on cell surface HSA (CD24), CD44 and NK1.1 expression®-%¢. The
most immature CD1dTet" iNKT cells express high levels of HSA and are defined as stage 0 iNKT cells. Upon
further maturation, INKT cells lose HSA expression but start expressing CD44 and then NK1.1, so that CD44"
NK1.17 cells are stage 1, CD44"NKI1.1 cells are stage 2, and CD44"NK1.1" cells are referred to as stage 3 iNKT
cells®®. Assessing WT and s~cTg thymic iNKT cells revealed no significant differences between WT and s~cTg
mice when comparing in individual stages (Fig. 6b—d). However, there was a significant loss of scTg iNKT cells
when comparing the combined frequency of mature iNKT cells, i.e. stage 1-3 (Fig. 6¢). Because the frequency
of immature stage 0 iNKT cells did not differ between sycTg and WT control mice, these results suggest that syc
overexpression did not target a specific developmental stage but rather induces an overall reduction of thymic
iNKT cells.

iNKT cells can be also categorized into discrete subsets based on their function and transcription factor
expression®”. PLZF® T-bet™ cells correspond to IFN~-producing NKT1, PLZFMROR~t~ cells are IL-4-producing
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Figure 3. Thymocyte development and differentiation in s~c-transgenic mice. (a) Total thymocyte numbers
in sycTgand WT control mice. M, syc medium expresser; H, svc high expresser. Results are the mean and

SEM of 12 independent experiments. (b) CD4 versus CD8 profile of total thymocytes (top) and TCR3" gated
thymocytes (bottom) in WT and s~cTg mice. (c¢) CD4/CD8 ratio of mature SP thymocytes (left) and frequency
of DN thymocytes (right) in WT and s~cTg mice. (d) Cell numbers of thymocyte subsets in WT and svcTg
mice. Data are summary of 8 independent experiments with each 10 WT and 15 s~cTg mice.

NKT2, and PLZF™ROR~t" are IL-17-producing NKT17 cells®. In C57BL/6 (B6) WT mice, the majority of
thymic iNKT cells are NKT1 cells with only few NKT2 and NKT17 cells. Such iNKT cell distribution is not devel-
opmentally fixed, and changes with mouse strains as illustrated by significantly increased NKT2 and NKT17 cell
percentages in BALB/c mice (Fig. 6e)*”. We found that sycTg mice, which were maintained on a B6 background,
showed identical distribution of NKT subsets to control WT B6 cells (Fig. 6¢). Additionally, when dividing iNKT
cells into two major subsets of CD4™ and DN iNKT cells*?, we also did not find any difference between sycTgand
WT mice (Fig. 6f). Collectively, these results demonstrate that s~c overexpression is detrimental for thymic iNKT
cell generation, and that s~c affected iNKT cell frequency and number without targeting a specific iNKT subset
or specific developmental stage.

s~c interferes with IL-15 signaling in /NKT cells.  To further understand the molecular basis of iNKT
cell loss in sycTg mice, next we examined whether increased s~c expression is a cell intrinsic requirement to sup-
press iNKT cell generation. We generated bone marrow (BM) chimeras where WT origin donor cells were used
to reconstitute thymus development in RAG-deficient host mice, either alone or mixed at an unequal ratio (1:2)
with s~cTg origin bone marrow cells. When analyzing the frequency of WT donor origin (CD45.1) iNKT cells,
we found that WT origin BM cells gave rise to significantly reduced frequencies of iNKT cells, if they developed
in a mixed thymic environment with sycTg origin thymocytes. Thus, sycTg origin BM cells impaired the gener-
ation of iNKT cells not only for sycTg but also for WT iNKT cells (Fig. 7a). These results indicate that s~c’s effect
to suppress iNKT cell development is mediated by a cell extrinsic mechanism.
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Figure 4. DN stages differentiation in WT and s~cTg mice. (a) DN1-DN4 differentiation in lineage marker
negative (Lin") DN thymocytes of WT and s~\cTg mice (top). Bar graph shows frequencies of individual DN

subsets (bottom). Data are the summary of 3 independent experiments with a total of 5 WT and 8 s~cTg mice. (b)
Intracellular Ki-67 staining of Lin" DN thymocytes in WT and sycTg mice (top). Bar graph shows Ki-67" frequencies
in individual DN subsets (bottom). Data are the summary from each two WT and sycTg mice. (c) Caspase-3 activity
and intracellular Bcl-2 expression were determined by flow cytometry in DN thymocytes of WT and s~cTg mice
(left). Bar graphs show mean and SEM of each 3 WT and s~cTg mice (right).

iNKT cell development in the thymus depends on IL-1572%21% and defect in iNKT cell generation in sycTg
mice could be a direct consequence of impaired IL-15 signaling. Thus, we assessed expression of surface ~c and
IL-2RB which are the signaling units of a functional IL-15 receptor*’. We did not find any significant difference in
~c and IL-2R@ expression between WT and svcTg iNKT cells, which indicated that sycTg did not impair iNKT
cell generation because of defects in cytokine receptor expression (Fig. 7b). To further examine if syc protein
interferes with IL-15 signaling, we examined IL-15 downstream signaling in iNKT cells in the presence or absence
of recombinant svc proteins. Recombinant s~c proteins were produced in 293 T cells, and we confirmed successful
formation of disulfide-linked sc homo-dimers which represent the bioactive form of s~c protein (Fig. 7c)*.

