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Invariant natural killer T (iNKT) cells are innate-like T cells that recog-
nize glycolipid antigens and play critical roles in regulation of immune
responses. Based on expression of the transcription factors (TFs) Tbet,
Plzf, and Rorγt, iNKT cells have been classified in effector subsets that
emerge in the thymus, namely, iNKT1, iNKT2, and iNKT17. Deficiency
in the TF Bcl11b in double-positive (DP) thymocytes has been shown
to cause absence of iNKT cells in the thymus and periphery due to
defective self glycolipid processing and presentation by DP thymo-
cytes and undefined intrinsic alterations in iNKT precursors. We used
a model of cre-mediated postselection deletion of Bcl11b in iNKT cells
to determine its intrinsic role in these cells. We found that Bcl11b is
expressed equivalently in all three effector iNKT subsets, and its re-
moval caused a reduction in the numbers of iNKT1 and iNKT2 cells,
but not in the numbers of iNKT17 cells. Additionally, we show that
Bcl11b sustains subset-specific cytokine production by iNKT1 and
iNKT2 cells and restricts expression of iNKT17 genes in iNKT1 and
iNKT2 subsets, overall restraining the iNKT17 program in iNKT cells.
The total numbers of iNKT cells were reduced in the absence of
Bcl11b both in the thymus and periphery, associated with the de-
crease in iNKT1 and iNKT2 cell numbers and decrease in survival,
related to changes in survival/apoptosis genes. Thus, these results
extend our understanding of the role of Bcl11b in iNKT cells beyond
their selection and demonstrate that Bcl11b is a key regulator of iNKT
effector subsets, their function, identity, and survival.
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Invariant natural killer T (iNKT) cells recognize glycolipid anti-
gens presented by the MHC class I-like molecule CD1d and have

been shown to play an important role not only in the immune
response to bacterial pathogens, but also in antitumor immune
responses (1, 2). iNKT cells bear a T-cell receptor (TCR) com-
posed of Vα14–Jα18 chain paired with Vβ7, β8, and β2 in mice, and
Vα24 and Vβ11 in humans (3). Following stimulation with glyco-
lipid antigens or cytokines, iNKT cells quickly respond by pro-
ducing cytokines, including IFNγ, IL-4, IL-13, IL-17, IL-10,
and GM-CSF (4–9). This quick response gives them the innate-
like attribute. Thymic iNKT precursors are selected on double-
positive (DP) thymocytes, which present self glycolipids on CD1d
molecules (10–12). Following selection, iNKT precursors go
through four developmental stages: 0 (NK1.1−HSAhiCD44lo),
1 (NK1.1−HSAloCD44lo), 2 (NK1.1−HSAloCD44hi), and 3
(NK1.1+HSAloCD44hi) (13). iNKT cell migration out of the thymus
occurs at stages 2 and 3 (13, 14). Similar to T helper cells and innate
lymphoid cells (ILCs), iNKT cells have been classified into three
distinct effector subsets, based on the expression of the TFs
Tbet, PLZF, and Rorγt, namely, iNKT1 (TbethiPLZFlo), iNKT2
(TbetloPLZFhi), and iNKT17 (TbetloPLZFloRorγt+) (15). In B6
mice, the iNKT2 and iNKT17 subsets are found predominantly
within developmental stage 2, whereas the iNKT1 subset is confined

to stage 3 (15). Several transcription factors (TFs) have been found
essential for iNKT cell progression through developmental stages, as
well as for their effector functions. Tbet is critical for iNKT1 cell
function and for terminal maturation and homeostasis (15, 16).
Rorγt not only controls the iNKT17 pathway, but together with
Runx1, regulates iNKT cell development (12, 15, 17). PLZF is
expressed postselection and directs the development and effector
program of iNKT cells (18, 19). E and Id proteins are important for
both lineage choice between iNKT and T cells during selection and
differentiation into iNKT1 and iNKT2 subsets (20–22). c-myb reg-
ulates CD1d levels on DP thymocytes, as well as Slamf1, Slamf6, and
SAP on iNKT cells (23). Hobit controls maintenance of mature
iNKT cells and their effector functions (24). Recently Lef1 was
found to be essential for iNKT2 subset formation and function, and
to regulate Gata3 and Thpok (25), both known to control CD4+

