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TRAF3IP3 at the trans-Golgi network regulates NKT2
maturation via the MEK/ERK signaling pathway

Xinwei Zhang', Ke Wang', Weijia Zhao', Li Cao', Shusong Zhang', Rong Jin', Xiuyuan Sun', Jie Hao', Xiaojun Huang?

Mingzhao Zhu @?, Hounan Wu*, Hongshan Zhao' and Qing Ge'*

Thymic natural killer T (NKT)2 cells are a subset of invariant NKT cells with PLZFMGATA3MIL-4". The differentiation of NKT2 cells is
not fully understood. In the present study, we report an important role of TRAF3-interacting protein 3 (TRAF3IP3) in the functional
maturation and expansion of committed NKT2s in thymic medulla. Mice with T-cell-specific deletion of TRAF3IP3 had decreased
thymic NKT2 cells, decreased IL-4-producing peripheral iNKTs, and defects in response to a-galactosylceramide. Positive selection
and high PLZF expression in CD247CD44~ and CCR7tCD44~ immature iNKTs were not affected. Only CD44"NK1.1~ iNKTs in

Traf3ip3~'~ mice showed reduced expression of Egr2, PLZF, and IL-17RB, decreased proliferation, and reduced IL-4 production upon
stimulation. This Egr2 and IL-4 expression was augmented by MEK1/ERK activation in iNKTs, and TRAF3IP3 at the trans-Golgi

network recruited MEK1 and facilitated ERK phosphorylation and nuclear translocation. LTBR-regulated bone marrow-derived

nonlymphoid cells in the medullary thymic microenvironment were required for MEK/ERK activation and NKT2 maturation. These
data demonstrate an important functional maturation process in NKT2 differentiation that is regulated by MEK/ERK signaling at the

trans-Golgi network.
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INTRODUCTION

Type | invariant natural killer T (iNKT) cells are a group of CD1d-
restricted T lymphocytes that play critical roles in regulating both
innate and adaptive immunity." Among various iNKT subsets,
NKT2 cells are defined as PLZF"GATA3"IL-17RB"CD122" cells that
express IL-4 at steady state> Upon stimulation, NKT2 cells
quickly produce high levels of IL-4 and IL-13, and moderate levels
of IFN-y%” In the thymus, NKT2 cells are required for the
expansion of Eomes-expressing memory-like CD8 T cells, egress
of conventional thymocytes from the thymic perivascular space
into the circulation, and regulation of medullary thymic epithelial
cell (mTEQ) differentiation®™'® In the periphery, NKT2 cells can
suppress Th1l-mediated tissue damage and promote B-cell
differentiation and antiviral antibody production.'*'> The high
levels of IL-4 and IL-13 produced by NKT2 cells in the mucosal area
also play an important role in the pathogenesis of ulcerative colitis
and allergen-induced airway hyperactivity.'®"”

The differentiation of NKT2 cells in the thymus is not fully
understood. iNKT cells are positively selected by thymic cortex-
resident CD4 and CD8 double-positive (DP) thymocytes present-
ing glycolipids in the context of CD1d molecules. According to the
conventional linear maturation model, the post-selected
CD24"'CD69"CD44'°NK1.1~ (stage 0 or STO) cells downregulate

their CD24 and CD69 levels and differentiate into CD24'C-
D44'°NK1.1~ (ST1) cells. ST1 cells then upregulate CD44
(CD44"NK1.17, ST2) and eventually acquire NK1.1 (CD44*"NK1.17,
ST3). IL-4-expressing NKT2 cells can be found in ST1 and ST2 cells.?
As key transcription factors were identified in iNKT subsets, such
as PLZF and GATA3, in NKT2 cells, a transcription factor-based
lineage differentiation model was also developed.” Wang et al."?
further used the expression of CCR7 to define the precursor cells
of these iNKT subsets, NKTp (CD24'*’~CCR7"CD44'), which can
either reside in or emigrate from the thymus and differentiate into
various effector iNKT subsets. Thus, iNKT cells at ST1 and ST2 may
contain both NKTp and terminally differentiated CCR7IL-4 NKT2
cells. The results from single-cell RNA sequencing showed that
CD27MCD4"CD24~ iNKT cells with preferential expression of
multiple NKT2-specific genes had high heterogeneity and may
contain several differentiation states.'® These results indicate that
more work is needed to characterize the key events and
regulation involved in NKTp-to-NKT2 differentiation.