IL-15 signaling is considered critical for in iNKT cells because it induces expression of anti-apoptotic pro-
teins®. Bcl-2 is a pro-survival factor downstream of IL-15 signaling, and we found that IL-15-induced Bcl-2
expression was profoundly impaired in the presence syc proteins. In particular, recombinant svc interfered
with the pro-survival effect of IL-15 during in vitro culture of thymic iNKT cells, as illustrated by significantly
increased Annexin V binding (Fig. 7d) and diminished Bcl-2 expression (Fig. 7e). Thus, s~c inhibits iNKT cell
development in the thymus, presumably by inhibiting IL-15 signaling.

Discussion

Generation of soluble ~c cytokine receptors through alternative pre-mRNA splicing results in two distinct but
interlaced events: production of svc proteins and diminished surface ~c protein expression. Both events are
detrimental for ~c cytokine signaling. Notably, the effect of alternative splicing is limited to s~c producing cells
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Figure 5. Thymic~d T cell and Foxp3* Treg cell generation are unaffected in scTg mice. (a) Frequency and
number of ¥9 T cells were determined from WT and scTg thymocytes. Data are the mean and SEM of 11 scTg
and WT control thymocytes. (b) Frequency and number of Foxp3* Treg cells were determined from WT and
svcTg mice. Data are the mean and SEM of 11 sncTg and WT control thymocytes.

themselves, but secretion of syc proteins can influence the function of other cells in trans. Thus, the physio-
logical role of svc proteins can be wide-ranging and diverse. Here we assessed the effect of syc expression on
thymic development, and we show that increased s~c production results in impaired thymopoiesis, which is a
process dependent on IL-7 signaling®, and also in diminished iNKT cell generation, which is an event depend-
ent on IL-15 signaling”?"*. Generation of IL-2-dependent Foxp3* Treg cells or IL-7-dependent CD8SP thymo-
cytes®1%41 on the other hand, were not affected. These results propose a hierarchy in ~c cytokine responsiveness
of post-selection thymocytes, with IL-15 being highly susceptible to increased concentrations of inhibitory s~c
proteins, and IL-2 and IL-7 signaling more resistant to syc-mediated inhibition. Collectively, this study reports a
new role for s~c in suppressing IL-15 signaling, and it demonstrates that syc can affect generation and differenti-
ation of mature T cell subsets in the thymus.

Because s~c is highly expressed by DP thymocytes and because DP thymocytes comprise the vast majority
(~85%) of thymocytes®?, these results further suggest a role for DP thymocytes as a major source of s~c protein that
dampens ~c cytokine signaling in the thymus. Consequently, secretion of syc proteins represents a new function for
DP cells, and it suggests that DP thymocytes play an active role in thymic T cell differentiation by modulating ~c
cytokine signaling. Conventionally, DP thymocytes have been considered as only a transient developmental stage
that is short-lived and that serves no other purpose than providing a pool of random TCR repertoire to be positively
selected by the thymic self-peptide/MHC complexes*>*. In fact, DP thymocytes do not produce cytokines, and they
are not considered to participate in T cell selection or maturation. Moreover, DP thymocytes are metabolically inac-
tive and do not consume nutrients or compete for pro-survival factors*'. Along these lines, termination of IL-7Ra
expression on DP thymocytes has been suggested to prevent DP cells from consuming IL-7 which would interfere
with IL-7-dependent proliferation of DN thymocytes!®?. Thus, DP thymocytes are thought to be a developmentally
inert population that do not affect or control differentiation or selection of T cells in the thymus. On the other hand,
there is an increasing body of evidence that shows DP thymocytes actively participating in T cell development in a
cell extrinsic fashion. Such an idea is illustrated by the requirement for DP thymocytes to promote ~d T cell signature
gene expression in immature DN thymocytes*, and also by a requirement for SLAM-SLAM homotypic interactions
among DP thymocytes for positive selection of INKT cells**’. In the current study, we report a new mechanism of
how DP cells affect thymic T cell differentiation, which is through the secretion of inhibitory syc proteins. We think
that svc is the first of a class of soluble factors that are expressed by DP cells to interfere with thymic development.
S~c differs from other factors expressed by DP thymocytes, such as lymphotoxin and SLAM**7, because it is not
expressed in a membrane-bound form and does not require cell-cell contact. Collectively, DP thymocytes are a
major source of s~ proteins, and s~c sets the threshold for ~c cytokine signaling and tunes ~c cytokine responsive-
ness during T cell development in the thymus.

