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Invariant TCR-triggered protein kinase D activation
mediates NKT cell development

Eri Ishikawa'?@®, Hidetaka Kosako>®, Daisuke Motooka*®, Mai Imasaka®®, Hiroshi Watarai®®, Masaki Ohmuraya®®, and Sho Yamasaki2”2@®

Development of invariant natural killer T (iNKT) cells in the thymus requires cell-cell interaction through invariant TCR (iTCR)
and CD1d, which induces expression of the transcription factor, promyelocytic leukemia zinc finger (PLZF). However, the
signaling pathway linking iTCR and PLZF remains unclear. Here, we report that a serine/threonine kinase, protein kinase D
(PKD), plays a pivotal role in iNKT cell development. In T cell-specific PKD-deficient (Prkd2/32¢°4) mice, PLZF induction and
iNKT cell generation were severely impaired, which were rescued by introduction of a PLZF transgene. We identified the
transcription factor Ikaros as a substrate of PKD upon iTCR stimulation. Knock-in mice carrying a phosphorylation-defective
mutant Ikaros (Ikzf15267/2754) exhibited an impairment of iNKT cell development, whereas conventional T cells were normal. In
iNKT cells, lkaros binds to the upstream region of the PLZF gene to induce its transcription. Mutant mice lacking the Ikaros-
binding site (Zbtb16*'®5) generated fewer iNKT cells than WT mice. These results suggest that PKD links iTCRs to PLZF
induction through lkaros, thereby mediating iNKT cell development.

Introduction

Invariant natural killer T (iNKT) cells are a subset of innate-like
T cells and are rapidly activated to exert effector functions by
lipid antigens, such as a-galactosylceramide (a-GalCer), and
exposure to cytokines (Brennan et al., 2013). While conventional
T cells are selected by recognition of self-peptides presented on
MHC molecules on thymic epithelial cells, development of
iNKT cells requires interaction with CD4*CD8* double-positive
thymocytes through iTCR-CD1d and SLAM family molecules
(Lantz and Bendelac, 1994; Godfrey and Berzins, 2007). Several
self-derived lipid antigens (Birkholz and Kronenberg, 2015),
including endogenous a-GalCer (Hosono et al., 2025), have been
reported. Selected thymic iNKT cells undergo multiple matura-
tion steps to differentiate into iNKT1, iNKT2, and iNKT17 subsets
(Godfrey et al., 2010; Das et al., 2010; Constantinides and
Bendelac, 2013; Wang and Hogquist, 2018).

Signaling through iTCR/SLAM plays an essential role in
iNKT cell development, as evidenced by developmental arrest
observed in mice lacking CD3(, Lck, Zap70, Lat, Slp-76, Vav, Itk,
SAP, and Fyn (Godfrey et al., 2010). During iNKT cell develop-
ment, iTCR engagement upregulates the transcription factor
promyelocytic leukemia zinc finger (PLZF) (encoded by Zbtbl6)
(Chen et al., 2017), which is essential for the specification of

unconventional T cells (Kovalovsky et al., 2008; Savage et al.,
2008; Kreslavsky et al., 2009; Koay et al., 2016). PLZF induces
multiple genes that determine characteristics of iNKT cell
identity, such as effector functions and migration features (Mao
etal., 2016). Although the transcription factors involved in PLZF
upregulation have been reported (Seiler et al., 2012; Mao et al.,
2017), the signaling pathway leading from the cell surface iTCR
to the nucleus, which mediates the induction of PLZF, has not
been fully understood.

Protein kinase D (PKD) comprises a serine/threonine kinase
family classified as Ca2*/calmodulin-dependent protein kinases
(Rozengurt et al., 2005). PKDs are known to be localized in the
nucleus upon stimulation (Rey et al., 2001; Irie et al., 2006)
and phosphorylate nuclear substrates (Rozengurt et al., 2005).
Among three similar isoforms (PKD1/2/3), only PKD2 and PKD3
are expressed in T cells and phosphorylated upon TCR stimu-
lation (Irie et al., 2006; Matthews et al., 2010; Ishikawa et al.,
2016). As the depletion of all PKD isoforms from double-negative
thymocytes using Lck-Cre transgenic mice impaired positive
selection of conventional T cells (Ishikawa et al., 2016), we
sought to examine their precise roles in iNKT cell development
using mouse models lacking PKD after this check point.
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In this study, we found that the development of iNKT cells,
but not conventional T cells, is severely impaired in Cd4-Cre-
driven T cell-specific PKD-deficient mice. Proteomic analyses
identified a novel PKD substrate, Ikaros, which contributes to
PLZF induction. These results reveal the selective role of PKD in
iNKT cell development.

Results

Loss of PKD results in defective iNKT cell generation

We have established mice lacking PKD in T cells by crossing
PKD2flox/flox  pgp3flox/flox mice with Lck-Cre Tg mice (Prkd2/
32Lck) In the thymus of Prkd2/32M<k mice, both the proportion
and number of iNKT cells were severely decreased as assessed by
PBS-57 (a-GalCer analog)-loaded CD1d tetramer (Fig. 1 A). As
Prkd2/3°Lk mice impaired thymic selection of conventional
T cells (Ishikawa et al., 2016), we also established Cd4-Cre-
mediated T cell-specific PKD2/3-deficient (Prkd2/32°P4) mice,
which are deficient in PKD at later stages (Lee et al., 2001). Im-
portantly, the total number of thymocytes as well as the per-
centages of CD4-CD8~ (DN), CD4*CD8* (DP), CD4-CD8"* (8SP),
and CD4*CD8" (4SP) populations, were not affected in Prkd2/
32CP4 mice (Fig. S1 A and Fig. 1 B). Similarly, regulatory T cells
and y8 T cells developed normally in Prkd2/3P* mice (Fig. S1, B
and C). However, the number and proportion of CD1d tetramer*
iNKT cells were selectively decreased in Prkd2/32CP4 mice (Fig. 1
C and Fig. S1 D). Moreover, innate-like T cells other than
iNKT cells, such as mucosal-associated invariant T (MAIT) cells
and y8 NKT cells (PLZF*TCRVy1.1'V86.3") (Kreslavsky et al.,
2009), were decreased in Prkd2/32°P4 mice (Fig. S1, E and F).

Since iNKT cells are selected by CD1d on DP thymocytes
(Bendelac, 1995), we first examined surface molecules involved in
antigen-presenting function on DP thymocytes. On the surface of
Prkd2/3°P4 DP thymocytes, CD1d and SLAM family molecules
were normally expressed (Fig. 1 D). To further confirm which re-
sponding thymocytes or antigen-presenting cells are responsible
for the iNKT cell defect in the absence of PKD, we complemented
PKD-sufficient selecting DP thymocytes by 1:1 mixed bone marrow
(BM) chimeras of WT and Prkd2/32°P* cells in T cell-deficient
Cd3e”>/2> mice. In the recipient thymus at 10 wk after BM trans-
plantation, Prkd2/32P4 BM cells did not give rise to iNKT cells even
in the presence of WT DP thymocytes (Fig. 1 E), indicating that
PKDs are intrinsically required for iNKT cell generation.

We suspected that the decreased number of iNKT cells in
Prkd2/3P* mice might be due to a survival defect in iNKT cells;
however, ectopic expression of anti-apoptotic protein Bcl-2 did
not restore the generation of iNKT cells (Fig. S1 G), suggesting
that these defects cannot be explained solely by the viability of
PKD-deficient iNKT cells.

Role of PKD at different stages of iNKT cell development

We next evaluated which stage of iNKT cell development and
maturation is affected by loss of PKD. Within CD69- preselected
DP thymocytes, the rearrangement of Travil to Trajl8 to generate
the invariant iNKT TCRa chain was normal in the absence of
PKD (Fig. 2 A). Furthermore, the developmental defect was un-
likely due to the low-affinity clonotypes used by iNKT TCR in
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Prkd2/32CP% mice, as top 5 clonotypes from WT and Prkd2/34¢P4
mice responded similarly to aGalCer-loaded CD1d (Fig. S2, A and
B). We therefore examined the maturation stages of thymic
iNKT cells by CD24, CD44, and NK1.1 expressions. CD1d tetra-
mer* iNKT cell numbers at the stages 1, 2, and 3 were severely
decreased, while the most immature, stage 0, iNKT cells
(CD24*CD44"NK1.1") accumulated in Prkd2/3°°P* mice (Fig. 2 B
and Fig. S3 A), suggesting developmental arrest at this stage.
This is also confirmed by the analysis of iNKT cell subsets as-
sessed by the expressions of RORyt and PLZF (Lee et al., 2013).
Consistent with the fact that stage 3 mainly consists of iNKT1
(Lee et al., 2013), the proportion of iNKT1 and IFNy-producing
iNKT cells were significantly reduced in Prkd2/32°P* mice (Fig.
S3, B and C). Moreover, CD5 expression, which represents the
summation of TCR signaling intensity (Azzam et al., 1998), was
decreased in Prkd2/32°P* mice (Fig. 2 C), suggesting that iTCR
signaling was impaired in the absence of PKD.

