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Abstract

Invariant natural killer T (iNKT) cells display characteristics of both adaptive and innate lymphoid
cells (ILCs). Like other ILCs, iNKT cells constitutively express ID proteins, which antagonize the
E protein transcription factors that are essential for adaptive lymphocyte development. However,
unlike ILCs, ID2 is not essential for thymic iNKT cell development. Here we demonstrated that 1D2
and ID3 redundantly promoted iNKT cell lineage specification involving the induction of the
signature transcription factor PLZF and that ID3 was critical for development of TBET-dependent
NKT1 cells. In contrast, both ID2 and 1D3 limited iNKT cell numbers by enforcing the post-selection
checkpoint in conventional thymocytes. Therefore, iINKT cells show both adaptive and innate-like
requirements for ID proteins at distinct checkpoints during iNKT cell development.

Introduction

Natural Killer T (NKT) cells are T lymphocytes that display characteristics of innate immune
cells, including the use of invariant receptors to recognize pathogen and rapid activation
without prior antigen exposure. NKT cells diverge from the conventional T cell program during
positive-selection, after which their maturation is coupled with the ability to rapidly secrete
cytokines when challenged (1). As a consequence of their “poised” effector state and ability
to produce numerous cytokines, NKT cells can act as both positive and negative regulators of
an immune response. They promote pathogen and tumor clearance but their activity can
contribute to diseases such as autoimmunity, atherosclerosis, and asthma (2, 3). To harness the
therapeutic potential of NKT cells a comprehensive understanding of the mechanisms
controlling NKT cell selection, maturation and effector function is required.
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Invariant (i)NKT cells, characterized by a Va14-Ja18 T cell receptor alpha (TCRa) chain
paired with TCR V7, VB8 and VB2 chains (4), are the most abundant and well-characterized
NKT cell population in mice. The Va4 and Ja18gene segments are located far apart in the
Tcra locus and are recombined through secondary rearrangements that occur late in the life of
CD4+CD8+ (double positive/DP) thymocytes (5). Mice harboring mutations that decrease DP
thymocyte survival, and mice with limited Tcra recombination, lack iNKT cells (6-8). Positive
selection of INKT cells requires lipid antigen presentation by the non-classical MHC class |
protein CD1d expressed on DP thymocytes, along with signals from the Signaling Lymphocyte
Activation Molecule (SLAM) family receptors (9, 10). This selection pathway results in the
TCR-dependent induction of the lineage-specifying transcription factor Promyelocytic
Leukemia Zinc Finger (PLZF), which is essential for INKT development and confers innate
properties to conventional CD4 T cells when ectopically expressed (11-14).

iNKT cell maturation is divided into 4 stages, based on the surface expression of CD24, CD44
and NK1.1 (15, 16). Stage 0 (CD24"CD44~NK1.17) represents rare iNKT cell precursors
among post-selection (PS) DP thymocytes. Stage 1 cells down-regulate CD8 and CD24 and
express low levels of the memory marker CD44. Stage 2 cells have increased CD44 and can
progress to stage 3 in the thymus, where they express several NK cell receptors including
NK1.1, or they can exit the thymus and mature further in the peripheral tissues. Stage 2 iINKT
cells have been considered an immature stage although these cells can robustly produce both
T helper 1 (Th1) and Th2 cytokines. However, a subset of Stage 2 iNKT cells are terminally
differentiated cells that express the transcription factor GATA3 and these have recently been
classified as NKT2 cells. Stage 3 iNKT cells preferentially produce the Thl cytokine IFNy
with lower amounts of Th2 cytokines, and have been classified as NKT1 (17). TBET is critical
for the maturation, survival, and Th1-like characteristics of NKT1 (18, 19). Therefore,
acquisition of an iINKT cell TCR, induction of PLZF and TBET define three critical checkpoints
during iNKT cell development that control their abundance and functional competence.

The E protein transcription factors are important regulators of conventional T cell development
and selection and they control the lifespan and gene signature of DP thymocytes (20, 21). E
protein function can be modulated through antagonistic interactions with any of the four
members of the ID family (ID1-4) (22). TCR-dependent induction of D3, and the consequent
decrease in E protein activity, is critical for positive selection of conventional CD4 and CD8
T lymphocytes (23-25). However, arole for ID3 in the TCR-dependent selection of iNKT cells
has not been demonstrated. Moreover, while development of all non-T cell lineage innate
lymphoid cells (ILC) depends on the ID2 protein (26), thymic development of iINKT cells
appears to be independent of ID2 (27). Why iNKT cells differ from other ILCs in their
requirement for ID2 remains to be determined.

We, and others (28-31), recently demonstrated that ID3 restricts the development of a8 and
v& NKT-like cells. Here we showed that ID proteins were central regulators of the three major
thymic iINKT cell developmental checkpoints. ID proteins limited selection into the iINKT cell
pathway, at least in part, by extinguishing the potential for secondary Tcra rearrangements in
PS DP thymocytes. Once an appropriate TCR was acquired, ID2 and 1D3 functioned
redundantly in stage O iNKT cells to promote expression of PLZF and entry into the NKT cell
lineage. Following iNKT cell specification, ID3 was required for the emergence of TBET+
NKT1 cells in the thymus. We have demonstrated critical functions for ID proteins in the
temporal regulation of iINKT cell differentiation and in the control of their effector fates.
Moreover, we revealed that ID proteins are universally required for development of innate
lymphoid cells.

J Immunol. Author manuscript; available in PMC 2014 December 15.
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Material and Methods

Mice
Mice were housed at The University of Chicago Animal Resource Center and experiments
were performed according to the guidelines of The University of Chicago Institutional Animal
Care and Use Committee. 1d37/~, 1d2/f and Va14Tg mice have been described previously (9,
32, 33). Thx21~/~ mice were purchased from Jackson Laboratories and CD4Cre mice were

purchased from Taconic. Sh2d1a™~ mice were a kind gift from Cox Terhorst. All mice were
on a C57BI/6 background.