The inhibitory mechanism of s~c proteins has been previously described?. In brief, syc proteins form
homo-dimers that bind with high affinity to unliganded cytokine receptors, such as IL-7Ra and IL-2R3. Direct bind-
ing of s~c to IL-7Rav or IL-2R03 sequesters these receptors and can prevent them from binding to membrane ~c pro-
teins, which is necessary for cytokine signaling. Because IL-2 and IL-15 share the same IL-2R3/~c complex for ligand
binding and signaling!, by implication, syc binding to IL-2R3 should interfere with both IL-2 and IL-15 signaling.
Interestingly, during s~cTg T cell development, we found that IL-15 but not IL-2-dependent events were impaired.
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Figure 6. Impaired generation of thymic iNKT cells in scTg mice. (a) Frequency and number of iNKT
cells in WT and s~cTg thymocytes. Data show summary (mean 4= SEM) from 13 sycTgand 9 WT control
thymocytes. (b) iNKT cell stages in WT and s~cTg thymic iNKT cells. CD1dTet* HSA mature iNKT cells
(top) were assessed for CD44 and NK1.1 expression (bottom). Results are representative of 13 sycTg and 9
WT control mice in 4 independent experiments. (c) Frequencies of immature Stage 0 (ST0) and mature stage
1-3 (ST1-3) iNKT cells in WT and scTg mice. Data show mean and SEM of 13 s~cTgand 9 WT control
thymocytes. (d) Frequencies of distinct iNKT cell stages in WT and s~cTg thymocytes. Data show mean and
SEM of 13 sncTgand 9 WT control thymocytes. (e) Transcription factor expression in thymic iNKT cells from
WT (C57BL/6), sncTg, and BALB/c mice as assessed by intracellular staining for PLZF versus RORAt. Numbers
indicate percentages of PLZFYROR~t™ (NKT1) cells, PLZFMROR~t~ (NKT2) cells and PLZF™ROR~t*
(NKT17) cells among CD1dTet" iNKT cells that expressed PLZE (f) CD4" versus DN iNKT cell ratio in WT
and s~ncTg thymocytes. Data show mean and SEM of 3 independent experiments with each 3 WT and 4s~cTg

mice.

SCIENTIFICREPORTS | 6:36962 | DOI: 10.1038/srep36962



www.nature.com/scientificreports/

Donor: WT (CD45.1)

Single BM

Mixed BM

o)
B
o (4
o
TCRp
iINKT cell frequency
9 0.4 *
3 0.3
c
302
Qo
= 01
[
© 00
WT
b
Gated on
HSAl CD1dTet*

sycTg

Single BM
Il Mixed BM

-=WT
— sycTg
 Ctrl

DTT -

100 kDa —=
55 kDa -

Immunoblot

 IP: a-yc-ED
IB: a-yc-ED

Medium

Medium
+SyC

IL-15

IL-15
+syc

Medium

Medium
+syc

IL-15

IL-15
+syC

iINKT cells

37%

i—
W\ —

7.9%

A

Annexin V—p

INKT cells

18%

13%

A

Bcl-2——»

Apoptotic INKT cell frequency

50 NS
+>3\§ 40
5 g 30 .
"E’g 20
<8 10
0
IL-15: - - + +
syc. - + - +
[ Control Ab
Bcl-2

Intracellular Bcl-2 expression

100 *

Bcl-2*
frequency (%)

Figure 7. Recombinant s~c proteins suppress IL-15 signaling. (a) iINKT cells in thymus of bone marrow
chimeric mice. Bone marrow of WT (CD45.1) and s~cTg (CD45.2) mice were transferred into irradiated
RAG-deficient mice, and thymocytes were analyzed 8 weeks after reconstitution. iNKT cell generation was
assessed in WT-origin donor cells in single WT (single BM) or unequally-mixed (1:2 ratio of WT versus s~

cTg, mixed BM) bone marrow chimeric mice. Bar graphs show percentages of iNKT cells among CD45.1" or
CD45.2" thymocytes in single BM and mixed BM mice. Data are representative and summary of 3 independent
experiments. (b) Surface IL-2RB and ~c expression on mature HSA°CD1dTet*-gated WT and s~cTg iNKT cells.
Results are representative of 6 sycTg and 4 WT control mice from 2 independent experiments. (c) Expression of
recombinant s~c proteins. Culture supernatant of syc expressing 293 T cells were immunoprecipitated (IP) and
immunoblotted (IB) for svc proteins using anti-~c ectodomain antibodies (a-~c-ED). Immunoprecipitates were
resolved by SDS-PAGE under reducing (+ DTT) or non-reducing conditions. (d) Thymic iNKT cell survival
upon 3-day in vitro IL-15 stimulation in the presence or absence of recombinant svc proteins. Cell viability was
determined by Annexin V staining. Histograms are representative of 3 independent experiments (left). Bar
graphs show mean and SEM of 3 independent experiments (right). (e) Intracellular Bcl-2 expression in thymic
iNKT cells stimulated for 3 days with IL-15 in the presence or absence of recombinant s~c proteins. Histograms
show representative results from three independent experiments (left). Bar graphs show mean and SEM of 3
independent experiments (right).