The fate determination of NKT2 cells has been reported to
require strong TCR signaling during positive selection to induce
the highest level of the signature transcription factor PLZF.'9?'
iNKT cells with Plzf deficiency had defects in NKT2 development as
well as failure to upregulate CD44 and undergo proliferation/
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effector differentiation.?? However, this high expression of PLZF
and likely positive selection in the thymic cortex are not sufficient
to drive the full differentiation program of NKT2 cells, as the
premature egress of post-selected CD247PLZF" (STO) iNKT cells in
CD69 '~ mice severely affects the differentiation of NKT2 cells but
not NKT1 or NKT17 cells.?® Signals from the thymic medullary
microenvironment have been reported to regulate iNKT differ-
entiation/maturation. For instance, transplantation with thymus
grafts devoid of Relb-dependent mTECs selectively reduces CD44™
iNKT cell numbers without affecting post-selected STO and
ST1 cells.**?” Supplementation with IL-15-IL-15R complexes only
increased the number of NKT1-enriched CD44"NK1.1" ST3
cells.”*?* Thus, the roles of thymic medulla on the differentia-
tion/maturation of NKT2/17-enriched CD44"NK1.1~ ST2 cells
remain elusive.

Recently, the transmembrane protein TRAF3-interacting protein
3 (TRAF3IP3) was found to regulate the positive selection of
conventional T cells by promoting MEK/ERK signaling at the
Golgi®® Whether this pathway is required for iNKT-positive
selection is under debate.?>2 We thus made our initial goal to
investigate whether TRAF3IP3 is also involved in the positive
selection of iINKT cells. SurprisinglRI, we did not observe altered
iNKT positive selection in Traf3ip3"1Cd4"® mice. Instead, defects
in the differentiation of IL-4-producing CD44" NKT2 cells were
found. The molecular mechanisms and contribution of the
medullary thymic microenvironment to NKT2 differentiation were
then investigated.

MATERIALS AND METHODS

Mice

Traf3ip3"" mice and Cd4-Cre transgenic mice were kindly
provided by Professors Hongshan Zhao (Peking University, China)
and Lilin Ye (Army Medical University, China), respectively. LTPR-
deficient (Ltbr /™), Ltbr"", Cd11c-Cre, Ccr2™/~, and Batf3 ™/~ mice
were kindly provided by Professors Mingzhao Zhu (Chinese
Academy of Sciences, China), Yu Zhang (Peking University Health
Science Center, China), and Li Wu (Tsinghua University). C57BL/6
congenic mice (CD45.17 and CD45.2") were purchased from
Peking University (Beijing, China). All mice were on a C57BL/6
background and were used at 8-12 weeks of age. The animals
were kept in a specific pathogen-free facility at Peking University
(Beijing, China). The experimental procedures on the use and care
of animals were approved by the Ethics Committee of Peking
University.

Bone marrow reconstitution

CD45.1" WT or CD45.2" TRAF3IP3KO recipients were subjected to
lethal irradiation (900 rads). Six hours later, WT (CD45.1") and
TRAF3IP3KO (CD45.2™") bone marrow cells were mixed at a 1:1
ratio, and a total of 5x 10° cells were injected intravenously into
recipient mice. The mixed bone marrow chimeric mice were
analyzed 8 weeks after transplantation. Lethally irradiated
CD45.1" WT or CD45.2%Ltbr~’~ recipients were reconstituted
with Ltbr~/~ (CD45.2") or WT (CD45.1") bone marrow cells (5 x
109), respectively. The recipients were analyzed 8 weeks later.

iNKT cell isolation

Single-cell suspensions of thymocytes were incubated with anti-
CD8 (3.155) monoclonal antibody and complement (guinea pig
sera) to remove CD8" cells. After two cycles of killing and
removal of dead cells by density centrifugation, the cells were
stained for antibodies against TCRB, CD24, CD44, NK1.1, and
CD1d-tet. Total iNKT cells or iNKT cells at STO-3 were sorted
using FACS Aria Il (BD Biosciences, San Diego, CA, USA). The
purification of TCRBTCD1d-tet™ iNKT subsets by flow cytometry®
was performed as follows: NKT1, CD122", NKT2, CD122 CD4",
NKT17, CD122CD4".
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In vitro cytokine production

Cells isolated from the thymus of WT and TRAF3IP3KO mice were
stimulated in a 24-well plate with 100 ng/ml PMA, 1 pug/ml
ionomycin, and 3 ug/ml Brefeldin A in complete medium
(Rosewell Park Memorial Institute 1640, 10% fetal bovine serum).
Cells were incubated for 4 h at 37 °C before cytokine detection by
intracellular staining.

Murine iNKT cell-driven hepatitis

To induce acute experimental hepatitis, a single intravenous
injection of a-Galcer (2 pug in 200 uL phosphate-buffered saline)
was administered to each mouse. Two hours later, the levels of
serum IFN-y and IL-4 were measured by enzyme-linked immuno-
sorbent assay. Liver and spleen cells were cultured in the presence
of Brefeldin A for 3 h, and the percentages of IFN-y™, IL-4™, and IL-
17A" iNKT cells were measured by flow cytometry. Twenty hours
after a-Galcer injection, the levels of serum alanine transaminase
(ALT) and aspartate transaminase (AST) were measured using an
automatic analyzer (Mindray, Shenzhen, China). For histopathol-
ogy, livers were excised and fixed overnight in 10% neutral
formalin solution and embedded in paraffin. Sections of 4 um
were prepared and stained with Hematoxylin and Eosin.