We further examined the gene signature of thymic iNKT cells
using single-cell RNA- and TCR-sequencing (scRNA/TCR-seq).
Consistent with the results of flow cytometric analysis, iNKT
clonotype (Travll-Trajl8)-expressing cells in the iNKT1, but not
iNKT17, cluster were decreased in Prkd2/3°CP* cells (Fig. 2 D; and
Fig. S3, D and E). Indeed, type 1 effector signature genes, such as
Gzma, Gzmb, and Klra9, were severely downregulated in Prkd2/
34CD4 iNKT cells (Fig. S3 F). In addition, inhibitory molecules
Pdcdl and Lag3 were upregulated in PKD2/3-deficient iNKT cells
(Fig. S3, F and G), suggesting that PKD2/3 may contribute to the
maintenance of activation status of iNKT cells.

A similar trend was confirmed by the chromatin landscape
revealed by single-cell ATAC-sequencing (scATAC-seq) (Fig. 2 E;
and Fig. S3, Hand I). iNKT cells are known to undergo silencing of
CD8 during maturation to become CD4*CD8" population (Engel
et al., 2010). However, the chromatin condensation of Cd8a and
Cdsbl loci (Fig. S3 I) and their downregulation (Fig. S3 F) were
impaired in Prkd2/3P* iNKT cells. Accordingly, aberrant CD8-
expressing (CD4*CD8* and CD4-CD8*) thymic iNKT cells emerged
in Prkd2/3P* mice (Fig. S3 J). One of the factors silencing CD8
locus is a transcription factor ThPOK (gene symbol, Zbtb7b) (Wang
etal., 2008a), which determines CD4 lineage commitment (Muroi
et al., 2008; Egawa and Littman, 2008). Consistent with this, the
expression of ThPOK and chromatin accessibility of its promoter
were reduced in Prkd2/32°P4 iNKT cells (Fig. S3, F and I).

Role of PKD in PLZF induction

In thymic iNKT cells, the engagement of iTCR/SLAM induced
rapid phosphorylation of PKD (Fig. 3 A). The same stimulation
also upregulated the transcription of PLZF (Dutta et al., 2013),
whereas it was impaired in the absence of PKD (Fig. 3 B). This
was consistent with the analysis of iNKT cells during maturation
stages in mice. PLZF protein was drastically upregulated from
stage 0-1 and decreased to intermediate levels in stage 2 and 3
(Savage et al., 2008) (Fig. 3 C). However, in PKD-deficient mice,
PLZF induction at stage 1 was severely impaired (Fig. 3 C). Other
transcription factors involved in iNKT cell development (Seiler
etal., 2012; Dose et al., 2009) were not strongly affected (Fig. S4
A). These results suggest that iTCR signaling leading to PLZF
induction is uncoupled in the absence of PKD.
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Figure 1. PKD deficiency impairs iNKT cell generation. (A) Representative FACS profiles of iNKT cells in the thymus from WT and Lck-Cre-mediated PKD-
deficient mice (left) and bar graphs of the proportions (middle) and cell numbers (right) of INKT cells in the thymus. Each symbol represents an individual mouse
(n = 4-6), and the bar graphs indicate mean + SD of proportions or cell numbers. (B) Representative FACS profiles of CD4 and CD8 expression on thymocytes
(left) and bar graphs of the proportions of CD4-CD8- (DN), CD4*CD8* (DP), CD4*CD8" (4SP), and CD4-CD8* (8SP) cells (right) from WT, Cd4-Cre-mediated
PKD2-deficient (Prkd22<P4), PKD3-deficient (Prkd32<P4), and PKD2/3-deficient (Prkd2/32°*) mice (n = 5). (C) Representative FACS profiles of iNKT cells in the
thymus, spleen, and liver (left) and bar graphs of the proportions (middle) and cell numbers (right) of thymic iNKT cells from the indicated mouse strains (n = 5-
6). (D) Expression of CD1d, SLAMF6, and SLAMF1 on DP thymocytes from WT and Prkd2/32P4 mice. Open histograms, no stain. Filled histograms, Ab stain.
(E) Analysis of iNKT cell generation in the thymus of Cd3e2/45 mice that were transferred with a mixture of Ly5.1* WT and Ly5.2* Prkd2/32P4 BM cells. 10 wk
after BM transplantation (BMT), the proportion of iNKT cells within Ly5.1* or Ly5.2* thymocytes was analyzed. Representative FACS profiles (left) and bar
graphs of the frequencies of thymic iNKT cells from three recipient mice (right) are shown. Each symbol represents an individual mouse, and the bar graphs
indicate mean + SD of proportions or cell numbers (A-C and E). Data are representative of two independent experiments (D and E). Statistical significance was
determined by unpaired two-tailed Student’s t test (A) or one-way ANOVA followed by Tukey’s multiple comparison test (C). *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001.

Ishikawa et al. Journal of Experimental Medicine
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Figure 2. Impaired thymic iNKT cell maturation in PKD-deficient mice. (A) Trav11-Traj18 (Val4-Jal8) TCR rearrangements in CD69- DP thymocytes from
WT and the indicated PKD-deficient mice and in total thymocytes from Traj18~/~ mice were detected by semiquantitative RT-PCR. mRNA expression of Trac
(Ca) was analyzed as a control. Threefold serial dilutions of cDNAs were used as templates. (B) Analysis of maturation stages of WT and Prkd2/32P4 thymic
iNKT cells. Bar graphs show the cell numbers (left) and average proportions (right) of CD1d tetramer* iNKT cells at each stage. Each symbol represents an
individual mouse (n = 5), and the bar graphs indicate mean + SD of cell numbers (left). (C) Surface expression of CD5 on CD1d tetramer* thymic iNKT cells from
WT (open histogram) and Prkd2/32P4 mice (filled histogram). (D) UMAP projection of scRNA-seq data of Trav11-Trajl8-expressing thymic iNKT cells from WT
and Prkd2/34<P4 mice. Within sorted CD1d tetramer* cells, Trav1I-Trajli8-expressing cells were defined by simultaneous scTCR-seq analysis, sub-clustered by
cell identity, and annotated by characteristic gene expression as shown in Fig. S3 D. (E) t-SNE analysis of scATAC-seq data of CD1d tetramer* thymic iNKT cells
from WT and Prkd2/34P# mice. Cells were clustered by cell identity and annotated by features of chromatin accessibility as shown in Fig. S3 H. Data are
representative of two (A) or three (C) independent experiments. Statistical significance was determined by unpaired two-tailed Student’s t test (B). *P < 0.05
and ****P < 0.0001. Source data are available for this figure: SourceData F2.

To assess this possibility, we established PLZF transgenic mice in a WT background did not show any iNKT cell in-
(Zbtbi6 Tg) mice driven by the Cd4 enhancer and promoter creases as reported (Savage et al., 2008; Kovalovsky et al.,
(Fig. S4 B). Zbtbl6 transgene restored both the proportionand 2010). These results suggest that defective PLZF induction
number of iNKT cells in Prkd2/34¢P* mice to levels comparable contributes to the impaired iNKT cell development in the
with WT mice (Fig. 3 D). Notably, we confirmed that Zbtb16 Tg  absence of PKD.

Ishikawa et al. Journal of Experimental Medicine
PKD-lkaros-PLZF axis in iNKT cell development https://doi.org/10.1084/jem.20250541
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Figure3. PKD contributes to the induction of PLZF. (A) Phosphorylation of PKD (pPKD) in thymic iNKT cells upon TCR stimulation by anti-CD3 cross-linking
with or without anti-SLAMF®6. Signals of phosphorylated PKD relative to those of total PKD were quantified using Image] software. (B) Real-time PCR analysis of
PLZF mRNA expression levels in preselection DP thymocytes upon TCR stimulation by plate-bound anti-CD3, anti-SLAMF6 Abs, or both for 48 h. Results are
presented as expression relative to GAPDH. (C) Protein expression of PLZF in CD1d tetramer* thymic iNKT cells at each maturation stage. (D) Representative
FACS profiles (left) and bar graphs of the proportions (middle) and cell numbers (right) of iNKT cells in the thymus from WT, Prkd2/32CP4, and Prkd2/32°P4 x
Zbtb16 Tg mice. Each symbol represents an individual mouse (n = 3-4). The bar graphs indicate mean + SD of proportions or cell numbers. Data are repre-
sentative of two (A and B) or three (C) independent experiments and presented as the mean + SD of triplicate assays (B). Statistical significance was determined
by unpaired two-tailed Student’s t test (B) or one-way ANOVA followed by Tukey’s multiple comparison test (D). *P < 0.05, **P < 0.01, and ****P < 0.0001.

Source data are available for this figure: SourceData F3.