iNKT cell development was significantly blunted but Foxp3* Treg cell generation remained intact. These results sug-
gested distinct susceptibility of IL-2 versus IL-15 signaling to s~c-mediated inhibition. Why IL-15 signaling would
be more perceptive to syc blockade than IL-2 signaling is not clear. As a potential explanation, we considered the
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fact that IL-15 signaling requires IL-15 trans-presentation by IL-15Ra*, and that iNKT cell development depends
on IL-15Ra-mediated IL-15 trans-presentation by thymic stromal cells*>*°. Formation of a quaternary complex of
IL-2RB/~c hetero-dimers on one cell with an IL-15/IL-15Ra complex on another cell could be more susceptible to
steric hindrance by s~c proteins than the assembly of a functional IL-2Ra, 3/~c signaling complex on the same cell.
Altogether, the current results demonstrate an interference of s~c with IL-15-dependent steps during T cell develop-
ment, and confirm the in vivo significance of s~c proteins in thymocyte differentiation.

The roles of ~c cytokines in thymocyte development are well appreciated. Positive selection and lineage choice
are two distinct events®'. While TCR signaling controls positive selection, ~c signaling plays a critical role in lin-
eage fate decision and differentiation of post-selection thymocytes®?. Following positive selection, IL-7 signaling
induces Runx3 expression and imposes CD8 lineage choice!®!®1°, whereas IL-2 signaling is necessary to upregu-
late Foxp3 and promote Treg cell differentiation in CD4SP cells®. For iNKT cells, IL-15 is a critical maturation and
differentiation signal, and the absence of IL-15 results in paucity of iINKT cells in both the thymus and peripheral
tissues”?*%, Thus, the reduced thymic iNKT cell numbers in sycTg is in line with impaired IL-15 signaling by s~c
and the requirement for IL-15 in iNKT cell generation.

Importantly, thymic iNKT cells comprise a functionally and phenotypically heterogeneous population that
contains distinct subsets of iNKT cells with differing degree of IL-15 dependency®*’. NKT1 cells, which corre-
spond largely to stage 3 iNKT cells, express high levels of T-bet which in turn is critical for their maturation, sur-
vival and effector function®*>**. Both NKT1 lineage choice and T-bet upregulation depend on IL-15 signaling®,
so that impaired IL-15 signaling mostly affects NKT1 cells. NKT17 cells, on the other hand, depend exclusively
on IL-7, but not IL-15, for their survival and homeostasis®®. Thus, it was curious that s~c overexpression not
only reduced number and frequency of IL-15-dependent NKT1 cells, but also of NKT17 and even NKT2 cells.
However, these results can be reconciled when taking into account that syc does only not inhibit IL-15 signaling,
but also signaling by IL-2, IL-7, and presumably other ~c cytokines?®. Accordingly, s~c would not only block gen-
eration of IL-15-dependent NKT1 cells, but could also impair IL-7-dependent NKT17 cell development in the
thymus. Because NKT2 cells were also reduced by s~c overexpression, this scenario further suggests a role of ¢
signaling in NKT2 lineage differentiation too.

Finally, the current results do not exclude the possibility that s~cTg could have interfered with cell prolifera-
tion to diminish thymic iNKT cell numbers. Positively selected stage 0 iNKT cells undergo massive (~100 fold)
expansion upon differentiation into stage 1 iINKT cells which is dependent on c-Myc®’. What cellular signals
drive the proliferation is not clear, and we cannot formally discard the possibility that IL-15 could be involved
in c-Myc-dependent proliferation during stage 0/1 transition. Whether this is indeed the case still remains to be
tested. In sum, the inhibitory effect of syc on IL-15 signaling in vivo and the impaired generation of thymic iNKT
cells in sycTg mice put forward a model of cytokine regulatory mechanism that requires integration of a role of
s~c in controlling ~c cytokine signaling.

Materials and Methods

Mice. C57BL/6 (CD45.2), CD45.1 congenic mice, and RAG™'~ mice were obtained from Charles River,
Wilmington, MA, and from the Orient Bio, Korea. Soluble ~c-transgenic mice were described and maintained
in our colony**. Animal experiments were approved by the Pusan National University Institutional Animal Care
and Use Committee (PNU-2014-0620) and the NCI Animal Care and Use Committee. All mice were cared for in
accordance with Pusan National University School of Medicine and NIH guidelines.