Flow Cytometry, Cell Sorting and Antibodies

Thymocyte suspensions from three-to-ten week old mice were incubated with anti-FcyR prior
to staining with fluorochrome-conjugated antibodies. Cells were acquired in a LSRII Fortessa,
or sorted in a FACSAria, and analyzed with FLOWjo. Enrichment of thymocytes for iINKT
cells was performed by staining total thymocytes with APC-conjugated CD1dPBS57 tetramers,
followed by anti-APC microbeads and subjected to autoMACS-based magnetic cell separation.
Propidium lodide was included in all samples to exclude dead cells from the analysis.
Antibodies specific for the following antigens were purchased from BD Biosciences,
eBiosciences, or Biolegend: CD4 (GK1.5), CD8a (53-6.7), TCRp (H57-597), CD122 (5H4),
CD44 (IM7),CD24 (M1/69), IFNy (XMGL1.2), IL4 (11B11), CD69 (H1.2F3), NK1.1 (PK136),
NKG2D (CX5), CD45.1 (A20), CD45.2 (104), RORyt (AFKJS-9), T-BET (4B10), CXCR3
(CXCR3-173). The anti-PLZF antibody was purchased from Santa-Cruz (clone D9, Cat No:
sc-28319) and conjugated with Pacific Blue using the Pacific Blue Monoclonal Antibody
Labeling Kit (Invitrogen, P30013). Intracellular staining for PLZF, RORyt and T-BET was
performed using the Foxp3/Transcription Factor Staining Buffer Set (eBiosciences,
00-5523-00) and Fixable Viability Dye eF506 (eBiosciences, 65-0866) was added to exclude
dead cells. APC- or PE-conjugated Cd1d tetramers, loaded with PBS57, were obtained from
the NIH Tetramer Facility at Emory University.

In vivo BrdU incorporation

Mice were injected i.p. with BrdU (1mg/6g) 12h prior to euthanasia. For pulse-chase
experiments, BrdU was added to the drinking water for four days (0.8mg/ml). Water was
changed daily. Subsequently, BrdU was removed for the indicated time and thymocytes were
stained for surface markers and BrdU according to the manufacturer’s instructions (BD
Biosciences).

Adoptive transfers of bone marrow

Bone marrow single-cell suspensions from 1d3~/~ CD45.2 mice were prepared from femur and
tibiae and were mixed in 1:1 ratio with competitor WT CD45.1 bone marrow cells. Recipient
mice were lethally irradiated (1000 rad) 5h prior to i.v. injection of total 5x10° cells.
Thymocytes were stained for flow cytometry 6-8 weeks post- transplantation.

Cell Culture, IFNy/IL4 production and intracellular staining

Thymocytes were treated with 50ng phorbol 12-myristate 13-acetate (PMA), 1ug ionomycin
and Brefeldin A for 5h, before harvesting and staining intracellularly for IFNy and 1L4 using
the BD Biosciences Cytofix/Cytoperm Kit.

RNA analysis and Real-time Quantitative (Q)PCR

Total RNA was extracted and DNAase-treated from sorted thymocytes using the RNAeasy
mini kit (QIAGEN) and was reverse-transcribed using Superscript 11 (Invitrogen). QPCR was

J Immunol. Author manuscript; available in PMC 2014 December 15.
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performed with gene-specific primers in an iCycler (BioRad), using the iQ SYBR Green
Supermix (BioRad). Hprt was used to normalize expression levels of other transcripts.

Microarray analysis

Statistics

Results

10,000 stage 1 (CD24+CD44-NK1.1-) and stage 2 (CD24-CD44+NK1.1-) WT and 1d3~/~
iNKT cells from 3 independent experiments were sorted and subjected to microarray
procedures as described previously (34). Normalized mRNA expression data from WT stage
1, 2 and 3 iNKT cells, obtained from the Immunological Genome Consortium (35), were
analyzed to identify genes that are progressively upregulated 1.5- fold from stage 1 to stage 2
and 1.5-fold from stage 2 to stage 3. The gene list was then subjected to dChIP analysis to
identify differentially regulated genes between WT and 1d3~/~ stage 2 iNKT cells. The data
can be found at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc using the accession
number GSE50933.

A standard Whittney-Mann unpaired test was used (unless otherwise stated) to determine the
statistical probability of the differences observed between two populations of cells, using the
GraphPad Prism software.

ID3 limited the development of PLZF+ post-selection DP thymocytes

We, and others, previously showed that ID3 limits the number of PLZF+ innate af and y8 T
lymphocytes in the thymus (28, 30, 31) Here we tested directly whether 1D3 functions in the
selection of NKT cells at the DP stage of T cell development. v8 T cells were electronically
gated out from our analysis, to avoid potential cross-contamination of af§ T cells. We found
an accumulation of Zbtb16 (encoding PLZF) mRNA in 1d3~/~ PS DP thymocytes as compared
to WT cells, where Zbtb16 mRNA was below detection (Fig. 1A). There was a small but
reproducible population of PLZF+ cells among 1d3~/~ PS DP thymocytes whereas no PLZF+
cells were observed in the WT population (Fig. 1B and C). Therefore, an increased frequency
of 1d3~/~ DP cells underwent specification to the NKT cell lineages, as measured by PLZF
expression.

NKT cells require SAP for their development (36). We found that the emergence of PLZF+
cells among 1d3~/~ PS DP thymocytes required SAP indicating that PLZF expression was a
consequence of selection into the innate T lymphocyte lineage rather than being a consequence
of deregulated PLZF expression (Supplemental Fig. 1A and B). The majority of 1d3~/~ PLZF
+ PS DP thymocytes were detected with Cd1dPBS57-|oaded tetramers (Tet) indicating that these
cells were iINKT cell progenitors (Fig. 1D and E). Therefore, ID3 limited the number of DP
thymocytes recognizing CD1d and undergoing SAP-dependent selection into the NKT cell
pathway.