Ikaros is a PKD substrate in iNKT cells

To clarify the downstream signaling of PKD in iNKT cells, we
established a PKD-deficient iNKT cell line and searched for PKD
substrates by phosphoproteomic analysis using tandem mass tag
(TMT) labeling. Despite lacking all PKD isoforms, TCR-induced
Erk phosphorylation was not affected in these cells (Fig. 4 A),
suggesting that PKD does not mediate all TCR signaling pathways.
We therefore used these WT and PKD-deficient iNKT cell lines to
search for PKD substrates. To assess this, we screened TCR-
induced and PKD-dependent phosphopeptides using proteomics.
Trypsin-digested peptides from unstimulated- and TCR-stimulated
cells were labeled with different TMT reagents, mixed, phospho-
peptides purified, and analyzed by mass spectrometry (Koshiba and
Kosako, 2020). We identified 81 phosphopeptides that are increased
in both a stimulation- and PKD-dependent manner, including 26
phosphopeptides possessing the PKD consensus phosphorylation
motif (L/V/1/AxRxxpS/T) (Fig. 4 B). Among these 26 candidates, 14
molecules that are highly expressed in the thymus were evaluated
by Phos-tag-based analysis. Ikaros and Rasal3 were directly phos-
phorylated by recombinant PKD2 and PKD3 in vitro (Fig. 4 C; and
Fig. S5, A and B).

Phosphorylation-defective mutant Ikaros suppresses iNKT

cell development

To examine the in vivo significance of PKD substrates phosphor-
ylation in iNKT cell development, we established knock-in

Ishikawa et al.
PKD-lkaros-PLZF axis in iNKT cell development

mice expressing phosphorylation-defective mutant of Ikaros
(Ikzf15267/2754) and Rasal3 (Rasal3574/°54) (Fig. 4 D and Fig. S5 C).
As phosphorylation sequences (LApSNVAK and SpSMPQK) are
identical between Ikaros and Aiolos (Fig. 4 B), we also generated
Aiolos5260/268A mjce (Fig. S5 D). Among these mice, the percentage
of iNKT cells in the thymus was reduced by half only in
Tkzf1S267/2755 mice (Fig. 4 E and Fig. S5, E-H). We also evaluated the
ability of IkzfIS267/275A thymocytes to give rise to iNKT cells under
competitive condition. CD45.1* WT and CD45.2* IkzfIS267/275A BM
cells were mixed and transferred into T cell-deficient mice to
analyze thymic iNKT cells after 15 wk. Ikzf15267/275A cells could not
efficiently develop into iNKT cells compared with WT thymocytes
(Fig. 4 F), indicating that serine residues of Ikaros (Ser*s’/Ser>’5)
are important for the development of iNKT cells. Of note, the
development of conventional T cells and the expression of CD1d
and SLAM family molecules were normal in IkzfI3267/275A mice
(Fig. S5, I-K).

Ikaros contributes to Zbtb16 induction

We next evaluated the capacity of Ikaros to transactivate Zbtble
gene. To assess this, we searched for potential Ikaros-binding
genomic regions by whole genome chromatin immunoprecipitation-
sequencing (ChIP-seq) using a large number of thymic iNKT cells
collected from iNKT cell-enriched (iNKT-iPS cell-derived) mice
(Watarai et al., 2010; Ren et al., 2014). Preferential binding of
Ikaros to promoter regions in the Zbtblé locus was detected in

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20250541
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Figure 4. Identification of PKD substrates in iNKT cells. (A) Establishment of a PKD-deficient (Prkd2/3-/-) iNKT cell line. Expression of PKD and phos-
phorylation of PKD and Erk upon TCR stimulation by anti-CD3 cross-linking were analyzed by western blotting. Erk and B-actin were detected as loading
controls. Signals of phosphorylated PKD and phosphorylated Erk relative to total Erk expression were quantified using Image] software. (B) Proteomic analysis
of phosphopeptides in unstimulated and TCR-stimulated WT and Prkd2/3~/= iNKT cell lines. The phosphopeptides that were increased in a stimulation- and
PKD-dependent manner (with fold changes >1.5 and 2, respectively) and that also match the consensus motif for PKD substrates are shown. Abundances are
presented as a heat map. (C) Phos-tag SDS-PAGE of GST-Ikaros after in vitro kinase assays in the presence of recombinant active PKD2 or PKD3 for the indicated
times (upper). The arrowhead indicates the phosphorylated form of GST-Ikaros (phospho-lkaros). Phosphorylated bands were quantified and presented as
relative to those at 0 min. (D) Schematic protein structure of phosphorylation-defective mutant Ikaros (Ikaros267/2754) and genomic sequence analysis of
1kzf15267/275A (Ikzf155**) knock-in allele. Locations of mutations are indicated by asterisks. Genomic DNAs were amplified using primers that crossover mutated
bases, and the PCR products were cloned into a vector for sequencing. Six green boxes represent zinc finger domains. (E) Proportions of CD1d tetramer*
iNKT cells in the thymus from WT and Ikzf155** mice. Each symbol represents an individual mouse (n = 6-11). The bar graphs indicate mean = SD of proportions.
(F) Analysis of iNKT cell generation in the thymus of Cd3e25/25 mice that were transferred with a mixture of Ly5.1* WT and Ly5.2* Ikzf155* BM cells. 15 wk after
BMT, the proportion of iNKT cells within Ly5.1* or Ly5.2* thymocytes was analyzed. Each line graph indicates an individual mouse (n = 9). Data are repre-
sentative of two independent experiments (A and C). Statistical significance was determined by unpaired (E) or paired (F) two-tailed Student’s t test. **P < 0.01.
BMT, BM transplantation. Source data are available for this figure: SourceData F4.

thymic iNKT cells compared with total thymocytes (mostly
conventional T cells), which was in sharp contrast to Cd8a
locus (Fig. 5 A), an lkaros target in conventional T cells
(Harker et al., 2002). ChIP-gPCR analysis and luciferase re-
porter assay suggested the functional binding of Tkaros to the
Zbtbl6 promoter (Fig. 5, B and C). The reporter activity was
synergized in the presence of known Zbtbl6 regulator, Egr2,
and dependent on the upstream region (-913 to -732), which

Ishikawa et al.
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overlaps with the ChIP-seq peak and includes Ikaros-binding
motifs (Fig. 5, C and D).

Ikaros function may be mediated by binding partner(s) ex-
pressed in iNKT cells. We thus used proximity biotinylation to
identify molecules that associate with Ikaros upon TCR stimu-
lation. Using an iNKT cell line expressing TurboID-fused Ikaros,
biotinylated peptides were purified and analyzed by mass
spectrometry. Label-free quantification revealed that PKD2
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Figure 5. lkaros regulates transcription of Zbtb16. (A) ChIP-seq analysis of Ikaros binding sites (IBSs) in WT total thymocytes and thymic iNKT cells from
iNKT-iPS cell-derived mice. A part of the Zbtb16 gene containing exons 1and 2 (blue boxes) (left) or the Cd8a gene containing exons 1, 2, and 3 (right), and peaks
associated with promoter region are shown. (B) ChIP-qPCR analysis of Ikaros binding to the promoter region of Zbtb16 in thymocytes from WT mice. Data are
presented as amplification relative to total chromatin input. (C) Luciferase activity in HEK293T cells transfected with a firefly luciferase (luc) expression plasmid
driven by the Zbtb16 promoter and transcription factors, Ikaros and Egr2. The activity is normalized by control Renilla luciferase activity and presented as activity
relative to mock transfection. Schematic structure of a luc reporter construct is shown (upper). (D) Luciferase activity in HEK293T cells transfected with a firefly
luciferase expression plasmid driven by the WT Zbtb16 promoter (left) or a promoter lacking Ikaros-binding motifs (A -0.9 kb) (right) and Ikaros. Schematic
structures of luc reporter constructs used in the assay are shown (upper). (E) A volcano plot of biotinylated peptides from an iNKT cell line expressing TurbolD-
Ikaros with or without TCR stimulation. Peptides derived from PKD2 and NFATc2 were detected as biotinylated peptides that increased upon TCR stimulation.
(F) Luciferase activity in HEK293T cells transfected with a firefly luciferase expression plasmid driven by the Zbtb16 promoter and transcription factors, Ikaros
and NFATc2. (G) Schematic genomic structure of Zbtb16WT and Zbtb162'85 alleles. The Zbtb16 promoter and the region deleted in Zbth16285 allele (IBS) are
shown. (H) Analysis of iNKT cell generation in the thymus of Ragl-deficient mice that were transferred with BM cells from Ly5.1* WT and Ly5.2* Zbth16~'8%
mice. 15 wk after BMT, the proportion of INKT cells within Ly5.1* or Ly5.2* thymocytes was analyzed. Each line graph indicates an individual mouse (n = 8). Data
are presented as the mean = SD of triplicate assays and representative of two independent experiments (B-D and F). Statistical significance was determined by
one-way ANOVA, followed by Tukey’s multiple comparison test (B, C, and F), unpaired (D) or paired (H) two-tailed Student’s t test. ns, not significant. *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P <0.0001. BMT, BM transplantation.
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associated with Ikaros upon TCR stimulation (Fig. 5 E), in ac-
cordance with the observation that Ikaros is a PKD substrate
(Fig. 4, B and C). In addition, NFATc2 was identified as another
Ikaros-interacting protein upon TCR stimulation. This interac-
tion may promote Ikaros function, as co-expression of NFATc2
increased the transcriptional activity of Ikaros (Fig. 5 F).