Flow cytometry. Single cell suspensions were prepared from the thymus of indicated mice. Data were
acquired using LSR Fortessa or LSRII flow cytometers (BD Biosciences) and analyzed using FlowJo. Live cells were
gated by forward scatter exclusion of dead cells stained with propidium iodide. The following antibodies were
used for staining: TCR@ (H57-597), HSA (30-F1), IL-7Ra (A7R34), NK1.1 (PK136), IL-2Ra (PC61.5), IL-2R3
(TM-{1), IL-4Ra (M1), Foxp3 (FJK-16s), ROR~t (AKFJS-9) and isotype control antibodies, all from eBiosci-
ence; TCR~6 (GL3), CD44 (IM7), ~c (4G3), CD4 (GK1.5 and RM4.5), and CD8« (53-6-7) from BD Biosciences;
IL-9Ra (RM9A4), Bcl-2 (BCL/10C4), PLZF (9E12), and IL-21R (4A9) from BioLegend. Fluorochome-conjugated
CD1d tetramers loaded with PBS-567 and unloaded controls were obtained from the NIH tetramer facility
(Emory University, Atlanta, GA). Intranuclear Foxp3, PLZF, and ROR~t proteins were detected using a Foxp3
staining kit according to the manufacturer’s instructions (eBioscience). Active caspase-3 induction was deter-
mined using the CaspGLOW™ fluorescein active caspase-3 staining kit (eBioscience).

Quantitative Real-Time PCR.  Total RNA was isolated from sorted thymocytes with the RNeasy Mini kit
(Qiagen). RNA was reverse transcribed into cDNA by oligo (dT) priming with the QuantiTect Reverse tran-
scription kit (Qiagen). Quantitative RT-PCR (qRT-PCR) was performed with an ABI PRISM 7900HT Sequence
Detection System and the QuantiTect SYBR Green detection system (Qiagen). Primers sequences are as follows.
s~c (F: 5-CATGAACCTAGATTCTCCCTGCC-3; R: 5-TGATGGGGGGAATTGGAGIIIICCTCTACA-3") and
Rpl13 (F: 5'-CGAGGCATGCTGCCCCACAA-3'; R: 5-AGCAGGGACCACCATCCGCT-3’). Gene expression
values were normalized to those of Rp/13 in the same sample.

Expression of recombinant soluble ~c protein. Recombinant s~c proteins were produced by transient
transfection of 293 T human embryonic kidney cells with a mammalian expression vector pPEGFP-N1 (Clontech)
encoding a murine syc cDNA. Cells were transfected with Lipofectamine™ 2000 (Invitrogen). Culture superna-
tant containing s~c proteins was collected 3 days after transfection and analyzed by Western blot for recovery and
purity. Concentration of syc protein was measured by ELISA as previously described?*.
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In vitro stimulation with recombinant IL-15.  Thymocytes were incubated in vitro with 20 ng/ml recom-
binant human IL-15 (Peprotech) in the presence or absence of recombinant s~c (500 ng/ml). Thymocytes were
harvested 3 days after incubation, and stained for intracellular Bcl-2 expression. Annexin V staining was per-
formed according to the manufacturer’s instructions (BD Biosciences).

DN thymocyte subsets analysis. For DN1-DN4 thymocyte analysis, whole thymocytes were first incu-
bated with the following biotinylated antibodies; anti-TCR3, -B220, -CD8@, -GL3, -DX5, -MAC]1, and -GR1,
followed by FITC-conjugated streptavidin. FITC-signal negative thymocytes were considered as lineage marker
negative cells (Lin~) and assessed for CD44 and CD25 expression using APC-conjugated anti-CD44 and
PE-conjugated anti-CD25 antibodies (all from BD Biosciences). Intracellular Ki-67 staining of DN subsets was
performed after fixation and permeabilization (Foxp3 transcription factor staining buffer set, eBioscience) of
surface-stained thymocytes using anti-Ki-67 antibodies (eBioscience).

Bone marrow chimeras. Radiation bone marrow chimeras were constructed by reconstituting lethally irra-
diated (600 Rad) RAG~'~ host mice with a total of 15 x 10°T cell-depleted bone marrow (BM) cells either from
WT (CD45.1) or s7cTg (CD45.2). For unequal bone marrow reconstitution, T cell-depleted BM cells from WT
and scTg mice were mixed at 1:2 ratio (WT:sycTg), and 15 x 10° mixed BM cells were injected into irradiated
RAG™~ host mice. Chimeric mice were analyzed 8 weeks after reconstitution. Thymocytes from both BM chi-
meric mice were gated on CD45.1 or CD45.2 to distinguish WT and svcTg donor cells.

Statistical analysis. Data are shown as mean & SEM. Statistical differences were analyzed by unpaired
two-tailed Student’s t-test. P values of less than 0.05 were considered significant. *p < 0.05, **p < 0.01,
**p < 0.001. All statistical analysis was performed using GraphPad Prism.