Retroviral production and transduction

Constitutively activated mouse MEK1 (MEK1DD, S218D/S222D),
c-Maf, or Traf3jp3 genes were cloned and inserted into the
retrovirus backbone pMSCV-ubc-EGFP. These vectors together with
the helper vector pCL-Eco were co-transfected into HEK 293T cells
using Lipofectamine 2000 (Invitrogen). The supernatant was
harvested 48 h later. For retroviral transduction, DN32.D3 cells were
suspended in retroviral supernatant in the presence of 4 ug/ml
polybrene (Sigma-Aldrich, St Louis, MO, USA) and then spin-infected
at 1500x g for 2h at 32°C. Retroviral supernatants were then
replaced with fresh culture medium after transduction. After
overnight culture, the cells were spin-infected again and cultured
for an additional 48 h before being used for the experiment.

Statistical analysis
The statistical analysis of the results was performed using
GraphPad Prism 6 software (San Diego, CA). An unpaired or
two-tailed paired Student’s t test was used to evaluate the
significance of the differences between two groups. Data are
presented as the mean +SEM. A p value <0.05 was considered
significant (*p < 0.05, **p < 0.01, ***p < 0.005).

Additional experimental procedures are described in the
supplemental Materials and Methods.

RESULTS

TRAF3IP3 deficiency does not affect the positive selection of
iNKT cells

To investigate whether TRAF3IP3 is involved in the positive
selection of iNKT cells, we used Traf3ip3”'Cd4“™ (TRAF3IP3KO)
mice (Fig. S1A). Consistent with the findings by Zou et al,%®
reduced CD4 and CD8 single-positive conventional T cells were
observed in the thymus of TRAF3IP3KO mice (Fig. S1B, Q). In
contrast, the percentages and numbers of total iNKT cells or
iNKT cells at various developmental stages were comparable
between TRAF3IP3KO and wild-type (WT) mice (Fig. 1a, Fig. S1D).
Similar levels of TCRB, CD5, and CD1d tetramer loaded with the
glycolipid PBS57 were also found in KO and WT iNKT cells (Fig. STE).
We then examined DP thymocytes for the expression of CD1d,
SLAMF1, and SLAMF6, which are known to be essential in the
positive selection of iNKT cells. As shown in Fig. 1b, no significant
differences were found between TRAF3IP3KO and WT DP
thymocytes. The presentation of CD1d/glycolipid complexes by
WT and KO DP thymocytes was further compared by incubating
DP thymocytes with DN32.D3 iNKT hybridoma cells in the presence
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Fig. 1 TRAF3IP3 deficiency did not affect the positive selection of iINKT cells. a Flow cytometry analysis of iNKT cells (stained with PBS57-loaded
CD1d tetramer (CD1d-tet) and TCRp) in the thymus. The percentage and number of iNKT cells were calculated. Three independent experiments
were performed with 5-8 mice in each group. b The expression of CD1d, SLAMF1, and SLAMF6 in WT and TRAF3IP3KO DP thymocytes. Data are
representative of three independent experiments. ¢ DN32.D3 NKT hybridoma cells were co-cultured with either WT or TRAF3IP3KO DP
thymocytes in the absence or presence of 100 ng/ml a-GalCer for 24 h. The supernatant was then collected and measured for IL-2 production
by ELISAs. The experiment was repeated twice. d WT (CD45.17) and TRAF3IP3KO (CD45.2") bone marrow cells were mixed at a 1:1 ratio and
injected into lethally irradiated CD45.1 * WT recipients. Eilght weeks later, the ratios of CD45.2 " -to-CD45.2~ (KO-to-WT) in total thymocytes, total
iNKT cells, and iNKT cells at various stages (STO-1, CD44'°NK1.17; ST2, CD44"NK1.17; and ST3, CD44"NK1.1%) are shown. Three chimeric mice
were analyzed. e-i Flow cytometry analysis of Egr2, c-Myc, CD127, BrdU, Ki67, and Annexin V in STO (CD247CD44'"°) iNKT cells from WT and
TRAF3IP3KO mice. BrdU incorporation analysis was performed after 24 h of intraperitoneal BrdU injection (1 mg). At least three independent
experiments were performed. Student’s t test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant

or absence of a-galactosylceramide (a-GalCer). Twenty-four hours During positive selection, the Egr family members are one of
later, comparable levels of IL-2 production were detected in the  the earliest transcription factors induced by TCR signaling.?®*33
samples with WT and KO thymocytes (Fig. 1¢c). We also examined Compared with WT controls, TRAF3IP3KO iNKT cells at STO, a stage
the positive selection of iNKT cells in mixed bone marrow chimeras at which iNKT cells have just undergone positive selection,
in vivo. CD45.2" TRAF3IP3KO and CD45.1" WT bone marrow cells showed similar levels of Egr2 staining (Fig. 1e). Positive selection is
at a 1:1 ratio were co-injected into lethally irradiated CD45.2" also followed by a phase of massive proliferation that depends on
TRAF3IP3KO or CD45.1" WT mice. Eight weeks after reconstitution, c-Myc and IL-7.3*7*7 c-Myc and its target gene expression were
the KO (CD45.2%) to WT (CD45.27) ratio of total thymocytes, total elevated in TRAF3IP3~/~ Treg cells.>® However, the levels of c-Myc
iNKT cells, and iNKT cells at various developmental stages were and CD127 in KO STO iNKT cells were comparable to their WT
similar, irrespective of WT or KO recipients (Fig. 1d and Fig. STF, G). controls (Fig. 1f, g). Similar levels of STO cell proliferation and
This finding indicates that positive selection of iNKT cells is grossly survival were also observed in KO and WT iNKT cells (Fig. 1h, i,
unaffected by TRAF3IP3 deficiency. Fig. S1H-I). Together, our data demonstrated that positive
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selection and early development of iNKT cells were not affected in
TRAF3IP3-deficient mice.

TRAF3IP3 is critical for NKT2 cell effector function

We next determined whether iNKT subsets and effector functions
were affected in TRAF3IP3KO mice. Compared with WT thymi, the
percentage and number of PLZFMRORyt~ NKT2 cells were
significantly lower, whereas those of PLZF°RORyt~ NKT1 and
PLZF™RORyt" NKT17 cells were similar in TRAF3IP3KO cells (Fig. 2a).
NKT2 cells can also be identified by surface expression of IL-17RB
and CD27.>* We found reduced frequencies of IL-17RBTCD27" or
IL-17RB*CD4" iNKT cells in KO thymi (Fig. 2b). Upon PMA and
ionomycin stimulation, TRAF3IP3KO iNKT cells showed significantly
fewer IL-4TIFN-y~ and IL-4TIFN-y™ cells, more IL-4~IFN-y" cells, and
comparable IL-177 cells than WT cells (Fig. 2, d). Because activated
NKT1 cells could secrete IFN-y and IL-4 simultaneously, we further
purified NKT1 (CD122%), NKT2 (CD1227CD4"), and NKT17
(CD122CD4 ") subsets® from WT and TRAF3IP3KO mice. As shown
in Fig. 2e and S2A, only KO NKT2 cells produced less IL-4 upon
stimulation. The low percentages of IL-4" cells in WT and KO NKT1
populations were similar. These results suggest that TRAF3IP3KO
mice have reduced NKT2 cells in the thymus.

We further examined the effector functions of peripheral
iNKT cells by stimulating the mice with a-GalCer via intravenous
injection. Compared with the serum samples obtained from WT
mice, those from TRAF3IP3KO mice had much lower levels of IL-4
(Fig. 2f). Intracellular staining further showed that KO mice had
fewer IL-4"IFN-y" and IL-4"IFN-y~ iNKT cells in the liver and
spleen (Fig. 2g). The serum level of IFN-y and the percentages of
IFN-y*IL-4~ and IL-17" iNKT cells were comparable between WT
and KO mice (Fig. 2f-h). In addition to IL-4, IL-13 expression was
reduced in KO iNKT cells (Fig. 2i). IL-4 produced by iNKT cells was
shown to induce liver damage in a-GalCer-stimulated mice.®
Compared with WT controls, TRAF3IP3KO mice showed less
severe liver damage as measured by histology and ALT/AST levels
(Fig. 2j, k). These thymic and peripheral iNKT cell results
demonstrated that TRAF3IP3KO mice have defects in NKT2 cell
effector functions.

TRAF3IP3 regulates NKT2 cells in a cell-intrinsic manner

To examine whether the reduced NKT2 cells in TRAF3IP3KO mice
are a cell-autonomous defect, the KO or WT recipients recon-
stituted with mixed bone marrow chimera were again analyzed. In
either type of recipient, the percentages of PLZFMRORyt™, IL-
47IFN-y~, and IL-4TIFN-y™ cells were significantly lower in KO than
in WT donor-derived cells (Fig. 3, Fig. S2B, C). The ratios of IL-
47IFN-y" NKT1 and IL-17" NKT17 cells were comparable. This
finding indicates that the defects in NKT2 cells are owing to cell-
intrinsic mechanisms.