Finally, to investigate the role of the Ikaros-binding site (IBS)
in the Zbtblé promoter, we established mice in which the up-
stream region (-922 to -483) of the Zbtbl6 gene was deleted
(Zbtb162™9) (Fig. 5 G and Fig. S5 L). In competitive BM chimeras
using Ragl-deficient mice as recipients, CD45.2* Zbtbl6*185 BM
cells generated fewer thymic iNKT cells than CD45.1* WT cells
(Fig. 5 H). These results suggest that the IBSs within the Zbtbl6
promoter are required for iNKT cell development.

Discussion

In this study, we showed a role of PKD family kinases in
iNKT cell development. T cell lineage expresses abundant PKD2,
less PKD3, and no PKD1 (Ishikawa et al., 2016). PKD2 or PKD3
single deficiency (Prkd22°P4 or Prkd32¢P4) and PKD2/3 double
haploinsufficiency (Prkd2/3f°x/+ x Cd4-Cre) had a small effect on
the iNKT cell number, indicating that PKD2 and PKD3 are
functionally redundant. However, the expression level in thy-
mocytes (Ishikawa et al., 2016) and enzyme activity of PKD2
were higher than those of PKD3, which is consistent with the
more substantial effect of PKD2 deficiency compared with PKD3
deficiency.

The reason why PKD is selectively required for iNKT cell
development is unknown, but agonist selection through iTCR
may largely be dependent on PKD compared with peptide-
induced selection of conventional T cells. It is possible that
iTCR and SLAM cooperatively regulate PKD for postselection
proliferation and functional maturation of iNKT cells, including
PLZF induction. Indeed, stimulation via iTCR and SLAM6 syn-
ergistically upregulated PLZF in a PKD2/3-dependent manner.
Since transgenic expression of PLZF in Prkd2/3*°P* mice re-
stored iNKT cell development, the impairment of iNKT cell de-
velopment in Prkd2/3*CP4 mice is mainly due to insufficient
induction of PLZF. Further investigation is needed to clarify how
the dose and the timing of PLZF induction contribute to iNKT cell
development and subset differentiation. In addition to other
reported transcription factors regulating PLZF (Seiler et al.,
2012; Mao et al., 2017; Gioulbasani et al., 2020), the present
study identified Ikaros as a critical mediator of PKD-dependent
PLZF induction based on the following findings: (1) Ikaros is a
direct substrate of PKD, (2) Ikaros is associated with PKD2 upon
TCR stimulation, (3) Ikzf15%67/275A knock-in mice are impaired in
iNKT cell development, (4) Ikaros binds to the PLZF promoter
and activates transcription, and (5) deletion of the PLZF pro-
moter region (Zbtbl6*™®S mice) impaired iNKT cell development.

Ikaros is a pleiotropic transcriptional regulator of lymphocyte
differentiation and function (Kastner and Chan, 2024). Its mu-
tation or deficiency causes dysregulated lymphoid system
ranging from malignancy to immunodeficiency (Boast et al.,
2021). In T cells, Tkaros regulates B-selection, positive selec-
tion, and peripheral activation (Winandy et al., 1999; Avitahl
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et al., 1999; Bernardi et al., 2021), mainly as a transcriptional
suppressor. Such defects were not observed in IkzfIS267/2754
knock-in mice, suggesting that PKD-mediated posttransla-
tional modification of Ikaros confers a unique function(s) to
specific cell types, such as unconventional T cells. Although
PKD is known to shuttle between cytoplasm and nucleus de-
pending on cell status (Rey et al., 2001; Irie et al., 2006), we still
do not know where Ikaros is phosphorylated and whether the
phosphorylation regulates its subcellular localization (Uckun
et al., 2012). Alternatively, iTCR-induced Ikaros phosphoryla-
tion may alter its binding partners; NFATc2 may be one of the
candidates (Fig. 5 E) (Gabriel et al., 2016). Overall, this study
proposes a previously unappreciated function of Ikaros in
regulating the iNKT cell developmental program and, perhaps,
agonist selection of unconventional T cells. Indeed, PLZF is
required for the generation of other unconventional T cells,
such as y8 NKT cells (PLZF*TCRVy1*V86.3*) and MAIT cells
(Kreslavsky et al., 2009; Koay et al., 2016), both of which were
decreased in Prkd2/32¢P* mice.

During iNKT cell development, TCR signal strength can in-
fluence iNKT subsets; iNKT2 and iNKT17 require strong TCR
signal (Zhao et al., 2018; Tuttle et al., 2018). Expression levels of
CD5, which reflect the sum of TCR signaling, were lower in
iNKT cells from Prkd2/32°P* mice. Fewer iNKT2 in Prkd2/34CP*
mice is therefore likely due to the reduced iTCR signaling.
However, iNKT17 cells were increased in Prkd2/32¢P4 mice,
which may be explained by the lower expression of ThPOK that
suppresses iNKT17 development (Engel et al., 2012; Enders et al.,
2012). Lower ThPOK may also cause CD8 derepression (also
called redirection or re-expression) (Muroi et al., 2008; Wang
et al., 2008b; Egawa and Littman, 2008) of iNKT cells in Prkd2/
34CD4 mice. In Cd4-Cre-driven ThPOK-deficient mice, a similar
CD8 derepression of iNKT cells (i.e., generation of CD8*
iNKT cells) was observed (Liu et al., 2014). The low expression of
ThPOK might be partly due to the loss of PLZF as reported
(Gleimer et al., 2012). Indeed, aberrant “redirected” CD8*
iNKT cells in Prkd2/32CP* mice disappeared with transgenic ex-
pression of PLZF (Fig. S4 C).

The residual iNKT cells developed in the absence of PKD
might be selected due to the compensatory acquisition of TCR
with high affinity to CD1d and antigens, as is frequently observed
in conventional T cells (Takeuchi et al., 2020). However,
reconstitution of reporter cells with frequent iNKT TCRap clo-
notypes from WT or Prkd2/32°P* mice resulted in similar dose-
dependent reactivity to a-GalCer-presenting CD1d, suggesting
that such compensation resulting from variation in the TCR
affinity spectrum is unlikely to occur in invariant TCRs
(Karnaukhov et al., 2024). We recently detected the most potent
antigen, a-GalCer, in the thymus (Hosono et al., 2025). It may
support a “simple” selection process of iNKT cells via the inter-
action of “invariant” TCR versus “less diverse” antigen, which
does not depend on the strict monitoring of mutual affinity,
unlike conventional T cells (Bortoluzzi et al., 2021; Karnaukhov
et al., 2024).

Taken together, PKD is a critical mediator in dictating tran-
scriptional programs regulating iNKT cell generation and in
conferring functional features to iNKT cell subsets.
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Materials and methods

Mice

PKD2-floxed and PKD3-floxed mice (Ishikawa et al., 2016) were
generated as described previously. Bcl2 Tg mice (Kondo et al.,
1997) were provided by J. Domen (The Children’s Mercy Hospi-
tal, Kansas City, MO, USA) by the courtesy of K. Ikuta (Kyoto
University, Kyoto, Japan). Cd3e25/45 (Malissen et al., 1995) mice
were provided by B. Malissen (Aix Marseille Universite UM2,
Marseille, France); Trajl8~/~ mice (Cui et al., 1997) were provided
by M. Taniguchi (RIKEN, Yokohama, Japan). Previously, iNKT-
iPS cell-derived mice were generated using iPS cells with re-
arranged Travll-Trajl8 in TCRa locus, which were established by
the retroviral transduction of Oct3/4, Sox2, KIf4, and c-Myc into
iNKT cells (Watarai et al., 2010; Ren et al., 2014). However, the
mice were easily cancerous due to the insertion of retroviral
vectors into the genome. Here, we have regenerated iNKT-iPS
cells and its derived mice without any mutations and insertions
using episomal vectors containing the autonomously replicating
sequence. Tg mice expressing PLZF under Cd4 enhancer and
promoter were established by using a vector (Taniuchi et al.,
2002) provided by I. Taniuchi (RIKEN). For the generation of
Tkzf15267/275A and Tkzf35260/268A knock-in mice, crRNA (gRNA se-
quence; 5'-AGGCATAGAGCTCTTACGTT-3’ or 5'-GGACAGATT
AGCAAGCAATG-3'), tracrRNA, donor ssDNA with $267/275A or
S260/268A mutation, and Cas9 proteins were electroporated
into fertilized eggs. For the generation of Rasal3 574/°%4 knock-in
mice, a targeting construct bearing S74/95A mutation was used
for homologous recombination in C57BL/6-derived ES cells, and
the Neo cassette was deleted after germline transmission.
Zbtb16*1BS mice were generated by electroporation of crRNA
(gRNA sequences; 5'-CGTTTCCCAAGTCCCAAACC-3' and 5'-AGA
GCGCACGGGCTCTGCCA-3'), tracrRNA, donor ssDNA with dele-
tion of Zbtbl6 promoter region (-922 to -483), and Cas9 proteins
in fertilized eggs. Male and female mice of 7-12 wk of age with
C57BL/6 background were used for all experiments. Littermates
or age- and sex-matched WT mice maintained in the same
breeding room were used as control mice. All mice were main-
tained in filter-air laminar-flow enclosures and given standard
laboratory food and water ad libitum. All animal experiments were
approved by the Animal Care and Use Committee of the Research
Institute for Microbial Diseases, The University of Osaka.