References

1. Rochman, Y., Spolski, R. & Leonard, W. J. New insights into the regulation of T cells by gc family cytokines. Nat Rev Immunol 9,
480-490 (2009).

2. Waickman, A. T, Park, J. Y. & Park, J. H. The common g-chain cytokine receptor: tricks-and-treats for T cells. Cell Mol Life Sci 73,
253-269 (2016).

3. Hong, C., Luckey, M. A. & Park, J. H. Intrathymic IL-7: the where, when, and why of IL-7 signaling during T cell development. Semin
Immunol 24, 151-158 (2012).

4. Malek, T. R. et al. IL-2 family of cytokines in T regulatory cell development and homeostasis. J Clin Immunol 28, 635-639 (2008).

5. Fontenot, J. D., Rasmussen, J. P, Gavin, M. A. & Rudensky, A. Y. A function for interleukin 2 in Foxp3-expressing regulatory T cells.
Nat Immunol 6, 1142-1151 (2005).

6. Gordy, L. E. et al. IL-15 regulates homeostasis and terminal maturation of NKT cells. ] Immunol 187, 6335-6345 (2011).

7. Kennedy, M. K. et al. Reversible defects in natural killer and memory CD8 T cell lineages in interleukin 15-deficient mice. ] Exp Med
191, 771-780 (2000).

8. Van de Wiele, C. J. et al. Impaired thymopoiesis in interleukin-7 receptor transgenic mice is not corrected by Bcl-2. Cell Immunol
250, 31-39 (2007).

9. Yu, Q. et al. Cytokine signal transduction is suppressed in preselection double-positive thymocytes and restored by positive
selection. ] Exp Med 203, 165-175 (2006).

10. Park, J. H. et al. Signaling by intrathymic cytokines, not T cell antigen receptors, specifies CD8 lineage choice and promotes the
differentiation of cytotoxic-lineage T cells. Nat Immunol 11, 257-264 (2010).

11. Luckey, M. A. et al. The transcription factor ThPOK suppresses Runx3 and imposes CD4 (+) lineage fate by inducing the SOCS
suppressors of cytokine signaling. Nat Immunol 15, 638-645 (2014).

12. Lio, C. W. & Hsieh, C. S. A two-step process for thymic regulatory T cell development. Immunity 28, 100-111 (2008).

13. Tai, X. et al. Foxp3 transcription factor is proapoptotic and lethal to developing regulatory T cells unless counterbalanced by
cytokine survival signals. Immunity 38, 1116-1128 (2013).

14. Chong, M. M. et al. Suppressor of cytokine signaling-1 is a critical regulator of interleukin-7-dependent CD8+ T cell differentiation.
Immunity 18, 475-487 (2003).

15. Van De Wiele, C. J. et al. Thymocytes between the b-selection and positive selection checkpoints are nonresponsive to IL-7 as
assessed by STAT-5 phosphorylation. J Immunol 172, 4235-4244 (2004).

16. Singer, A., Adoro, S. & Park, J. H. Lineage fate and intense debate: myths, models and mechanisms of CD4- versus CD8-lineage
choice. Nat Rev Immunol 8, 788-801 (2008).

17. Tani-ichi, S. et al. Interleukin-7 receptor controls development and maturation of late stages of thymocyte subpopulations. Proc Natl
Acad Sci USA 110, 612-617 (2012).

18. Mazzucchelli, R. & Durum, S. K. Interleukin-7 receptor expression: intelligent design. Nat Rev Immunol 7, 144-154 (2007).

19. McCaughtry, T. M. et al. Conditional deletion of cytokine receptor chains reveals that IL-7 and IL-15 specify CD8 cytotoxic lineage
fate in the thymus. ] Exp Med 209, 2263-2276 (2012).

20. Ohteki, T., Ho, S., Suzuki, H., Mak, T. W. & Ohashi, P. S. Role for IL-15/IL-15 receptor b-chain in natural killer 1.1+ T cell receptor-
af3+ cell development. J Immunol 159, 5931-5935 (1997).

21. Matsuda, J. L. et al. Homeostasis of Va14i NKT cells. Nat Immunol 3, 966-974 (2002).

22. Bayer, A. L., Yu, A. & Malek, T. R. Function of the IL-2R for thymic and peripheral CD4+CD25+ Foxp3+ T regulatory cells. J
Immunol 178, 4062-4071 (2007).

23. Munitic, L et al. Dynamic regulation of IL-7 receptor expression is required for normal thymopoiesis. Blood 104, 4165-4172 (2004).

24. Hong, C. et al. Activated T cells secrete an alternatively spliced form of common g-chain that inhibits cytokine signaling and
exacerbates inflammation. Immunity 40, 910-923 (2014).

25. Kobayashi, N., Nakagawa, S., Minami, Y., Taniguchi, T. & Kono, T. Cloning and sequencing of the cDNA encoding a mouse IL-2
receptor ~. Gene 130, 303-304 (1993).