iNKT cells (26). TF Bcl11b plays a crucial role in T-cell lineage
commitment (27, 28), selection, differentiation, and survival of thy-
mocytes (29, 30), clonal expansion and effector function of CD8+ T
cells (31), as well as suppression function of Treg cells (32). Addi-
tionally, Bcl11b restricts expression of Th2 lineage genes in Th17
cells in experimental autoimmune encephalomyelitis (EAE) (33).
Bcl11b was recently found to sustain innate lymphoid type 2 cell
(ILC2) program (34, 35, 36) and to suppress ILC3 program in ILC2s
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(36). Bcl11b’s deficiency in DP thymocytes resulted in lack of
iNKT cells in the thymus and periphery (37, 38), despite the
fact that the Vα14Jα18 TCR was normally rearranged (38).
The defect was caused by the inability of Bcl11b−/− DP thy-
mocytes to support the selection of iNKT precursors, due to
defective glycolipid self-antigen processing/presentation. Ad-
ditionally, Bcl11b−/− iNKT precursors, even when normally
presented with glycolipid self-antigens, failed to generate
iNKT cells, due to unidentified intrinsic defects (38). Here we
set up a system to study the defects caused by the absence of
Bcl11b in iNKT cells, using the PLZF-Cre mouse strain, which
promotes removal of floxed alleles postselection of iNKT
cells, namely starting with developmental stage 1 (18, 39, 40).
Our study demonstrates that PLZF-Cre–mediated iNKT cell
deletion of Bcl11b resulted in significantly reduced iNKT cells
in the thymus and periphery, associated with reduction in
survival in relation to changes in survival/apoptosis genes.
iNKT1 and iNKT2 effector subsets were numerically reduced
both in thymus and spleen, suggesting that these two subsets
need Bcl11b. Additionally, levels of IFNγ and IL-4 within
Bcl11b−/− iNKT1 and iNKT2 subsets, respectively, were re-
duced, demonstrating that these cells also have functional
alterations. Although numbers of Bcl11b−/− iNKT17 cells were
normal, IL-17 production was up-regulated together with in-
creased levels of iNKT17 subset molecules, namely, IL23R
and Nrp1. IL23R and Nrp1 were up-regulated not only in total
iNKT cells and in iNKT17 subset, but also in the other two
effector subsets, suggesting an additional role for Bcl11b in
restricting the iNKT17 program in iNKT1 and iNKT2 subsets.

Additionally, Bcl11b suppressed expression of some NK genes
in iNKT cells. Thus, our results demonstrate a major role of
Bcl11b in the development, function, identity and survival of
iNKT cells.

Results
Bcl11b’s Removal Is Specific for iNKT Cells in Bcl11bF/F/PLZF-Cre Mice.
Given previous results in which absence of Bcl11b caused a de-
velopmental block in iNKT cells due to defective iNKT precursors
(38), as well as defective glycolipid processing and presentation by
DP thymocytes, we used the PLZF-Cre mouse strain to remove
targeted alleles restrictively in iNKT cells, postselection (40). The
PLZF-Cre deleter efficiently removed Bcl11b in splenic and thy-
mic iNKT cells, starting with developmental stage 1 (Fig. S1 A–C).
Given that ∼25% of T cells were previously reported to be positive
for the Rosa 26-tdTomato reporter in PLZF-Cre mice (40), we
evaluated removal of Bcl11b in PBS-57/CD1d− thymic CD4+

single positive (SP) and splenic CD4+ T cells and found no re-
moval of Bcl11b in these cells (Fig. S1 A and B). Moreover, thymic
SP and peripheral CD4+ and CD8+ T-cell populations remained
numerically unaffected (Fig. S1 D and E). Considering that PLZF
was found to be expressed in a precursor population of helper
ILCs (41), and removal of Bcl11b in ILC2s caused down-regula-
tion of St2 and derepression of Rorγt (36), we investigated
whether Bcl11b is removed from ILC2s in Bcl11bF/F/PLZF-Cre
mice. Our results show no removal of Bcl11b in these cells (Fig.
S1F). Additionally, ILC2s of Bcl11bF/F/PLZF-Cre mice did not
down-regulate St2 or up-regulate Rorγt (Fig. S1G). These results
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Fig. 1. Bcl11b’s deficiency in iNKT cells causes a major reduction in thymic and peripheral iNKT cells associated with increased apoptosis. (A and B) Frequencies (A)
and absolute numbers (B) of iNKT cells from Bcl11bF/F/PLZF-Cre (KO) and WT mice in thymus, spleen, and liver. The gated population in A shows percentages of
CD1d-PBS-57+cells. (C) Frequencies of Annexin V+ iNKT cells from Bcl11bF/F/PLZF-Cre (KO) and Bcl11bF/F (WT) mice in thymus and spleen. Data are representative of
several independent experiments with 10 pairs of mice (A and B) and 5 pairs of mice (C). P values determined by unpaired two-tailed Student’s t test are indicated.
Means ± SEM.
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Fig. 2. Bcl11b’s removal in iNKT cells causes developmental alterations. (A) Frequencies of iNKT cells from Bcl11bF/F/PLZF-Cre and WT mice in the four devel-
opmental stages (Left) based on surface CD24, CD44, and NK1.1 within the CD1d-PBS-57+ cells. (B and C) Quantification of percentages (B) and absolute numbers
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taken together demonstrate that Bcl11b’s removal is specific for
iNKT cells in Bcl11bF/F/PLZF-Cre mice.