ID3 limited Val4Jal8 recombination in PS DP thymocytes

Previous studies showed that E proteins maintain the DP gene “identity” (20, 37) and regulate
genes involved in VV(D)J recombination (Ragl and Rag2) and cell survival (Rorc). Given that
Id3 is induced by TCR signaling during positive selection (24), we hypothesized that ID3-
deficient PS DP thymocytes maintained expression of these E protein target genes and therefore
continued to rearrange their antigen receptors. To test this hypothesis, we examined Rorc,
Ragl and Rag2 mRNA in WT and 1d3~/~ PS DP thymocytes. Despite apparent TCR signaling,
Rorc, Ragl and Rag2 mRNAs were expressed more abundantly in 1d3~/~ than in WT cells
(Fig. 2A). At the single cell level, RORyt was detected in a subset of 1d3~/~ PS DP thymocytes
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(Fig. 2B and C). Unlike PLZF, however, RORyt+ cells persisted in the absence of SAP
indicating that Rorc was not induced as a consequence of NKT cell selection (Supplemental
Fig. 1C). Our results indicated that a subset of Id3~/~ PS DP thymocytes maintained expression
of the E protein target genes Rorc, Ragl and Rag2.

We hypothesized that sustained RAG1 and RAG2 expression in 1d3~/~ PS DP thymocytes
increased the probability of secondary rearrangements including the Val4-Jal8rearrangement
used in the iNKT cell TCR. Consistent with this hypothesis, there was a 4.5-fold increase in
Val4laI8mRNA in 1d3~/~ PS DP thymocytes compared to WT littermates (Fig 2D).
Additionally, 1d3~/~ PS DP cells had a 2.5-fold increase in the frequency of cells with a
Vald-Jal8rearrangement (Fig 2E). We detected increased usage of distal Ja transcripts and
decreased usage of proximal Ja transcripts suggesting that ID3 limited the V(D)J
recombination process (Fig. 2F). ID3 deficiency could have prolonged the survival of DP
thymocytes resulting in increased distal rearrangements. However, we did not detect an
increase in Val4-Jal8rearrangement in pre-selection DP cells and 1d3~/~ pre- and post-
selection DP cells did not show prolonged survival in vivo, as measured by BrdU dilution
(Supplemental Fig. 1D and E). Moreover, mRNA encoding pro-survival proteins such as
Bclxl or Bcl2, which are targets of RORyt, were similar in WT and 1d3~/~ pre- and post-selection
DP thymocytes (data not shown).

To assess whether the increased frequency of cells with a Val4-Jal8 rearrangement could
contribute to the increased number of INKT cells, we introduced a CD4 promoter-driven, pre-
rearranged Val4Jal8TCR (Val4transgene (9)) into the ID3-deficient background. By
removing the need for recombination of the TCRa chain we should have overcome any bias
in INKT cell development provided by altered Val4-JaI8rearrangement. We found that
1d3*/* and 1d3~/~ VaZ4transgenic mice had a similar frequency and absolute number of iINKT
cells inthe thymus (Fig 2G and H). These data support the hypothesis that the increased number
of INKT cells in 1d3~/~ mice was a consequence, at least in part, of extended Val4-Ja18
recombination.

ID3 limited the number of iNKT cells

Our data indicated that 1d3~/~ PS DP thymocytes continued to rearrange the Ja locus and
thereby produced more cells with a TCR capable of selection into the NKT cell lineages.
Consistent with this conclusion, there was a 3-fold increase in the frequency and 1.8-fold
increase in the number of iNKT cells in 1d3~/~ mice compared to wild-type (WT) littermates
(Fig. 3A and B). The increased number of iNKT cells was an intrinsic consequence of ID3-
deficiency as revealed in mixed bone marrow (BM) chimeras (Fig. 3C and D). Relative to DP
thymocytes, 1d3~/~ iNKT cells were increased by approximately 1.6-fold whereas WT iNKT
cells decreased by 40% in the same chimera (Fig. 3E and Supplemental Fig. 1F). As expected
(23), 1d3~/~ CD4 and CD8 thymocytes decreased by 35% and 55%, respectively, with a
concomitant increase in WT CD4 and CD8 thymocytes (Fig. 3F and Supplemental Fig. 1F).
Therefore, 1d3~/~ DP thymocytes produced more iNKT cells and fewer conventional
thymocytes than their WT counterparts in mixed BM chimeras. The increased frequency of
1d3~/~ iINKT cells was not a consequence of altered expression of the selection-associated
proteins CD1d, SLAM, LY 108 or SAP (Fig. 3F and G). Therefore, ID3 deficiency led to an
intrinsic enhancement of INKT cell numbers.

ID3 was required for normal development of Stage 3 iNKT cells

Our data indicated that ID3 limited iNKT cell selection; however, we questioned whether ID3
might also have functioned in iINKT cell maturation or effector fate determination. When
stimulated with PMA and ionomycin, a subset of WT iNKTSs produced interferon gamma
(IFNYy) or IFNY plus interleukin 4 (1L4), whereas only a few cells produced IL4 without
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IFNY. In contrast, a lower frequency of 1d3~/~ iNKT cells produced IFNy alone and an
increased frequency of cells produced only IL4 (Fig. 4A and B). Consistent with the decline
in IFNy only producing cells, there was a decrease in stage 3 iINKT cell number and frequency,
as measured by multiple surface markers, which are the major IFNy-only producing iNKT cells
in WT mice (Fig. 4C, D and Supplemental Fig. 2A). By contrast, the frequency of 1d3~/~ stage
1 and stage 2 cells increased (Fig. 4C and D). The reduction of stage 3 iNKT cells and the
accumulation of stage 1 and 2 iNKT cells was also apparent in mixed BM chimeras (Fig. 4E
and F). 1d3~/~ stage 3 cells did not stain with annexin V and they expressed the chemokine
receptor CXCR3, which functions in thymic retention (38) (Supplemental fig. 2B and 2C)
indicating that these cells are not apoptotic and they should be retained in the thymus.
Conversely, stage 2 iNKT cells did not express CXCR3, which could have lead to their thymic
retention. Indeed, 1d3~/~ Stage 2 iNKT cells were capable of exiting the thymus since iNKT
cells were present in the periphery of I1d3~/~ mice, although their numbers were decreased (Fig.
5A and B). Moreover, there were few peripheral NK1.1+ stage 3 cells indicating that maturation
may also be impaired in the periphery (Fig. 5C and D). We conclude that ID3 was required
intrinsically for the development of stage 3 INKT cells. We note that the decreased frequency
of IFNy-only producing iNKT cells is less severe than the decreased frequency of stage 3 INKT
cells, which could be a consequence of increased expression of EOMES in stage 2 iNKT cells
(Supplemental Fig. 2D).