26. Borowski, C. et al. On the brink of becoming a T cell. Curr Opin Immunol 14, 200-206 (2002).

27. Godfrey, D. I, Kennedy, J., Suda, T. & Zlotnik, A. A developmental pathway involving four phenotypically and functionally distinct
subsets of CD3-CD4-CD8- triple-negative adult mouse thymocytes defined by CD44 and CD25 expression. ] Immunol 150,
4244-4252 (1993).

28. Veis, D. ], Sorenson, C. M., Shutter, J. R. & Korsmeyer, S. J. Bcl-2-deficient mice demonstrate fulminant lymphoid apoptosis,
polycystic kidneys, and hypopigmented hair. Cell 75, 229-240 (1993).

29. Woo, M. et al. Essential contribution of caspase 3/CPP32 to apoptosis and its associated nuclear changes. Genes Dev 12, 806-819
(1998).

SCIENTIFICREPORTS | 6:36962 | DOI: 10.1038/srep36962 11



www.nature.com/scientificreports/

30. Crompton, T., Moore, M., MacDonald, H. R. & Malissen, B. Double-negative thymocyte subsets in CD3z chain-deficient mice:
absence of HSA+CD44-CD25- cells. Eur ] Immunol 24, 1903-7 (1994).

31. Bendelac, A., Rivera, M. N., Park, S. H. & Roark, . H. Mouse CD1-specific NK1 T cells: development, specificity, and function. Annu
Rev Immunol 15, 535-562 (1997).

32. Gapin, L., Matsuda, J. L., Surh, C. D. & Kronenberg, M. NKT cells derive from double-positive thymocytes that are positively
selected by CD1d. Nat Immunol 2, 971-978 (2001).

33. Gumperz, J. E., Miyake, S., Yamamura, T. & Brenner, M. B. Functionally distinct subsets of CD1d-restricted natural killer T cells
revealed by CD1d tetramer staining. ] Exp Med 195, 625-636 (2002).

34. Benlagha, K., Kyin, T, Beavis, A., Teyton, L. & Bendelac, A. A thymic precursor to the NK T cell lineage. Science 296, 553-555 (2002).

35. Benlagha, K., Wei, D. G., Veiga, J., Teyton, L. & Bendelac, A. Characterization of the early stages of thymic NKT cell development. J
Exp Med 202, 485-492 (2005).

36. Pellicci, D. G. et al. A natural killer T (NKT) cell developmental pathway ilnvolving a thymus-dependent NK1.1 (—) CD4 (+)
CD1d-dependent precursor stage. ] Exp Med 195, 835-844 (2002).

37. Lee, Y. ., Holzapfel, K. L., Zhu, J., Jameson, S. C. & Hogquist, K. A. Steady-state production of IL-4 modulates immunity in mouse
strains and is determined by lineage diversity of iNKT cells. Nat Immunol 14, 1146-1154 (2013).

38. Jameson, S. C., Lee, Y. J. & Hogquist, K. A. Innate memory T cells. Adv Immunol 126, 173-213 (2015).

39. Lodolce, J. P. et al. IL-15 receptor maintains lymphoid homeostasis by supporting lymphocyte homing and proliferation. Immunity
9, 669-676 (1998).

40. Tagaya, Y., Bamford, R. N., DeFilippis, A. P. & Waldmann, T. A. IL-15: a pleiotropic cytokine with diverse receptor/signaling
pathways whose expression is controlled at multiple levels. Immunity 4, 329-336 (1996).

41. Yu, Q., Erman, B., Bhandoola, A., Sharrow, S. O. & Singer, A. In vitro evidence that cytokine receptor signals are required for
differentiation of double positive thymocytes into functionally mature CD8+ T cells. ] Exp Med 197, 475-487 (2003).

42. von Boehmer, H., Teh, H. S. & Kisielow, P. The thymus selects the useful, neglects the useless and destroys the harmful. Immunol
Today 10, 57-61 (1989).

43. Robey, E. & Fowlkes, B. J. Selective events in T cell development. Annu Rev Immunol 12, 675-705 (1994).

44. Van Laethem, F, Tikhonova, A. N. & Singer, A. MHC restriction is imposed on a diverse T cell receptor repertoire by CD4 and CD8
co-receptors during thymic selection. Trends Immunol 33, 437-441 (2012).

45. Silva-Santos, B., Pennington, D. J. & Hayday, A. C. Lymphotoxin-mediated regulation of N cell differentiation by o3 T cell
progenitors. Science 307, 925-928 (2005).

46. Griewank, K. et al. Homotypic interactions mediated by Slamfl and Slamf6 receptors control NKT cell lineage development.
Immunity 27, 751-762 (2007).

47. Li, W. et al. The SLAM-associated protein signaling pathway is required for development of CD4+ T cells selected by homotypic
thymocyte interaction. Immunity 27, 763-774 (2007).