Cells
iNKT cell line, DN'32.D3 cells (Bendelac et al., 1995), were kindly
provided by Y. Kinjo (Jikei University School of Medicine, Tokyo,
Japan). Mouse T cell hybridoma lacking TCR expression
(Matsumoto et al., 2021) was kindly provided by H. Arase (The
University of Osaka, Suita, Japan). These cells were maintained
in RPMI1640 medium (Sigma-Aldrich) supplemented with 10%
FBS (Sigma-Aldrich and Capricorn Scientific), 100 U/ml peni-
cillin, 10 pg/ml streptomycin, and 50 uM 2-mercaptoehthanol.
HEK293T cells and Phoenix retroviral packaging cells were
maintained in DMEM medium (Sigma-Aldrich) supplemented
with 10% FBS, 100 U/ml penicillin, 10 pg/ml streptomycin, and
50 uM 2-mercaptoehthanol.

For establishment of PKD-deficient iNKT cell line, DN32.D3
was introduced with pX330-PKD2 sgRNA (5'-GCCGGGGAGTCC
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TGCGGGAT-3'), pX330-PKD3 sgRNA (5'-ACGAGAGAGTGTTAC
CATCG-3'), and neomycin resistant gene-expressing vector us-
ing electroporator NEPA21 (NEPAGENE). Prkd2/3~/~ cells were
selected by G418 treatment followed by limiting dilution. Loss of
protein expression was confirmed by western blotting.

Reagents

For cell surface staining, anti-TCRpB (H57-597), anti-CD45R/B220
(RA3-6B2), anti-CD45.1 (A20), anti-CD45.2 (104), anti-SLAMF6
(330-AJ), anti-SLAMF1 (TC15-12F12.2), anti-CD4 (RM4-5), anti-
CD8 (53-6.7), anti-TCRyS (GL3), anti-CD24 (M1/69), anti-CD44
(1M7), anti-NKL.1 (PK136), anti-TCRVYyL1 (2.11), anti-TCRV86.3
(C504.17C), anti-CD5 (53-7.3), anti-CD3¢ (145-2C11), and anti-
CD69 (H1.2F3) antibodies (Abs) were purchased from Bio-
Legend, and anti-CD1d (1B1) and anti-CD25 (PC61) Abs were from
BD Biosciences. T-select mouse CD1d tetramer was purchased
from MBL. PBS-57-loaded mouse CD1d tetramer and 50P-RU-
loaded MRI tetramer were provided by NIH Tetramer Core
Facility. For intracellular staining, anti-PLZF (R17-809) and anti-
RORyt (Q31-378) were obtained from BD Biosciences, anti-Foxp3
(FJK-16S), anti-IFNy (XMG1.2), anti-IL-4 (11B11), anti-T-bet
(eBio4B10), and anti-Egr2 (erongr2) Abs were from eBioscience,
anti-IL-17 (TC11-18H10.1) was from BioLegend, and anti-c-Myc
(E5Q6W) was from Cell Signaling Technology. For Western
blotting, anti-pErk1/2 (cat#4379, 1:2,000), anti-Erk (cat#9102,
1:1,000), anti-PKD3 (cat#5655, 1:4,000), and anti-B-actin
(cat#4970, 1:1,000) Abs were obtained from Cell Signaling
Technology. Anti-PKDI (cat#NBP1-98311, 1:1,000) and anti-PKD2
(cat#NB100-636, 1:500) Abs were from Novus Biologicals. Anti-
phospho PKD Ab was raised as described previously (Ishikawa
et al., 2016). Anti-Ikaros (D6N9Y) Ab from Cell Signaling Tech-
nology was used for ChIP-seq. Anti-Tkaros (cat#abh229275) Ab
used for ChIP-qPCR was purchased from abcam. For iNKT TCR
stimulation, anti-CD3e (145-2C11) and secondary Ab goat anti-
Hamster IgG Ab (MP Biomedicals) or a-GalCer (KRN7000) from
Kyowa Hakko Kirin Co., Ltd were used.

Flow cytometry

Cells were isolated from thymus, spleen, and liver. For iNKT
stages and subsets analysis, thymic iNKT cells were enriched by
staining with APC-labeled PBS-57-loaded mouse CD1d tetramer
and anti-APC microbeads followed by magnetic separation.
Thymic MAIT cells were enriched using APC-labeled 5-OP-RU-
loaded mouse MRI tetramer in the same manner. For the
analysis of liver iNKT cells, the liver was perfused with PBS, and
liver mononuclear cells were isolated by Percoll density gradient
centrifugation. Cells were stained with fluorescent-labeled Abs
and analyzed by Gallios (Beckman Coulter) or Attune NxT
(Thermo Fisher Scientific), followed by data analysis using
Flow]Jo software (BD Biosciences). For intracellular staining of
transcription factors, cells were stained with Abs for cell surface
staining, fixed, and permeabilized using Foxp3/transcription
factor staining buffer set (eBioscience), followed by staining of
Foxp3, PLZF, RORyt, T-bet, Egr2 and c-Myc. For intracellular
staining of cytokines, enriched thymic iNKT cells were stimu-
lated with 50 pg/ml PMA and 1 uM ionomycin for 4 h. 10 pug/ml
Brefeldin A was added 1 h after the start of stimulation. Cells
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were fixed and permeabilized using the same buffer set and
stained for IFNY, IL-4, and IL-17 and then analyzed by FACSCa-
libur (BD Biosciences) or Attune NxT (Thermo Fisher Scientific).

BM chimeras

BM cells were isolated from the femur, fibula, and pelvis of do-
nor mice. 5 x 10° cells from CD45.1* WT and CD45.2* Prkd2/34¢P4,
CD45.2* IkzfIS?67/275A CD45.2+ Rasal3S74/954, CDA45.2+ Tkzf35260/2684,
or CD45.2* Zbtbl6"®S mice were mixed at 1:1 ratio and injected in-
travenously into 8 Gy-irradiated Cd3e*>/2> mice or 4 Gy-irradiated
Ragl-deficient mice. After 10-15 wk, recipient mice were analyzed
for development of iNKT cells.

Detection of Trav11-Traj18 gene rearrangement

CD69~ DP thymocytes were isolated from thymus using FAC-
SAria (BD Biosciences), and cDNA was obtained using Sepasol-
RNA I Super G (Nacalai Tesque) and ReverTra Ace qPCR RT
master mix (TOYOBO). Semiquantitative RT-PCR was con-
ducted using Blend Taq polymerase (TOYOBO) and the following
primers: Travll-Trajl8 (F: 5’-GGATGACACTGCCACCTACA-3', R:
5'-CTGAGTCCCAGCTCCAAAA-3'); Trac (F: 5'-TTCAAAGAGACC
AACGCCAC-3', R: 5'-TTCAGCAGGAGGATTCGGAG-3').

Immunoblotting

A single-cell suspension of thymocytes was incubated overnight
to extinguish the TCR signals. Thymic iNKT cells were purified
by negative sorting using NKL.1* iNKT cell isolation kit (Miltenyi)
to avoid possible triggering of TCR signals during the purification
process using CD1d tetramer. Enriched iNKT cells were stained
with 10 pg/ml biotinylated anti-CD3 (145-2C11) and anti-SLAMF6
(330-AJ) Abs at 4°C for 30 min, washed twice with cold medium,
and then cross-linked by 100 pg/ml streptavidin at 37°C for 2 min.
After stimulation, cells were rapidly transferred on ice and added
with cold HEPES-buffered saline for washing. Then, cells were
lysed in lysis buffer containing 1% Nonidet P-40, 1 mM PMSF, and
protease inhibitor cocktail, and analyzed by western blotting. For
the stimulation of DN32.D3 iNKT cell line, cells were stained with
10 pg/ml anti-CD3 Ab (145-2C11) and cross-linked with 100 pg/ml
goat anti-Hamster IgG for 5 min. Mixture of anti-PKD], anti-PKD2,
and anti-PKD3 Abs were used for detection of all PKD isoforms.
Signals were quantified using Image] software.

Quantitative real-time PCR

CD69~ preselection DP thymocytes were stimulated by plate-
bound anti-CD3 and anti-SLAMF6 Abs, and cDNA was obtained
using Sepasol-RNA I Super G (Nacalai Tesque) and ReverTra Ace
gPCR RT master mix (TOYOBO). Quantitative real-time PCR was
conducted with THUNDERBIRD SYBR qPCR Mix (TOYOBO) using
QuantStudio 5 (Thermo Fisher Scientific). Following primer sets
were used: PLZF (F: 5'-ATGAAGGCTGAGAGCCGCCC-3', R: 5'-TTC
CGCAGAGTTCACACCCGT-3'); GAPDH (F: 5'-TGGTGAAGGTCG
GTGTGAAC-3', R: 5’-CCATGTAGTTGAGGTCAATGAAGG-3).