Proliferation of iNKT cells occurs primarily at the immature stages. Therefore, the increased
iNKT cell frequency or the decline in Stage 3 iINKT cells could be due to increased proliferation
of these cells. However, WT and 1d3~/~ stage 1 and 2 iNKT cells labeled similarly with BrdU
during a 12 hour pulse suggesting that these cells have an equivalent rate of proliferation
(Supplemental Fig. 2E and F). We also considered the possibility that arrested maturation
contributed to the increased number of stage 1 and stage 2 iNKT cells. However, Thx21~/~
iNKT cells, which also fail to generate stage 3 iNKT cells (18, 19), did not have an increased
number of total INKT cells (Supplemental Fig. 2G and H) arguing that arrested maturation per
se does not augment iNKT cell numbers. Therefore, in addition to preventing post-selection
recombination of the INKT TCR, ID3 promoted iNKT cell maturation to stage 3 but had little
impact on NKT cell proliferation.

ID3 supported the progenitors of TBET+ stage 3 iNKT (NKT1) cells

PLZF and TBET are critical regulators of iNKT cell specification and maturation (11, 12,
39). Intracellular staining and flow cytometry revealed higher PLZF (Fig. 6A, left panel) and
lower TBET expression in 1d3~/~ iNKT cells as compared to WT (Fig. 6B). However, PLZF
was expressed similarly in WT and 1d3~/~ stage 1 and stage 2 iNKT cells (Fig. 6A). Therefore,
the increased PLZF was a consequence of the loss of stage 3 iNKT cells, which typically express
lower PLZF (12). In contrast to PLZF, TBET expression at stage 2 was severely reduced in
the absence of ID3 (Fig. 6B). Overall, we detected a 3.5-fold decrease in the number of TBET
+ cells (Fig. 6C), consistent with the reduction of stage 3 cells. Importantly, Thx21 (encoding
TBET) mRNA could be detected in WT stage 1 iNKTs and was increased at stage 2. In contrast,
there was a 2- and a 4-fold reduction of Thx21 mRNA in ID3-deficient stage 1 and 2 iNKTSs,
respectively (Fig. 6D) suggesting that Tbx21 expression is perturbed at the earliest stages of
iNKT maturation. Tbx21 is part of a broader gene expression program that is implemented over
the course of the stage 1 to 3 transition (40). Microarray analysis revealed that over 70% of the
genes that are progressively upregulated from stage 1 to stage 3 failed to initiate expression
during the stage 1 to 2 transition in 1d3~~ iNKT cells (Fig. 6E). Given that 1d3 is expressed
more highly in stage 1 and 2 iNKT cells than in stage 3 cells (Supplemental Fig. 3A), we
concluded that iNKT cells rely on ID3 to support the emergence of the stage 3-associated gene
expression program at the earliest stages of iNKT cell maturation.

J Immunol. Author manuscript; available in PMC 2014 December 15.
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ID3 was required for the initiation of the stage 3-gene program early during iNKT cell
maturation. However, 1d2 and 1d3 mRNA were co-expressed in stage 1 and stage 2 iNKT cells
(Supplemental Fig. 3A). Although 1D2-deficiency has no effect on thymic iNKT cell
development (27 and Supplemental Fig 3B and C), we hypothesized that ID2 may have
compensated for some ID3 functions. Additionally, ID3 may have compensated for the loss of
ID2 thereby masking the requirements for ID proteins in iINKT cells. To address this possibility,
we created CD4-Cre;1d2f;1d37/~ (1d24/4;1d37/~) mice that lacked both I1d2 and 1d3 starting
in DP thymocytes. Analysis of 1d24/4;1d3~/~ mice revealed a reduced number of CD4 and CD8
T cells, consistent with published results (21). However, greater than 30% of 1d24/4;1d3~/~
CDA4 T cells were iINKT cells, compared to only 2% of their littermate controls (LMC)
(Supplemental Fig. 3D). The frequency and absolute number of iNKT cells among total
thymocytes was increased by an average of 7-and 5-fold, respectively, in 1d24/4;1d3~/~ mice
compared to LMC (Fig. 7A and B). This increase was significantly larger than the increase
observed in 1d3~/~ mice (Fig. 7C).

In 1d24/4;1d3/~ thymi there was a substantial increase in the frequency of PS DP cells (Fig.

7D). Moreover, there was a 6-fold increase in the percentage and a 4-fold increase in the number
of Tet+ PS DP thymocytes in 1d244;1d3~/~ mice (Fig. 7E). Consistent with these results, we
observed a 9-fold increase in the canonical Val4JaZ8 mRNA transcripts in 1d24/4;1d37/~ PS
DP thymocytes, compared to the LMC control mice (Fig. 7F). Our results demonstrated that

the failure to express ID2 and ID3 during positive selection altered the TCR repertoire allowing
for accumulation of iNKT cells.