TRAF3IP3 deficiency results in impaired expansion and maturation
of NKT2 cells

To investigate how NKT2 differentiation is affected, cell survival
was first measured, and similar ratios of Annexin V' iNKT cells
were found between WT and KO thymi (Fig. 4a). In contrast,
TRAF3IP3KO iNKT cells showed a selective reduction of prolifera-
tion in CD44"NK1.1~ (ST2) or CCR7 CD44"NK1.1~ cells (Fig. 4b).
The expansion of immature CD44"°CD24~ (ST1), CCR7CD24~
(NKTp), or CCR7-CD44"° cells and mature NK1.1* ST3 cells was
similar between WT and KO mice (Fig. 4b). These results suggest
that the expansion of CD44"NK1.1~ iNKT cells is specifically
impaired in TRAF3IP3KO mice.

We also examined IL-4-producing capability and its regulation
of transcription factors in iNKT cells at various developmental
stages. Upon stimulation, a clear IL-4" population measured by
flow cytometry could only be found in CD44* but not CD44"°
iNKT cells (Fig. 4¢). Significantly reduced IL-4" cells were observed
in KO CD44" iNKTs. High expression of PLZF and GATA3

SPRINGERNATURE

determines the IL-4-producing capability of thymic NKT2 cells.
Compared with WT cells, TRAF3IP3KO iNKT cells had lower levels
of GATA3 at both ST1 and ST2 (Fig. 4d, Fig. S2D). PLZF was
substantially upregulated at ST1 and somewhat downregulated at
ST2 in WT iNKT cells. STO and ST3 cells had the lowest levels of
PLZF (Fig. 4e). In TRAF3IP3KO iNKT cells, the expression of PLZF
was reduced specifically at ST2 (Fig. 4e). Thus, within the
CD44"NK1.1~ (ST2) TRAF3IP3KO iNKT population, fewer PLZF"R-
ORyt™ (NKT2) cells and more PLZF°RORyt™ cells were observed
(Fig. 4f). The frequencies of RORyt" (NKT17) cells were similar
between WT and KO ST2 iNKTs. As the levels of T-bet and CD122
expression were similar between WT and KO iNKT cells, irrespec-
tive of developmental stage (Fig. S2E), the increased PLZF'°RORyt ™
cells in CD44" KO iNKTs may contain “poor NKT2” cells that fail to
maintain a high level of PLZF expression.

Egr2 directly activates PLZF transcription in iNKT cells.***' c-Maf
expression regulated by PLZF could restore the production of IL-4
and IL-10 in PLZF '~ iNKT cells.*' Consistent with PLZF expression,
both Egr2 and c-Maf showed a specific reduction in KO ST2
iNKT cells. (Fig. 4g, h, Fig. S2F, G). We also examined c-Maf
expression in PLZF™ NKT2 and PLZF™RORyt" NKT17 subsets as ST2
contains both of these subsets, and c-Maf could also promote IL-17
expression in peripheral iNKT cells.*> Compared with WT cells, a
lower level of c-Maf was found in TRAF3IP3KO NKT2 but not NKT17
cells (Fig. 4i). Specific downregulation of Egr2 and PLZF was also
observed in TRAF3IP3KO iNKT cells when CCR7'CD44"NK1.1~
terminally differentiated cells were gated (Fig. S3A, B). IL-17RB
expression can also define NKT2 and IL-4 production. SLAMF6 was
recently reported as one of the NKT2 signature molecules.'® As
shown in Fig. 4j and Fig. S3C, D, lower levels of IL-17RB and SLAMF6
were found in ST2 but not ST1 iNKT cells in KO mice. Together,
these data suggest that TRAF3IP3 is involved in regulating the
expansion and functional maturation of CD44" NKT2 cells.

MEK1/ERK activation facilitates NKT2 functional maturation

The ERK cascade regulates GATA3 stability, /[4 transcription, and
Th2 differentiation in mature T cells,**** whereas TRAF3IP3 has
been shown to promote MEK/ERK signaling in DP thymocytes.”®
We thus measured MEK/ERK activation in iNKT cells. In WT cells,
the phosphorylation of MEK and ERK was higher at ST1-2 than at
STO (Fig. 5a). TRAF3IP3KO iNKT cells, however, showed reduced
MEK and ERK activation at both ST1 and ST2 (Fig. 5a). Similarly,
lower levels of phosphorylated ERK were observed in
CCR77CD44° and CCR7 CD44"NK1.1~ iNKT cells in KO mice
(Fig. 5b). The levels of MEK/ERK activation in post-selected STO and
CCR7" NKTp cells were comparable between WT and KO mice
(Fig. 5a, b). In contrast, WT and KO iNKT cells at all stages showed
similar levels of SLP-76 phosphorylation (Fig. S3E).