Single cell-based transcriptome, TCR repertoire, and
chromatin accessibility analysis

Thymic iNKT cells were stained with PBS-57-loaded mouse CD1d
tetramer and enriched by magnetic beads cell sorting, followed
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by purification of CD1d-tetramer*TCRB* cells using cell sorter
SH800S (SONY). For scRNA/TCR-seq, ~3 x 10* cells were loaded
into Chromium microfluidic chips to generate single-cell gel
bead-in-emulsion using Chromium Controller (10x Genomics).
Library preparation for scRNA-seq and scTCR-seq were per-
formed simultaneously using the Chromium Next GEM Single
Cell 5’ Reagent Kits v1.1 (10x Genomics) according to the man-
ufacturer’s protocol. The following reagent kits were used:
Chromium Next GEM Single Cell 5’ Library & Gel Bead Kit v1.1
(PN-1000165), Chromium Next GEM Chip G Single Cell Kit (PN-
1000120), Chromium Single Cell V(D)] Enrichment Kit, Human
T Cell (PN-1000005), and Chromium i7 Multiplex Kit N, Set A
(PN-1000084). Libraries were sequenced on an Illumina Nova-
Seq 6000 as paired-end mode (read 1, 28 bp; read 2, 91 bp). The
raw reads were processed by Cell Ranger 3.1.0 (10x Genomics).
Gene expression-based clustering was visualized by BBrowserX
(BioTuring) and Loupe V(D)J Browser 5.1.0 (10x Genomics). For
UMAP analysis of scRNA-seq data of iNKT cells in sorted cells,
Travll-Trajl8-expressing cells were selected based on scTCR-seq
data and sub-clustered.

For scATAC-seq analyses, nuclei were isolated from purified
6-70 x 10* iNKT cells according to the manufacturer’s protocol
(10x Genomics). Library preparation for scATAC-seq was per-
formed using the Chromium Next GEM Single Cell ATAC Rea-
gent Kits v1.1 (10x Genomics), including Chromium Next GEM
Single Cell ATAC Library & Gel Bead Kit v1.1 (PN-1000175),
Chromium Next GEM Chip H Single Cell Kit (PN-1000162), and
Chromium i7 Multiplex Kit N, Set A (PN-1000084), following the
manufacturer’s protocol (CG000209; Rev C). Sequencing was
conducted on a DNBSEQ-G400RS (MGI Tech Co., Ltd.) platform
with paired-end mode. The sequencing configuration included
90 bp for Read 1,100 bp for Read 2, and 16 bp for the 10x Barcode.
Data analysis was performed using Cell Ranger ATAC v1.2.0
with the refdata-cellranger-atac-mm10-1.2.0 reference genome.
Chromatin accessibility-based clustering was visualized by Loupe
Browser 7.0.1 (10x Genomics).

TMT-based phosphoproteomic analysis

For TMT-based phosphoproteomic analysis, we established a
PKD-deficient DN32.D3 iNKT cell line to obtain 108 iNKT cells as
described above. WT and PKD-deficient cells were treated with
10 pg/ml anti-CD3 Ab and cross-linked with 100 pug/ml goat anti-
Hamster IgG for 5 min. Cells were washed with ice-cold HEPES
saline and lysed with Guanidine-HCl buffer (6 M guanidine-HCl,
100 mM Tris-Cl, pH 8.0, and 2 mM dithiothreitol). The lysates
were dissolved through heating and sonication, followed by
centrifugation at 20,000 x g for 15 min at 4°C. The supernatants
were reduced in 5 mM dithiothreitol at room temperature for
30 min and alkylated in 27.5 mM iodoacetamide at room tem-
perature for 30 min in the dark. Proteins (250 ug each) were
purified using methanol-chloroform precipitation and solubi-
lized with 25 pl of 0.1% RapiGest SF (Waters) in 50 mM tri-
ethylammonium bicarbonate. The proteins were digested with
2.5 pg of Trypsin/Lys-C mix (Promega) for 16 h at 37°C. Pep-
tide concentrations were determined using a Pierce quanti-
tative colorimetric peptide assay (Thermo Fisher Scientific).
The digested peptides (150 pg each) were labeled with 0.2 mg
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of TMT-10plex reagents (Thermo Fisher Scientific) for 1 h at
25°C. After the reaction was quenched with hydroxylamine, all
TMT-labeled samples were pooled, acidified with trifluoroacetic
acid (TFA), and subjected to the High-Select Fe-NTA phospho-
peptide enrichment kit (Thermo Fisher Scientific). The eluates
were acidified and fractionated using the Pierce High pH
reversed-phase peptide fractionation kit (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. Nine frac-
tions were collected using 5%, 7.5%, 10%, 12%, 14%, 16%, 18%,
20%, and 50% acetonitrile (ACN). Each fraction was evaporated
using a SpeedVac concentrator and dissolved in 0.1% TFA.

Liquid chromatography tandem mass spectrometry (LC-MS/
MS) analysis of the resulting peptides was performed on an
EASY-nLC 1200 UHPLC system connected to a Q Exactive
Plus mass spectrometer through a nanoelectrospray ion source
(Thermo Fisher Scientific). The peptides were separated on a
C18 reversed-phase column (75 pm x 150 mm; Nikkyo Technos)
with a linear gradient of 4-20% ACN for 0-150 min and 20-32%
ACN for 150-190 min, followed by an increase to 80% ACN for
10 min and a final hold at 80% ACN for 10 min. The mass spec-
trometer was operated in data-dependent acquisition mode with
the top 10 MS/MS method. MS1 spectra were measured with a
resolution of 70,000, an automatic gain control (AGC) target of
3e6, and a mass range of 375-1,400 m/z. HCD MS/MS spectra
were acquired at a resolution of 35,000, AGC target of le5, iso-
lation window of 0.7 m/z, maximum injection time of 100 ms,
and normalized collision energy of 32. The dynamic exclusion
was set at 30 s. Raw data were directly analyzed against the
Swiss-Prot database restricted to Mus musculus using Proteome
Discoverer 2.2 (Thermo Fisher Scientific) with the Mascot search
engine for identification and TMT quantification. The search
parameters were as follows: (1) trypsin as an enzyme with up to
two missed cleavages, (2) precursor mass tolerance of 10 ppm,
(3) fragment mass tolerance of 0.02 Da, (4) TMT of lysine and
peptide N terminus and carbamidomethylation of cysteine as
fixed modifications, and (5) oxidation of methionine, deamida-
tion of asparagine and glutamine, and phosphorylation of serine,
threonine, and tyrosine as variable modifications. Peptides
were filtered at a false-discovery rate (FDR) of 1% using the
percolator node.

Preparation of GST-fused lkaros and in vitro kinase assay
cDNA of Ikaros, Aiolos, and truncated form of Rasal3 coding 1-
500 amino acid residues was cloned into pGEX-6P-1 vector
(Cytiva). The vector was transformed into Escherichia coli BL21-
CodonPlus(DE3)-RIPL (Agilent Technologies), and GST-fused
protein was purified using glutathione agarose (Pierce). For
in vitro kinase assay, 6 pg GST-fused protein was incubated
with 100 ng active PKD2 or PKD3 (Carna Bioscience) in 20 pl
kinase buffer (1 mM ATP, 15 mM MgCl, and 20 mM Tris-HCl,
pH 7.5) for 0-30 min at 30°C. The reaction was stopped by
addition of sample buffer, followed by heating at 95°C for
10 min. Samples were subjected to Phos-tag SDS-PAGE using
7.5% acrylamide gel containing 50 pM Phos-tag acrylamide
(Wako chemicals) and 100 pM MnCl,. The gel was stained
with Coomassie brilliant blue, and signals were quantified
using Image]J software.
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ChIP-seq

To obtain sufficient number of primary iNKT cells required for
ChIP-seq analysis, we used CD1d tetramer-purified thymic
iNKT cells from iNKT-iPS cell-derived mice that have abundant
thymic iNKT cells. Total thymocytes from WT mice and CD1d
tetramer-purified thymic iNKT cells from iNKT-iPS cell-derived
mice were immediately frozen by liquid nitrogen. Frozen cells
were sent to active motif for ChIP-seq analysis. Active motif
fixed cells, prepared chromatin, performed ChIP reactions, li-
brary generation, and barcoding for next-generation sequencing
and data analysis. Spike-in of Drosophila chromatin was per-
formed before ChIP for normalization. 30 pg of chromatin and
30 pl of anti-Tkaros Ab were used for the ChIP reaction, and the
reaction was validated by qPCR. Library generation, library
quality check, and barcoding were performed, and then next-
generation sequencing was done using Illumina NextSeq 500. As
an input, equal amounts of unprecipitated genomic DNA from
each sample were used to generate a next-generation sequenc-
ing libraries and sequenced in parallel with the ChIP-seq sam-
ples. The 75-nt single-end (SE75) sequence reads were mapped
to the genome using the BWA algorithm (v0.7.12, bwa aln/samse
with default settings). Data were visualized with Integrative
Genomics Viewer (IGV v2.4.3).