Redundant functions for ID2 and ID3 during NKT cell lineage specification

We next examined the consequences of 1d2 and 1d3 deletion on iINKT cell maturation.
Remarkably, whereas 1d3~/~ iNKT cells were arrested at stage 2, 1d24/4;1d3~/~ iNKT cells
lacked CD44M stage 2 and stage 3 cells (Fig. 8A). The total number and frequency of stage 1
iNKT cells was increased by 85- and 10-fold, respectively in 1d24/4:1d3~/~ compared to
LMC mice (Fig. 8B). In vitro stimulation of 1d24/4;1d3~/~ iNKT cells revealed impaired
IFNy but normal IL4 production and the cells failed to co-produce IFNy and 1L4 (Fig. 8C), a
trait of INKT cells that is conferred by PLZF. Consistent with this, PLZF protein expression
was reduced at least two-fold in 1d24/4;1d3~/~ stage 0 and stage 1 iNKT cells relative to
LMC (Fig. 8D and E), whereas it was expressed in stage 1 1d24/4 and 1d3~/~ iNKT cells (Fig.
6 and Supplemental Fig. 4A). Importantly, 1d24/4:1d3~/~ stage 0 and stage 1 iNKT cells showed
a 5- and 2.5-fold decrease, respectively, in Zbth16 mRNA compared to their LMC controls
(Fig. 8D and E). Therefore, ID proteins are required to support expression of Zbtb16 in iINKT
cell progenitors and to allow their specification to the NKT cell fate (Fig 8E). These data are
in accordance with previous studies showing that haploinsufficiency of PLZF leads to a naive-
like INKT phenotype (41). Importantly, Tet+ cells failed to accumulate in the spleen and the
liver of 1d244:1d3~/~ mice and the few cells that were present completely lacked NK1.1 (Fig.
8F, G and Supplemental Fig. 4B). In contrast, Tet+ cells were detected in higher frequency in
the lymph nodes of the compound mutant mice (Supplemental Fig. 4C and D); however, the
majority showed a CD44!°CD62L+ phenotype, indicative of a naive state. The failure to induce
PLZF appeared to be independent of EGR2, a direct transcriptional regulator of Zbtb16, since
Egr2 mRNA and EGR?2 protein were increased in 1d244:1d3~/~ iNKT cells (Supplemental
Fig. 4E and F). Moreover, 1d24/4;1d3~/~ stage 1 iNKT cells incorporated less BrdU during a
12 hour pulse than their LMC (Supplemental Fig. 4G), indicating that these cells were not
increased as a consequence of increased proliferation. These data revealed that deletion of
Id2 and 1d3 in DP thymocytes resulted in an increased number of PS DP thymocytes with a
CD1dPBS57_tetramer binding TCR; however, these cells failed to induce sufficient PLZF to
progress beyond stage 1 or to acquire innate-like characteristics. Moreover, these cells
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resembled conventional CD4 T cells in that they accumulated in lymph nodes rather than the
liver and had a naive phenotype. Therefore, ID2 and ID3 functioned redundantly to specify the
iNKT cell fate.

Discussion

We have shown that ID proteins are major regulators of at least three critical checkpoints in
iNKT cell development. ID proteins limited selection into the iNKT cell pathway and total
iNKT cell numbers by extinguishing the potential for secondary rearrangements at Tcra during
conventional T cell positive-selection. In contrast, post-positive-selection, ID proteins were
essential for INKT cell lineage specification and maturation in the thymus. ID2 and ID3
redundantly promoted expression of PLZF and entry of Tet+ DP cells into the iINKT cell
lineage. After INKT cell lineage specification, ID3 was required for the emergence of TBET
+ stage 3 iINKT cells. Our data demonstrated that ID protein dependency is a common
requirement for all innate lymphoid lineages and revealed that alteration of 1D protein dose
modulates the effector subset composition within the iNKT cell lineage.

The development of iINKT cells depends on the lifespan of DP thymocytes. RORyt- or HEB-
deficiency, which leads to decreased Rorc expression and DP survival, results in a loss of INKT
cells due to a failure to rearrange VaI4and Ja18, a phenotype that is rescued by transgenic
expression of the survival proteins BCLxXL or BCL2 or a rearranged Val4JaI8TCR (6, 7).
We observed that RORyt was maintained in a subset of 1d3~/~ PS DP thymocytes. Nonetheless,
Bclxl and Bcl2 were not expressed and we found no evidence for increased survival of DP
thymocytes in 1d3~/~ mice. Therefore, we propose that the increased number of iNKT cells in
1d3~/~ and 1d24/4;1d3~/~ mice was largely a consequence of the failure of PS DP thymocytes
to extinguish expression of Ragl and Rag2. These cells continued to rearrange Tcra until a
TCRa chain was generated, such as Val4Jal8, that allowed selection into the INKT cell
lineage. Consistent with this hypothesis, Val4JaZ8 TCR rearrangements and Tet+ cells were
increased among 1d3~/~ and 1d24/4;1d3~/~ PS DP thymocytes. Moreover, expression of a
Val4lal8 TCR extinguished the advantage of 1d3~/~ T cells to generate iNKT cells as
compared to Val4JaI8transgenic 1d3+/* T cells. The accumulation of iNKT cells in 1d37/~
or 1d24/4;1d3~/~ mice is unlikely to be a consequence of arrested maturation since both PLZF-
deficient and TBET-deficient mice, which show altered maturation similar to 1d24/4;1d3~/~
and 1d3~/~ iINKT cells respectively, do not have an increased number of thymic iNKT cells.
Although we cannot exclude additional roles for 1D proteins during the NKT lineage selection,
our results are consistent with the conclusion that ID proteins limited the ability of DP
thymocytes with a functional TCR to undergo secondary recombination events that increased
the number of INKT cells.

One implication of our findings is that ID3 is not required for positive selection of cells with
an iNKT cell receptor. Consistent with this, 1d3 mRNA showed significantly less induction in
stage 0 iNKT cells than in conventional PS DP thymocytes (Supplemental Fig. 3A). ID3 is a
target of the ITK/RAS/ERK Kinase signaling pathway that is activated during positive
selection into both the conventional and the iNKT cell pathway (42). Why the signals initiated
during iNKT cell selection fail to strongly induce 1d3 mRNA remains to be determined.
Although Itk~/~ and 1d3~/~ mice have similar alterations in iINKT cell maturation, Itk~~ mice
do not have an increased number of iINKT cells (43) suggesting that ITK is not required for
ID3 induction during positive selection. However, whether attenuation of ITK activation limits
1d3 mRNA induction during iINKT cell specification remains to be determined. An alternative
possibility is that the SLAM/SAP signaling pathway attenuates 1d3 expression in the face of
strong TCR signaling during iNKT cell lineage specification. 3-catenin, which is activated by
TCR signaling and can inhibit expression of both 1d2 and 1d3 mRNA in thymocytes (44), may
play arole in 1d3 attenuation during iNKT cell lineage specification since mice expressing an
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activated form of p-catenin in T lymphocytes phenocopy 1d3~/~ mice (45). However it remains
to be determined whether the increased number of INKT cells in these mice is a consequence
of decreased ID3 expression in PS DP thymocytes. Regardless, 1D proteins may serve as
integrators of multiple signaling pathways to regulate the output of thymic selection.