To examine whether MEK/ERK activation contributes to NKT2
maturation, DN32. D3 cells were transduced with retrovirus
expressing a constitutively active form of MEK1 (MEK1DD).*®
Compared with the cells with WT MEK, those with MEK1DD
showed augmented ERK activation and elevated Egr2 and /4
transcription and protein expression (Fig. 5c—e). The expression of
c-Maf was also higher in the cells transduced with MEK1DD (data
not shown). These data suggest that MEK/ERK activation at ST1
(CD44") likely facilitates the functional maturation of NKT2 cells.

TRAF3IP3 at the trans-Golgi network promotes MEK recruitment
and subsequent ERK activation

We next investigated how TRAF3IP3 regulates MEK/ERK activity in
iNKT cells. In DN32.D3 cells that were transduced with TRAF3IP3-
expressing retrovirus, ERK phosphorylation and nuclear transloca-
tion were substantially elevated in the presence of anti-CD3
antibody (Fig. 6a, b). An interaction of TRAF3IP3 with MEK1 was
detected in DN32.D3 cells (Fig. 6¢). As the transmembrane protein
TRAF3IP3 was found at Golgi in conventional T cells and
lysosomes in regulatory T cells,®*® we then used confocal
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Fig. 2 NKT2 differentiation and function were impaired in TRAF3IP3KO mice. a Flow cytometry analysis of NKT1 (PLZF'°RORyt™), NKT2
(PLZF"RORyt ™), and NKT17 (PLZF™RORyt") cells in thymic CD1d-tet " TCRp"CD24~ iNKT cells obtained from WT and TRAF3IP3KO mice. The
percentage and number of NKT1, NKT2, and NKT17 cells were calculated. Four independent experiments were performed with 5-7 mice in
each group. b Comparison of IL-17RB*CD27" or IL-17RBTCD4" NKT2 (CD1d-tet TCRf™) cells in WT and TRAF3IP3KO thymi. Data are
representative of three independent experiments. c¢-d Intracellular staining of IFN-y, IL-4, and IL-17A in thzmic CD24 ™ iNKT cells after 4 h of
PMA and ionomycin stimulation. Data are representative of 3-5 independent experiments. e CD122" NKT1, CD122-CD4" NKT2, and
CD1227CD4~ NKT17 cells were purified by flow cytometry and stimulated with PMA and ionomycin. The intracellular staining of IL-4 was
performed 4h later. f Analysis of serum IFN-y and IL-4 levels by ELISAs. WT and TRAF3IP3KO mice were stimulated with o-GalCer
via intravenous injection. The sera were collected 2 h later. Two independent experiments were performed with three mice in each group.
g-h Flow cytometry analysis of IFN-y*, IL-4", and IL-17A" peripheral iNKT cells 2 h after a-GalCer injection. Data are representative of three
independent experiments. i Quantitative PCR analysis of //73 transcription in purified CD1d-tet" TCRE" liver iNKT cells 3 h after a-GalCer
injection. Four mice were analyzed. j Representative H&E staining of liver sections obtained from a-GalCer-stimulated WT and TRAF3IP3KO
mice. The scale bar is 50 pm. k Quantification of serum ALT and AST obtained from a-GalCer-stimulated mice. Data are representative of two
independent experiments with 4-5 mice in each group
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Fig. 3 TRAF3IP3 regulated NKT2 differentiation in a cell-intrinsic manner. WT (CD45.1") and TRAF3IP3KO (CD45.2™) bone marrow cells were
mixed at a 1:1 ratio and injected into lethally irradiated CD45.1" WT a-b or CD45.2" TRAF3IP3KO c-d recipients. a-b Flow cytometry analysis
of iNKT subsets including PLZF'°RORyt~, PLZFMRORyt ™, and PLZF™RORyt" a and cytokine production upon stimulation b in thymic iNKT cells
obtained from WT recipients. c¢-d iNKT subsets ¢ and cytokine production d analysis of thymic iNKT cells obtained from TRAF3IP3KO

recipients. Data are representative of three chimeric mice in each group

microscopy to examine the cellular localization of TRAF3IP3 in
iNKT cells. As shown in Fig. 6d, 70% of TRAF3IP3 colocalized with
the trans-Golgi network (TGN) marker TGN46, whereas only 30%
overlapped with the lysosomal marker LAMP1 (Fig. 6d). We also
found overlapping distributions of MEK and TRAF3IP3, MEK, and
TGN46 in WT iNKT cells (Fig. 6e, f). In TRAF3IP3KO iNKT cells,
reduced colocalization of MEK and TGN46 was observed (Fig. 6f).
These data indicated that TRAF3IP3 at the trans-Golgi network
promotes MEK1 recruitment and subsequent ERK phosphorylation
and nuclear translocation in iNKT cells.