ChiP-qPCR

Total thymocytes were suspended in PBS containing 1 mM
MgCl,, and 2 mM disuccinimidyl glutarate was added for cross-
linking. After incubation, cells were fixed with 1% formalde-
hyde, washed, and lysed in ChIP buffer containing protease
inhibiters by sonication for 3 s five times with interval of 30 s
using ultrasonic disruptor (UR-21P, TOMY) on ice. The debris
was removed by centrifugation at 15,000 rpm for 10 min. Lysates
were incubated with anti-Ikaros Ab- or rabbit IgG isotype con-
trol Ab-coupled Dynabeads M-280 sheep anti-rabbit IgG (VER-
ITAS) with rotation at 4°C overnight. Dynabeads were washed
with ChIP buffer, wash buffer, and TE buffer twice each, and
DNA was eluted with elution buffer. The eluate was decross-
linked by addition of 0.4 mg/ml ProK at 65°C for 2 h and puri-
fied by phenol/chloroform and precipitated by 70% ethanol.
Quantitative real-time PCR was conducted by THUNDERBIRD
SYBR qPCR mix (TOYOBO) using QuantStudio 5 (Thermo Fisher
Scientific). Primer pairs used to detect the binding to the Zbtbl6
promoter are as follows: F: 5'-CTCCTGTGGTCAGGCATCAG-3/,
R: 5'-CTCAGGATTCGGATCGCATC-3'.

Transfection and reporter assay

The intact proximal promoter of mouse Zbtbi6 (-1,284 to -1) or
truncated form (A -913 to 732, A -0.9 kb) was cloned into the
firefly luciferase plasmid vectors (pGL4.10; Promega). Genomic
location is based on the sequence of Zbtbl6 (NCBI accession no.
NM_001033324.3) mapped on the genomic sequence (NCBI ac-
cession no. NC_000075.6 Chromosome 9 Reference GRCm38.p6
C57BL/6) obtained from National Center for Biotechnology In-
formation. Mouse Ikaros, Egr2, and Nfatc2 cDNAs were cloned
into the pMX-IRES-GFP vectors. These plasmids were trans-
fected along with a Renilla luciferase plasmid vector (pGL4.74;
Promega) into HEK293T cells using Polyethylenimine (PEI) MAX
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(Polysciences). The luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega). Firefly
luciferase activity was normalized by Renilla luciferase activity.

Identification of Ikaros-binding proteins using BiolD

Ikaros cDNA fused to TurbolID was cloned into a retroviral vector
and transfected into Phoenix retroviral packaging cells using
PEI MAX (Polysciences). Culture supernatant containing retro-
viruses was used for infection into DN32.D3 cells. Cells were
cultured in 10% FBS/DMEM, which does not contain biotin for
>3 days, and treated with 10 pg/ml of anti-CD3 Ab. After washing
cells, 100 pg/ml of goat anti-hamster IgG was added to stimulate
cells by TCR cross-linking in the presence of 50 uM D-biotin
(Nacalai Tesque) and incubated at 37°C for 45 min. The cells
were washed with ice-cold HEPES saline and lysed in Guanidine-
TCEP buffer (8 M guanidine-HCl, 100 mM HEPES-NaOH, pH 7.5,
10 mM TCEP, and 40 mM chloroacetamide). The lysates were
dissolved by heating and sonication and then centrifuged at
20,000 x g for 15 min at 4°C. The supernatants were recovered,
and proteins were purified by methanol-chloroform precipita-
tion and solubilized using PTS buffer (12 mM SDC, 12 mM SLS,
and 100 mM Tris-HCl, pH 8.0). After sonication and heating, the
protein solution was diluted fivefold with 100 mM Tris-HCl, pH
8.0, and digested with trypsin (MS grade, Thermo Fisher Sci-
entific) at 37°C overnight. The resulting peptide solutions were
diluted twofold with TBS (50 mM Tris-HCl, pH 7.5, and 150 mM
NaCl). Biotinylated peptides were captured on a 15 pl slurry of
MagCapture HP Tamavidin 2-REV magnetic beads (FUJIFILM
Wako) by incubation for 3 h at 4°C. After washing with TBS five
times, the biotinylated peptides were eluted with 100 pl of 1 mM
biotin in TBS for 15 min at 37°C twice. The combined eluates
were desalted using GL-Tip SDB (GL Sciences), evaporated in
a SpeedVac concentrator, and redissolved in 0.1% TFA and
3% ACN.

LC-MS/MS analysis of the resultant peptides was performed
on an EASY-nLC 1200 UHPLC connected to an Orbitrap Fusion
mass spectrometer through a nanoelectrospray ion source
(Thermo Fisher Scientific). The peptides were separated on a
C18 reversed-phase column (75 pm x 150 mm; Nikkyo Technos)
with a linear 4-32% ACN gradient for 0-60 min, followed by an
increase to 80% ACN for 10 min, and a final hold at 80% ACN for
10 min. The mass spectrometer was operated in data-dependent
acquisition mode with a maximum duty cycle of 3 s. The MS1
spectra were measured with a resolution of 120,000, an AGC
target of 4e5, and a mass range of 375-1,500 m/z. HCD MS/MS
spectra were acquired in a linear ion trap with an AGC target of
le4, an isolation window of 1.6 m/z, a maximum injection time of
200 ms, and a normalized collision energy of 30. Dynamic ex-
clusion was set to 10 s. Raw data were directly analyzed against
the Swiss-Prot database restricted to M. musculus using Pro-
teome Discoverer 2.5 (Thermo Fisher Scientific) with the Mascot
search engine. The search parameters were as follows: (1)
trypsin as an enzyme with up to two missed cleavages, (2) pre-
cursor mass tolerance of 10 ppm, (3) fragment mass tolerance
of 0.6 Da, (4) carbamidomethylation of cysteine as a fixed
modification, and (5) acetylation of protein N terminus, oxida-
tion of methionine, and biotinylation of lysine as variable
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modifications. Peptides were filtered at an FDR of 1% using the
percolator node. Label-free quantification was performed based
on the intensities of the precursor ions using the precursor ions
quantifier node. Normalization was performed such that the
total sum of the abundance values for each sample over all
peptides was the same.

TCR reconstitution and stimulation of reporter cells

As TCRP sequences of some TCR clonotypes with large clone size
were not readout in scRNA/TCR-seq analysis, TCR sequences of
thymic iNKT cells were analyzed by bulk sequencing using
SMARTer mouse TCRa/B profiling kit (Takara). Most detected
TCRa and top five TCRPB cDNAs were cloned into retroviral
vectors. TCR-lacking mouse T cell hybridoma cells transduced
with mouse CD1d were infected with culture supernatant con-
taining retroviruses to reconstitute TCRaf. Surface expression
of introduced TCR was confirmed by staining with anti-CD3 Ab.
For stimulation of cells, a-GalCer was suspended in PBS con-
taining 0.5% Tween-20, followed by sonication for 15 min, di-
luted in 10% FBS/RPMI, and added into cultured cells.

Statistical analysis

All values with error bars are presented as the mean + SD of
multiple samples or assays. Unpaired or paired two-tailed Stu-
dent’s t tests or one-way ANOVA followed by Tukey’s multiple
comparison test were performed for the statistical analysis using
Prism 9 software (GraphPad Software). P values <0.05 were
considered statistically significant.

Online supplemental material

Fig. S1 shows the T cell population in the thymus of Cd4-Cre-
mediated T cell-specific PKD-deficient mice. Fig. S2 shows the
reactivity of frequent thymic iNKT clonotypes to a-GalCer. Fig. S3
shows the thymic iNKT cell subsets and single cell-based tran-
scriptomes and chromatin accessibility of thymic iNKT cells in
PKD-deficient mice. Fig. S4 shows the cell populations in the
thymus of Zbtbl6 Tg mice. Fig. S5 shows the generation and
characterization of mutant mice.

Data availability

All reagents made for this study are available from the corre-
sponding author upon reasonable request under a standard
material transfer agreement. High-throughput sequence data
have been deposited to Gene Expression Omnibus database
under accession no. GSE288015 (scRNA/TCR-seq and scATAC-
seq), GSE288329 (ChIP-seq), and GSE287699 (bulk TCR-seq),
respectively. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the jPOST
partner repository with the dataset identifiers PXD059288
(Fig. 4 B) and PXD059289 (Fig. 5 E).
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FigureS1. Development of various T cell subsets in Prkd2/32¢P4 mice. (A) Total thymocyte numbers in indicated mouse strains. Each symbol represents an
individual mouse (n = 6-11), and the bar graphs indicate mean + SD of cell numbers. (B) Representative FACS profiles of CD25 and Foxp3 expression (left) and
bar graphs of the proportions (middle) and cell numbers (right) of CD25*Foxp3* Treg cells in WT and Prkd2/32®4 thymus (n = 5). (C) Representative FACS
profiles of TCRB and TCRy®& expression (left) and bar graphs of the proportions (middle) and cell numbers (right) of y8T cells in WT and Prkd2/32P4 thymus (n =
4-5). (D) Proportions (left) and cell numbers (right) of INKT cells in the spleen of WT and Prkd2/32<P4 mice (n = 5). (E) Representative FACS profiles of MAIT cells
(left) and bar graphs of the proportions (middle) and cell numbers (right) of MAIT cells in WT and Prkd2/3204 thymus (n = 7-11). (F) Representative FACS
profiles of TCRVy1.1*TCRV&6.3* cells and the expression of PLZF in TCRVy1.1* TCRV86.3* cells from WT and Prkd2/32¢P4 thymus (left panels). The proportions
and cell numbers of PLZF* TCRVy1.1*TCRV86.3* cells are shown in bar graphs (n = 5) (right panels). (G) Representative FACS profiles of iNKT cells in the thymus
from Bcl2 Tg and Prkd2/32-%xBcl2 Tg mice. Each symbol represents an individual mouse, and the bar graphs indicate mean + SD of proportions or cell numbers
(A-F). Data are representative of two independent experiments (G). Statistical significance was determined by unpaired two-tailed Student’s t test (D-F). *P <

0.05, ***P < 0.001, and ****P < 0.0001.