Specification of DP thymocytes into the iINKT cell lineage is regulated by PLZF (11, 12). We
showed here that induction of PLZF in iNKT cells requires either ID2 or ID3. ID2 is tightly
associated with innate lymphoid lineages and is absolutely required for development of all non-
T lineage ILC subsets (26). Nonetheless, ID2-deficiency had little effect on thymic iINKT cell
development (27), suggesting that iNKT cells differ significantly from other ILC populations
in their requirement for ID2. In contrast to this view, we propose that ID2 is a critical driver
of the INKT cell fate but that ID3 compensates for the loss of ID2 during iNKT cell lineage
specification. Previous studies demonstrated that Id3 mRNA is induced by E proteins and is
increased in many instances of ID2-deficiency (46, 47), raising the possibility that ID3 is critical
for INKT cell specification only when 1D2 fails to be expressed. Consistent with the hypothesis
that ID2 is the critical regulator of INKT cell specification, EGR2 directly regulates the
transcription of both 1d2 and Zbtb16 in developing iNKT cells (48). In 1d24/4;1d3~/~ Tet+ cells,
EGR2 protein was present even though Zbtb16 failed to be induced, indicating that ID proteins
were required for additional components of the transcriptional program leading to Zbtb16
induction. Furthermore, 1d24/4:1d3~/~ Tet+ cells were present in the lymph nodes rather than
the liver and spleen, a phenotype consistent with the loss of PLZF and the innate T cell identity.
Collectively, our results indicate that ID proteins control the transcriptional network required
for entry into the iNKT cell lineage.

After specification to the iINKT cell lineage 1d3 mRNA declines, whereas |[d2 mRNA increases.
Given that baseline 1d3 mRNA expression is a gauge for E protein activity, we propose that E
protein activity also declines during iINKT cell maturation. Surprisingly, despite the decline of
Id3 mRNA in stage 3 iINKT cells, ID3 is required for the emergence of this population. The
lack of 1d3 mRNA expression in these cells indicates that ID3 does not directly support the
survival of these cells or the maintenance of their transcriptional program. It seems unlikely
that the increase in stage 2 iNKTs in the thymus of 1d3~/~ mice was due to defective thymic
egress because iINKT cells were readily detected in the periphery, and CXCR3 was expressed
on the appropriate iINKT cell subsets. Nonetheless, 1d3~/~ iNKT cells failed to initiate
expression of a cohort of genes associated with stage 3 including multiple NK cell receptors.
Moreover, the transcription factor TBET, which controls the transcriptional program of stage
3 iINKT cells (18), was severely reduced in stage 1 and stage 2 1d3~/~ iNKT cells. Therefore,
ID3 may support the development of a precursor to stage 3 or it may promote a critical regulator
of the stage 3 gene program.

Surprisingly, the requirement for ID3 is not absolute in peripheral INKT cells, where there was
only a modest reduction of NK1.1+ cells. However, 1d2 expression is higher in splenic and
liver INKT cells than in thymic iNKT, whereas 1d3 expression is low in peripheral iNKT cells.
These findings raise the possibility that in the periphery ID2 performs the functions attributed
to ID3 in the thymus. Consistent with this idea, ID2 has been implicated in the survival of
hepatic INKT cells (27). Therefore, we propose that the requirements for ID2 and ID3 differ
in the thymus and the periphery due to their pattern of expression but that ID proteins are
necessary for NKT cell specification and effector fate determination. Indeed, in the absence of
both ID proteins, thymic iNKT cells lose their innate properties the peripheral iINKT cell pool
is severely diminished and functionally compromised.

We demonstrated that ID2 and ID3 play a critical role in controlling the number of iINKT cells
and their effector repertoire. Our results imply that E protein function needs to be tightly
regulated during iINKT cell development since deletion of both 1d2 and 1d3 relaxes the
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constraints on E protein activity. Whether E proteins are required for any functions in iNKT
cells remains to be determined; however, it seems likely that ID proteins restrain but do not
totally ablate E protein function. Therefore, an increase in E protein function could augment
expression of genes that are normally regulated by E protein homodimers in NKT cells.
Alternatively, an increase in E protein concentration could deregulate genes with low affinity
E-boxes. For example, E protein homodimers could antagonize expression of genes that are
regulated by class 1l bHLH transcription factors since these proteins have subtly different
consensus binding sequences and therefore may have distinct gene target specificity when
present at low doses (22). E proteins have been proposed to interact with the HLH protein
BHLHE40, a transcriptional repressor that is part of the core effector program of iNKT cells
and therefore increased E protein concentration may augment or compete for BHLHE40
functions (40, 49). Regardless of the mechanism, our results demonstrate that tight regulation
of E protein dose is critical for iINKT cell development and effector differentiation.

We, and others, have shown previously that cytokine production by PLZF NKT cells can
influence the fate of bystander CD8 T cells and the production of IgE (31, 50, 51, 52). Therefore,
a minor difference in the number and effector composition of NKT cells can have widespread
effects on the immune response. Our results show that ID proteins have multiple roles in
determining the iNKT cell number and effector fate and further reveal a global role for the 1D
family of proteins in shaping the composition of the innate immune system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ID3 limited the number of PLZF+ and Tet+ cellsamong PS DP thymocytes