The LTBR-regulated medullary thymic microenvironment
promotes MEK/ERK activation and NKT2 maturation

As NKTp cells in the thymus migrate from the cortex to the
medulla to continue their iNKT subset differentiation, we next
investigated whether the medullary microenvironment provides
signals for MEK/ERK activation in CCR7~CD44'" iNKT cells. Altered
thymic medulla can be found in mice with lymphotoxin 3 receptor
(LTBR) deficiency that leads to impaired negative selection of
conventional T cells and emigration of iNKT cells.'®* The
differentiation of NKT2 was not examined in these mice. We
found that iNKT cells in mice with global deletion of Ltbr had
selective reduction of ERK phosphorylation and PLZF expression at
ST1-2 and decreased IL-4" cells upon stimulation (Fig. 7a, b),
mimicking the phenotype obtained from TRAF3IP3KO mice. LTBR

SPRINGERNATURE

is expressed in a variety of nonlymphoid cells. To determine
whether thymic stromal cells or bone marrow-derived nonlym-
phoid cells regulated by LTBR contribute to NKT2 maturation,
lethally irradiated WT or Ltbr '~ recipients were reconstituted with
Ltbr~'~ or WT bone marrow cells, respectively. As shown in Fig. 7¢,
similar reductions in ERK phosphorylation, PLZF expression, and
IL-4" cell frequency were found in WT recipients with Ltbr=/~
bone marrow cells but not Ltbr /= recipients with WT bone
marrow cells. Bone marrow-derived dendritic cells (DCs) have
been shown to be critical for thymic negative selection of
iNKT cells and differentiation of NKT17 cells.'**® We thus used
Cd11c-Cre to delete Ltbr in medullary DCs or used Batf3™'~ and
Ccr2™'~ to specifically delete CD8a™t and CCR2* DCs, respectively.
However, none of these mice showed altered PLZF expression or
ERK activation in iNKT cells (Fig. 7d-f). These results indicate that
LTBR-regulated bone marrow-derived nonlymphoid cells play an
important role in MEK/ERK activation and NKT2 maturation.
However, the specific cell type that regulates NKT2 maturation
awaits further investigation.

DISCUSSION

The differentiation of iNKT subsets is regulated by a variety of
signaling pathways activated at the right stage and at appropriate
levels. In the current study, we demonstrated that MEK/ERK
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Fig. 4 TRAF3IP3KO mice had defects in NKT2 cell expansion and maturation. a Flow cytometry analysis of Annexin V' cells in WT and
TRAF3IP3KO thymic iNKT cells. The experiment was repeated three times. b Comparison of cell proliferation (Ki67 and BrdU staining) in various
WT and KO NKT subpopulations (5T1-3 and CCR7*, CCR7~CD44"°, and CCR7 CD44%"). Three independent experiments were performed.
c Intracellular staining of IL-4 in CD44' and CD44 ™ thymic iNKT cells after 4 h of PMA and ionomycin simulation. The experiment was repeated
three times. d-e Flow cytometry analysis of GATA3 d and PLZF e expression in WT and KO thymic iNKT cells at various stages. f Comparison of
PLZF and RORyt expression in CD44+NK1.1~ (ST2) iNKT cells in WT and KO mice. g-h Flow cytometry analysis of Egr2 and c-Maf expression in
WT and KO thymic iNKT cells at various stages. i Comparison of c-Maf expression in WT and KO PLZF" NKT2 cells and RORyt" NKT17 cells.
j Flow cytometry analysis of IL-17RB and SLAMF6 in WT and KO iNKT cells at various stages. Data represent three independent experiments
with at least three mice in each group
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Fig. 5 Activation of the MEK/ERK signaling pathway promoted NKT2

maturation. a Flow cytometry analysis of phosphorylated MEK (p-MEK)

and p-ERK in WT and TRAF3IP3KO thymic iNKT cells at various stages. b Comparison of p-ERK expression in CCR7* and CD24 CCR7~ iNKT
subpopulations between WT and KO mice. ¢ Enhanced ERK phosphorylation in DN32.D3 cells infected with MEK1DD (Ser218 to Asp, Ser221 to
Asp)-expressing retrovirus. d Overexpression of MEK1DD increased Egr2 transcription (left) and protein expression (right) in DN32. D3 cells.
e Overexpression of MEK1DD promoted //4 transcription (left) and protein expression (right) upon PMA and ionomycin stimulation. Data are