48. Dubois, S., Mariner, J., Waldmann, T. A. & Tagaya, Y. IL-15Ra recycles and presents IL-15 In trans to neighboring cells. Immunity
17, 537-547 (2002).

49. Castillo, E. F, Acero, L. E, Stonier, S. W,, Zhou, D. & Schluns, K. S. Thymic and peripheral microenvironments differentially mediate
development and maturation of iNKT cells by IL-15 transpresentation. Blood 116, 2494-2503 (2010).

50. Chang, C. L., Lai, Y. G., Hou, M. S., Huang, P. L. & Liao, N. S. IL-15Ra of radiation-resistant cells is necessary and sufficient for
thymic invariant NKT cell survival and functional maturation. J Immunol 187, 1235-1242 (2011).

51. Keefe, R., Dave, V., Allman, D., Wiest, D. & Kappes, D. ]. Regulation of lineage commitment distinct from positive selection. Science
286, 1149-1153 (1999).

52. Luckey, M. A. & Park, J. H. ~c Cytokine signaling: graduate school in thymic education. Blood 121, 4-6 (2013).

53. Matsuda, J. L. et al. T-bet concomitantly controls migration, survival, and effector functions during the development of Va14i NKT
cells. Blood 107, 2797-2805 (2006).

54. Townsend, M. J. et al. T-bet regulates the terminal maturation and homeostasis of NK and Va14i NKT cells. Immunity 20, 477-494 (2004).

55. Pobezinsky, L. A. et al. Let-7 microRNAs target the lineage-specific transcription factor PLZF to regulate terminal NKT cell
differentiation and effector function. Nat Immunol 16, 517-524 (2015).

56. Webster, K. E. et al. IL-17-producing NKT cells depend exclusively on IL-7 for homeostasis and survival. Mucosal Immunol 7,
1058-1067 (2014).

57. Dose, M. et al. Intrathymic proliferation wave essential for Voal4+ natural killer T cell development depends on c-Myc. Proc Natl
Acad Sci USA 106, 8641-8646 (2009).

Acknowledgements

We thank members of the Hong lab for critical review of this manuscript. This work was supported by a grant of
the Korean Health Technology R&D Project, Ministry of Health & Welfare, Republic of Korea (HI14C2512), and
by the Intramural Research Program of the NIH, National Cancer Institute, Center for Cancer Research.

Author Contributions

J.H.P. and C.H. conceived and designed the study. J.Y.P, Y.J., E.K., M.A.L. and C.H. performed experiments and
analyzed data. J.Y.P,, YK.P,, S.H.P, ] H.P. and C.H. analyzed and interpreted the results. ] H.P. and C.H. wrote the
manuscript. All authors read and approved the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Park, J.-Y. et al. Soluble ~c cytokine receptor suppresses IL-15 signaling and impairs
iNKT cell development in the thymus. Sci. Rep. 6, 36962; doi: 10.1038/srep36962 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:36962 | DOI: 10.1038/srep36962 12


http://creativecommons.org/licenses/by/4.0/

	Soluble γc cytokine receptor suppresses IL-15 signaling and impairs iNKT cell development in the thymus

	Results

	γc family cytokine receptor expression on thymocytes. 
	sγc overexpression impairs thymocyte development. 
	Thymic development of γδ T cells and Foxp3+ Treg cells in sγcTg mice. 
	sγc overexpression impairs iNKT cell generation. 
	sγc interferes with IL-15 signaling in iNKT cells. 

	Discussion

	Materials and Methods

	Mice. 
	Flow cytometry. 
	Quantitative Real-Time PCR. 
	Expression of recombinant soluble γc protein. 
	In vitro stimulation with recombinant IL-15. 
	DN thymocyte subsets analysis. 
	Bone marrow chimeras. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Cell surface expression of γc family cytokine receptors on thymocytes.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Immature DP thymocytes express low levels of membrane γc but high levels of soluble γc proteins.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Thymocyte development and differentiation in sγc-transgenic mice.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ DN stages differentiation in WT and sγcTg mice.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Thymic γδ T cell and Foxp3+ Treg cell generation are unaffected in sγcTg mice.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Impaired generation of thymic iNKT cells in sγcTg mice.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Recombinant sγc proteins suppress IL-15 signaling.



 
    
       
          application/pdf
          
             
                Soluble γc cytokine receptor suppresses IL-15 signaling and impairs iNKT cell development in the thymus
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36962
            
         
          
             
                Joo-Young Park
                Yuna Jo
                Eunhee Ko
                Megan A. Luckey
                Yoo Kyoung Park
                Se-Ho Park
                Jung-Hyun Park
                Changwan Hong
            
         
          doi:10.1038/srep36962
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36962
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36962
            
         
      
       
          
          
          
             
                doi:10.1038/srep36962
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36962
            
         
          
          
      
       
       
          True
      
   