(A) Quantitative RT-PCR (qPCR) analysis for Zbth16 (PLZF) mMRNA in sorted WT and
ld3~/~ TCRy8-CD4+CD8+TCRp+CD69+ thymocytes. The y-axis indicates Zbth16 mRNA
relative to Hprt mMRNA analyzed in the same samples. Graphs show the mean + SD of 5
independent experiments. n=5, *p<0.05, two-tailed unpaired t test. (B) Histograms showing
expression of PLZF in gated TCRy3-CD4+CD8+TCRB+CD69+ (black line, post-DP) or
TCRy3-CD4+CD8+TCRB—CD69- cells (grey line, pre-DP) thymocytes from the indicated
mouse strains. The number above the line shows percent of PLZF+ cells among PS DP cells.
(C) Average number and percentage of of PLZF+ among TCRy3-CD4+CD8+TCRp+CD69+
thymocytes. Graphs show mean + SD of 8 independent experiments. n=8, *p<0.05, **p<0.01,
***n<0.001. (D) Flow cytometry plots showing PLZF and Tet staining on TCRy8-CD4+CD8
+TCRB+CD69+ thymocytes from mice of the indicated genotype. (E) Graphs show the average
number and percentage of Tet+ PS DP cells among PS DP thymocytes in WT and 1d3~/~ mice.
Graphs show mean *+ SD of 10 independent experiments. n=10, *p<0.05, ***p<0.001, two-
tailed paired t test.
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Figure 2. 1d37/~ PS DP thymocytes had an increased number of Val4Jal8recombination events
(A) gPCR analysis of Rorc, Ragl and Rag2 mRNA in sorted CD4+CD8+TCRp+CD69+
thymocytes from WT and 1d3~/~ mice. Graphs show mean + SD of 5 independent experiments.
n=5, *p<0.05, two-tailed unpaired t test. (B) RORyt in gated post-selection (black line) or
preselection (grey line) DP thymocytes from WT and 1d3~/~ mice. The shaded histogram shows
RORvyt expression in CD8+TCRp+ cells, as a negative control. The number above the line
shows percent of RORyt+ cells among PS DP cells. (C) Graph shows the average percentage
of RORyt+ cells among PS DP cells in WT and 1d3~/~ mice. n=8, ***p<0.001. gPCR analysis
of (D) Val4JaI8 mRNA and (E) Val4Jal8 DNA rearrangements in sorted CD4+CD8
+TCRpB+CD69+ thymocytes from WT and 1d3~/~ mice. Numbers change in detection relative
to WT. Graphs show the mean + SD from 5 independent experiments. n=5 *p<0.05, **p<0.01,
two-tailed unpaired t test. (F) gPCR analysis of Ja transcripts containing Ja gene segments
that are proximal and distal to Va in TCRy3-CD4+CD8+TCRB+CD69+ thymocytes cells
sorted from WT and 1d3~/~ mice. Numbers show change in detection relative to WT for each
Ja transcript. Graphs show the mean + SD from 3 independent experiments. n=3 *p<0.05,
**p<0.01, two-tailed unpaired t test. (G) Flow cytometry plots of total thymocytes from
1d3+/*;Val14Tg and 1d3~/~;Va14Tg mice showing the percentage of Tet+TCRp+ iNKT cells.
(H) Average number and percentage of iNKT cells in the indicated mouse strains. Graphs show
the mean £ SD from 10 independent experiments, n=10.
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Figure 3. 1d3™/~ mice had increased iNK T cell numbers

(A) Flow cytometry plots of total thymocytes from WT and 1d3~/~ mice showing the percentage
of iINKT cells indentified by CD1dPBS57-tetramer and TCRP staining. (B) Average percentage
and number of total INKT thymocytes in the indicated mouse strains. n=20 for each genotype
*p<0.05, ***p<0.001. Graphs show the average of >15 independent experiments. Bars indicate
standard deviation (SD). (C) Flow cytometry plots showing the percentage of Tet+TCRp+
iNKT cells among CD45.1+ (WT) and CD45.2+ (1d3~/7) cells in competitive bone marrow
(BM) chimeras. (D) Average percentage of Tet+Tcrp+ iINKT cells among CD45.1+ (WT) and
CD45.2+ (1d37/7) cells. n=8 chimeric mice, *p<0.05, two-tailed paired t test. Bars indicate
SD. (E) Analysis of DP, iNKT, CD4 and CD8 cells in competitive bone marrow chimeras
shown as the percent of WT or 1d3~/~ DP cells. n=8, ***p<0.001, two-tailed paired t test. Bars
indicate SD. (F) Histograms showing expression of CD150, LY 108 and CD1d in DP
thymocytes from WT and 1d3~/~ mice. (G) RT-QPCR analysis of Sh2dla mRNA (encoding
for the adaptor protein SAP), in CD4-CD8- and CD4+CD8+ sorted thymocytes from WT and
Id3~/~ mice. Solid grey histogram indicates isotype control.
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Figure4. ID3wasrequired for iINKT cell maturation

(A) Intracellular staining for IFNy and 1L4 in gated Tet+CD24~ cells after in vitro culture with
(lower panel) or without (upper panel) PMA and ionomycin for 5 hours. Numbers indicate
percent of cells in each quadrant. (B) Average percentage and number of iINKT thymocytes
expressing the indicated cytokines from WT and 1d3~/~ mice. Graphs show the mean + SD
from 4 independent experiments. n=4 for each genotype, *p<0.05, **p<0.01. (C) WT and
Id3~/~ thymocytes were analyzed for Tet+CD24—- iNKT cells (upper panel) and CD44 and
NKZ1.1 expression is shown in gated Tet+CD24~ iNKT cells (lower panel). Numbers in plots
indicate percent of cell subsets in the respective gates. (D) Average percentage and number of
stage 1, stage 2 and stage 3 iNKT cells in WT and 1d3~/~ thymi. Graphs show the mean + SD
from >15 independent experiments. n=19, ***p<0.001. (E) Chimeric mice shown in Figure 1
were analyzed for Tet+CD24- thymocytes (upper panel) and surface expression of CD44 and
NKZ1.1 (lower panel). (F) Average percentage of stage 1, stage 2 and stage 3 iNKT cells in
CD45.1+(WT) and CD45.2+(1d37/7) cells from the competitive bone marrow chimeras.
Graphs show the mean + SD from 8 independent experiments. n=8, *p<0.05, ***p<0.001, two-
tailed paired t test.
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Figureb5. 137/~ peripheral iNKT cellsfailed to mature