representative of three independent experiments

activation in CCR7~CD44" iNKT cells is critical for the functional
maturation and expansion of CD44" NKT2 cells in the thymic
medulla. TRAF3IP3 at the trans-Golgi network promotes the
recruitment of MEK1 and the subsequent phosphorylation and
nuclear translocation of ERK during NKT2 maturation.
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Thymic PLZF" NKT2 cells with positive //4 transcripts can be
found in both CD44"° ST1 and CD44" ST2 cells.>~>"3 The difference
between and the relationship of ST1 and ST2 in terms of NKT2
differentiation remains elusive. We found that CD44" iNKT cells
were the only population in the WT thymus that could produce
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Fig. 7 The LTPR-regulated thymic medullary microenvironment promotes MEK/ERK activation and NKT2 maturation. a Flow cytometry
analysis of p-ERK and PLZF in thymic iNKT cells in WT and Ltbr~'~ mice. b Intracellular staining of IL-4 in WT and Ltbr =/~
stimulation. ¢ Expression of p-ERK, PLZF, and IL-4 (after stimulation) in donor-derived thymic iNKT cells. WT-to-KO, lethally irradiated Ltbr—/~
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and Ltbr~'~ mice, respectively. The experiments were repeated twice with three mice in each group. d-f Flow cytometry analysis of p-ERK and
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high levels of IL-4 protein upon stimulation. In TRAF3IP3KO
thymus, the IL-4-producing capability was impaired. The transcrip-
tion factors and surface molecules that are closely associated with
IL-4 expression, including PLZF, c-Maf, IL-17RB, and SLAMF6, were
also specifically reduced in ST2 and CCR7~CD44™" cells. These data
demonstrated the importance of committed NKT2 cells
(CD24~CCR7~CD44"°PLZF"ll4-transcriptt) to undergo a tightly
regulated maturation process to expand, upregulate their CD44
expression, and acquire a full capacity of IL-4 protein expression
upon activation. This finding further suggests that care should be
taken when interpreting the number and percentage of ST2
iNKT cells or PLZF°RORyt™ NKT1 cells. iNKT cells at ST2 contain not
only terminally differentiated NKT2, NKT17, and immature
PLZF'°NK1.1"NKT1 cells (Fig. 4)'® but also “poor NKT2” cells that
fail to maintain high PLZF/GATA3 expression and acquire an IL-4-
producing capability upon stimulation. Thus, the study of iNKT
subset differentiation requires a full evaluation of cytokine
production as well as a set of key transcription factors, such as
GATA3 and T-bet.

Appropriate ERK activation has been reported to play an
important role in the expansion and cytokine production of
peripheral iNKT cells. For instance, RASAL3-deficient mice with
hyperactivated Ras/ERK and TPL2-deficient mice with hypoacti-
vated ERK all showed severe defects in IL-4 and IFN-y production
in liver iNKT cells upon a-GalCer or ConA stimulation.*'>? Similar
results were found in activated splenic iNKT cells in the presence
of ERK inhibitor U0126.*” We also observed decreased IL-4TIFN-y~
and IL-41IFN-y" iNKT cells in the liver and spleen of TRAF3IP3KO
mice upon a-GalCer stimulation. The percentage of IL-47IFN-y™
and IL-17" iNKT cells or serum IFN-y was not affected. Our thymic
iNKT cell data further indicated that the MEK/ERK signaling
pathway has a critical role in promoting the functional maturation
of NKT2 cells in the thymic medulla. Thus, ERK phosphorylation
was reduced in ST1 and ST2 iNKT cells in TRAF3IP3KO and Ltbr '~
thymi. Overexpression of active MEK1 resulted in augmented ERK
activation and increased IL-4 production in iNKT cells. NKT17 cells
and immature NK1.1~ NKT1 cells can also be found at ST2
(Fig. 4f),"® and the levels of TRAF3IP3 expression were similar
among iNKT cells at various stages (data not shown), which further
suggests that the expression levels of T-bet/RORyt and IFN-y/IL-17
are not dependent on MEK/ERK activity.

The kinetics, duration, and strength of ERK signaling are
regulated by subcellular localization and interaction with other
signaling cascades or anchoring proteins.*® The Golgi apparatus is
one such subcellular organelle that serves as a signaling platform
to facilitate mitotic Golgi fragmentation and signaling to cytosolic
substrates while suppressing MEK/ERK dissociation and ERK
translocation to the nucleus.**=>' The data from our experiments
indicate that Golgi localization can also have a positive effect on
the nuclear functions of ERK. At least in iNKT cells, the TGN-
localized transmembrane protein TRAF3IP3 interacts with MEK1
and facilitates ERK phosphorylation and nuclear translocation. The
nuclear localized ERK likely promotes at least Egr2 transcription via
phosphorylation of the Ets transcription factor ELKs.>2

Thus, we demonstrated the importance of a functional matura-
tion step in NKT2 differentiation in thymic medulla. This NKT2
maturation process requires MEK/ERK activation in CD24 CCR7™
CD44"°NK1.1~ iNKT cells and is promoted by TRAF3IP3 at the trans-
Golgi network. LTBR-regulated bone marrow-derived nonlymphoid
cells in the medullary thymic microenvironment contribute to ERK
activation and NKT2 maturation.
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