Ishikawa et al.
PKD-lkaros-PLZF axis in iNKT cell development

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20250541

S1

GZ0Z JequianoN g} uo Jesn Aysieniun exeso Aq Jpd L yS0520Z Wael/09r0561/1¥5052028/Z |L/i2zz/ipd-ajone/wal/Bio sseidny//:dpy wouy pepeojumoq



TCRap# TRAV CDR3a TRAJ TRBV CDR3p TRBJ
TCRap1 14 CVVGDRGSALGRLHF 18 29 CASSFSGTGDSDYTF 1-2
TCRaf2 11 CVVGDRGSALGRLHF 18 13-3  CASTHWGGAETLYF 2-3
Wi TCRaB3 11 CVVGDRGSALGRLHF 18 13-1 CASSDRGEQYF 2-7
TCRaB4 11 CVVGDRGSALGRLHF 18 13-1 CASRSGHNNQAPLF 1-5
TCRap1 11 CVVGDRGSALGRLHF 18 13-1 CASSEGYEQYF 2-7
TCRauf2 11 CVVGDRGSALGRLHF 18 17 CASSRTGGQDTQYF 2-5
Prkd2/3*°P*  TCRap3 11 CVVGDRGSALGRLHF 18 29 CASSLWDNYAEQFF 2-1
TCRap4 11 CVVGDRGSALGRLHF 18 13-2  CASGDGTGEQYF 2-7
TCRaf5 11 CVVGDRGSALGRLHF 18 13-1 CASSGTGTGSYEQYF 2-7
B wT Prici2/3:04

TCRaB#1
TCRap#2

< TCRaB#3
= - TCRaf#4
&0 Mean
[0
6]
+ 40
o
©
o 20
(@)
0 ST

0o 01 1

10 100 oCD3

o-GalCer (ng/well)

0o 01 1

10 100 aCD3

a-GalCer (ng/well)

Figure S2. Reactivity of frequent iNKT cell clonotypes in PKD-deficient mice to a-GalCer. (A) Most frequent TCRa and the top 5 frequent TCRBs detected
in bulk TCR-seq analysis of WT and Prkd2/32P4 thymic iNKT cells. Each paired TCRaf was reconstituted into a mouse T cell hybridoma lacking TCR expression.
One of the TCRs from WT iNKT cells was not detected on the cell surface and, therefore, removed from the data. (B) T cell hybridoma cells reconstituted with
iNKT TCRap listed in A from WT (left) or Prkd2/32¢P* (right) and mouse CD1d were stimulated with the indicated amounts of a-GalCer in a 96-well plate. The
proportion of cells expressing an activation marker CD69 was analyzed by flow cytometry after 16 h (line graphs, dotted lines). Mean proportion of CD69-
expressing cells is overlaid (solid lines). Stimulation with plate-coated anti-CD3 Ab was used as positive control (right symbols). Data are presented as the
mean + SD of triplicate assays and representative of two independent experiments.
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Figure S3. Defective iNKT cell development in PKD-deficient mice. (A) Analysis of maturation stages of WT and Prkd2/32°P* thymic iNKT cells. Repre-
sentative FACS profiles are shown. (B) Analysis of WT and Prkd2/32°* thymic iNKT cell subsets. Representative FACS profiles (left) and bar graphs of the
relative proportions to WT mice (middle) and average proportions (right) of CD1d tetramer* iNKT cells at each subset in tetramer-enriched thymocytes. Each
symbol represents an individual mouse (n = 6), and the bar graphs indicate mean + SD of relative proportions (middle). (C) Expressions of IFNy, IL-4, and IL-17 in
CD1d tetramer* thymic iNKT cells after stimulation with PMA and ionomycin for 4 h. (D) Expression of representative genes in each thymic iNKT cell subset.
Relative expressions to the maximum expression are shown as a heatmap. The color of each cluster# matches to that of cells in each cluster in Fig. 2 D.
(E) Trav11-Traji8-expressing cells defined by scTCR-seq analysis were sub-clustered by cell identity. Expressions of selected gene markers of iNKT1 (Tbx21 and
Cxcr3), INKT2 (Zbtb16 and Il13), and INKT17 (Rorc and Ccré) cells are shown as heatmaps in the UMAP plot. (F) Differentially expressed genes in WT and Prkd2/
34CD4 thymic iNKT cells. Expression levels of representative genes are shown as violin plots. (G) Volcano plot of differentially expressed genes in WT and Prkd2/
3ACD4 iNKT cells within the iNKT1 cell clusters. (H) Chromatin accessibility of representative genes in each thymic iNKT cell subset. Relative chromatin ac-
cessibilities to the maximum are shown as a heatmap. The color of each cluster# matches to that of cells in each cluster in Fig. 2 E. (1) Differentially enriched
accessibilities to the promoter region of each gene, which are defined as promoter sums, in WT and Prkd2/32¢P4 iNKT cells. Promoter sums of representative
genes are shown as violin plots. (J) Representative FACS profiles of CD4 and CD8 expression on WT and Prkd2/32°P4 thymic iNKT cells (left) and bar graphs of
the proportions (middle) and cell numbers (right) of DN, DP, 4SP, and 8SP iNKT cells (n = 5). Data are representative of three independent experiments (A and
C). Statistical significance was determined by unpaired two-tailed Student’s t test (B and J). **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure S4. The expression of transcription factors and iNKT subsets in PKD-deficient mice bearing Zbtb16 transgene. (A) Protein expression of Egr2,
c-Myc, T-bet, and RORyt in CD1d tetramer* thymic iNKT cells at each maturation stage. IC, iNKT cells stained with isotype control Ab. (B) Expression of PLZF in
thymocytes from indicated mouse strains. Data are representative of three independent experiments. (C) Proportions of DN, 4SP, DP, and 8SP iNKT cells in
thymic CD1d tetramer* iNKT cells from WT, Prkd2/32¢P4, and Prkd2/32P4 x Zbtb16 Tg mice. Each symbol represents an individual mouse (n = 3-4), and the bar
graphs indicate mean + SD of proportions. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05

and **P < 0.01.
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Figure S5. Generation and characterization of mutant mice lacking phosphorylation sites or Ikaros-binding region. (A and B) Phos-tag SDS-PAGE of
GST-Rasal3 (A) or GST-Aiolos (B) after in vitro kinase assay in the presence of recombinant active PKD2 or PKD3 for indicated times. The arrowheads indicate the
phosphorylated forms. Phosphorylated bands were quantified and presented as relative to those at 0 min. (C and D) Schematic protein structures of
phosphorylation-defective mutant Rasal3 (C) or Aiolos (D) and genomic sequence analysis of knock-in alleles. Six orange boxes (D) represent zinc finger
domains. (E and F) Proportions of CD1d tetramer* iNKT cells in the thymus from WT and Rasal355* (E) or Ikzf355** (F) mice. Each symbol represents an
individual mouse (n = 7in E and n = 5-6 in F). The bar graphs indicate mean + SD of proportions. (G and H) iNKT cell generation in the thymus of Cd3e25/2> mice
that were transferred with a mixture of Ly5.1* WT and Ly5.2* Rasal3%%* (G) or Ikzf3°5** (H) BM cells. Each line graph indicates an individual mouse (n = 9in G
and n = 6 in H). (1) Total thymocyte numbers in WT and Ikzf15267/275A (1kzf155*4) mice (n = 6-11). (J) Representative FACS profiles of CD4 and CD8 expression on
thymocytes (left) and bar graphs of the proportions (middle) and cell numbers (right) of DN, DP, 4SP, and 8SP cells from WT and Ikzf155** mice (n = 6-11). Each
symbol represents an individual mouse, and the bar graphs indicate mean + SD of proportions or cell numbers. (K) Cell surface expression of CD1d, SLAMF6, and
SLAMF1 on DP thymocytes from WT and Ikzf155** mice. Open histograms, no stain. Filled histograms, Ab stain. (L) Genomic PCR of WT, hetero and homo
Zbtb164BS mice. Genomic DNAs were amplified using primers that crossover deleted region. Arrowheads indicate WT and Zbtb164'®° alleles. Data are rep-
resentative of two (A and B) or three (K and L) independent experiments. Source data are available for this figure: SourceData FS5.
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