(A) Flow cytometry plots showing the percentage of Tet+TCRp+ iNKT cells in the spleen and
liver from WT and 1d3~/~ mice. (B) Graphs show average number and percentage of iNKT
cells in the spleen and liver of the indicated mouse strains. Graphs show mean + SD from 8-
10 independent experiments. *p<0.05, **p<0.01. (C) Histograms showing the expression of
NKZ1.1 on total iNKT cells in the spleen and liver of WT and 1d3~/~ mice. Shaded histogram
is the isotype control. Numbers indicate percent of NK1.1+ cellsamong iNKT cells. (D) Graphs
show average percentage of NK1.1+ cells among the iNKT population in the spleen and liver
of the indicated mouse strains. Graphs show mean + SD from 8-10 independent experiments.
*p<0.05, **p<0.01.
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Figure®6. 1d3~/~ iINK T cellsfailed to induce the stage 3-associated transcriptional program
Histograms showing (A) PLZF or (B) TBET in total (left), stage 1 (middle) and stage 2 (right)
iNKT cells from WT (grey line) and 1d3~/~ (black line) mice. Shaded histogram is expression
of the respective protein in conventional CD4+ thymocytes, which are a negative control. (C)
Average number of TBET+ iNKT cells in the thymus. The graph shows the mean + SD from
12 independent experiments. n=12, ***p<0.001. (D) qPCR analysis of Tbx21 mRNA in sorted
stage 1 and 2 iINKT thymocytes from WT and 1d3~/~ mice. The y-axis indicates change relative
to expression in WT stage 1. The graph shows the mean + SD from 3 independent experiments.
Two mice for each mouse strain were pooled for each experiment. n=3, **p<0.01, ***p,0.001,
two-tailed unpaired t test. (E) A set of 70 genes that are progressively upregulated during the
transition from WT stage 1 through stage 3 was identified by analyzing normalized data from
the Immunological Genome Consortium. The expression of each gene in WT and 1d3~/~ stage
1 and stage 2 iINKT cells is shown as a heatmap.
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Figure 7. Increased iNKT cell development in the absence of both 1d2 and 1d3

(A) Flow cytometry plots of total thymocytes from 1d27f and CD4Cre;1d2f;1d3~/~
(1d2472:1d3~/~) mice showing the percentage of Tet+TCRB+ iNKTSs. (B) Average percentage
and number of total INKT thymocytes in the indicated mouse strains. (C) Fold change in iNKT
percentage (left) and cell numbers (right) of 1d3~/~ and 1d24/4;1d3~/~ relative to littermate
controls (LMC). Graphs show the mean + SD of 10 independent experiments. n=10, *p<0.05,
**p<0.01. (D) TCRB+CD69+ (post-selection) thymocytes from the indicated mouse strains
were analyzed for CD4 and CD8 expression (upper panel) and DP cells were then analyzed
for CD1dPBS57-tetramer staining. Numbers in the plots indicate percent of DP cells among PS
thymocytes (upper panel), and percent of Tet+ cells among PS DP cells (lower panel). (E)
Average number of CD4+CD8+TCRp+CD69+Tet+ (upper graph) and percentage of Tet+
thymocytes among PS DP cells (lower graph). Graphs show the mean + SD of 10 independent
experiments. n=10, *p<0.05, **p<0.01. (F) gPCR analysis of Val4JaZ8 mRNA (in sorted
CD4+CD8+TCRB+CD69+ thymocytes from LMC and 1d24/4;1d3~/~ mice. Graphs show the
mean £ SD of 3 independent experiments. n=3, *p<0.05, two-tailed unpaired t test.
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Figure8. 1d2 and 1d3 regulateiNKT cell specification

(A) 1d2f and 1d24/4;1d3~/~ thymocytes were analyzed for Tet+CD24- iNKT cells (upper
panel). The percentage of Tet+CD24~ cells is indicated. CD44 and NK1.1 expression is shown
in gated Tet+CD24- iNKT cells (lower panel). Numbers indicate percent of cells in the
respective quadrants. (B) Average cell number and percentage of stage 1 iNKT cells in the
indicated mouse strains. Graphs show the mean + SD of 8 independent experiments. n=8,
***n<0.001. (C) Total thymocytes from Id2/f and 1d24/4;1d3~/~ mice were cultured in vitro
with (lower panel) or without (upper panel) PMA and ionomycin for 5 hours. Intracellular
staining of IFNy and IL4 in gated Tet+CD24- cells is shown. Numbers indicate percent of
cells in each quadrant. (D) Histogram (left panel) showing PLZF expression in stage 1 iNKT
cells from 102" (grey line) and 1d24/4;1d3~/~ (black line) mice. Solid grey indicates PLZF
expression from conventional CD4 thymocytes from littermate control mice. Graph (middle
panel) shows the average mean fluorescence intensity (MFI) from 10 independent experiments.
n=12, *p<0.05. Graph (right panel) shows gPCR analysis of Zbtb16 mRNA in sorted stage 1
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(Tet+CD24-CD44-NK1.1-,) iNKT thymocytes from LMC and 1d24/4;1d3~/~ mice. Numbers
in the y-axis indicate fold change relative to LMC stage 1 expression. Graphs show the mean
+ SD from 3 independent experiments. n=3, **p<0.01, two-tailed unpaired ttest. (E) Histogram
(left panel) showing PLZF expression in stage 0 (Tet+CD24+CD69+CD44-) iNKT cells from
1d2ff (grey line) and 1d24/4;1d3~/~ (black line) mice. Solid grey indicates PLZF expression
from conventional CD4 thymocytes from littermate control mice. Histogram is representative
of two independent experiments. Graph (right panel) shows gPCR analysis of Zbth16 mRNA
in sorted stage 0 (Tet+CD24+CD69+CD44-) iNKT thymocytes from LMC and
Id24/4;1d3~/~ mice. Numbers in the y-axis indicate fold change relative to LMC stage 1
expression. Graphs show the mean + SD from 3 independent experiments. n=3, **p<0.01, two-
tailed unpaired t test. Flow cytometry plots showing lymphocytes from the (F) spleen and (G)
liver of the indicated mouse strains analyzed for Tet+TCRp+ cells (upper panel). The percent
of Tet+TCRB+ cells is indicated. Histograms showing the percent of NK1.1+ iNKTs (lower
panel). Solid grey indicates the isotype control.
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