Bcl11bF/F/PLZF-Cre Mice Have Reduced Numbers of Thymic and
Peripheral iNKT Cells and Developmental Alterations of iNKT Cells.
Ablation of Bcl11b with the PLZF-Cre deleter caused a severe
reduction of the percentages and absolute numbers of iNKT cells
in the thymus, spleen, and liver (Fig. 1 A and B and Fig. S2A),
although the mean fluorescence intensity (MFI) of PBS-57–
loaded CD1d tetramer bound by TCR remained similar between
Bcl11b−/− and wild-type iNKT cells (Fig. S2B). We further asked
the question whether the reduced numbers of iNKT cells in
the absence of Bcl11b is caused by their reduced survival.
Annexin V staining of thymic and splenic iNKT cells showed
that more Bcl11b−/− iNKT cells stained for Annexin V compared
with control, both in thymus and spleen (Fig. 1C and Fig. S2C).
These results suggest that Bcl11b−/− iNKT cells have an in-
creased tendency to die, which is likely to contribute to their
numerical decrease.
We further investigated the thymic iNKT developmental

stages and found that Bcl11bF/F/PLZF-Cre mice had higher
percentages of iNKT cells in stages 0–2, whereas the percentages
of stage 3 iNKT cells were reduced (Fig. 2 A and B). The ab-
solute numbers of stages 0 and 1 iNKT cells were similar in
Bcl11bF/F/PLZF-Cre and wild-type mice, however, there was a
substantial reduction of absolute numbers of iNKT cells in stages
2 and 3 (Fig. 2C). Given that iNKT cells go through a massive
expansion as they transition between stages 1 and 2, we evalu-
ated the Ki67, indicative of cells entering the cell cycle. Our
results show that similar percentages of Bcl11b−/− and wild-type
iNKT cells were positive for Ki67 in stage 1, whereas during
stage 2, the percentages were increased for Bcl11b−/− iNKT cells
(Fig. S3). Therefore, it is unlikely that the reduction in the
numbers of iNKT cells in the absence of Bcl11b is caused by
defective cell cycle entering, but rather by reduced survival and
alterations in development.

Absence of Bcl11b Causes Up-Regulation of iNKT17 Genes, Down-
Regulation of iNKT1 and iNKT2 Genes, and Alterations in Survival
Genes. Comparison of the mRNAs of Bcl11b−/− and wild-type
iNKT cells showed that the prosurvival gene Bcl2 was down-
regulated and the proapoptotic gene Bag2 was up-regulated in
Bcl11b−/− iNKT cells (Fig. 3), thus supporting the observation
that Bcl11b−/− iNKT cells have a reduction in survival. The
mRNAs for the Tbx21 (Tbet), critical for the iNKT1 subset and
its signature cytokine IFNγ, were reduced (Fig. 3). The mRNAs
for the TFs Zbtb16 (PLZF) and Lef1, important for iNKT2

subset (15, 25), were also diminished, together with the mRNAs
for the iNKT2 subset cytokines IL-4 and IL-13, and the re-
ceptor IL-4Rα. However, there was no change in the mRNAs
for Gata3 and Zbtb7b (Thpok) (Fig. 3), known to be down-
stream of Lef1 (25). The mRNAs for the TFs Rorγt (Rorc) and
Sox4, known to be important for the iNKT17 subset, were up-
regulated (Fig. 3), together with the iNKT17 subset mRNAs for
IL-17, IL-22, IL-23R, and Nrp1 (Fig. 3). In addition, the
mRNAs for Ncr1 (Nkp46), Klrb1, Gzmb, and Gzmc were ele-
vated (Fig. 3). The results of this analysis support the conclu-
sion that Bcl11b controls survival of iNKT cells and effector
iNKT subset genes.

iNKT1 and iNKT2 Effector Subsets Require Bcl11b. Given the up-
regulation of iNKT17 genes and the down-regulation of iNKT1
and iNKT2 genes, we further evaluated the effector iNKT
subsets in the absence of Bcl11b. We first assessed the ex-
pression of Bcl11b in these subsets and found that Bcl11b was
expressed in thymic and splenic effector iNKT subsets at similar
levels (Fig. S4A). We further evaluated the thymic and splenic
effector iNKT subsets in the absence of Bcl11b, and found that
the percentages and absolute numbers of iNKT1 and iNKT2
cells were reduced both in the thymus and periphery (Fig. 4
A–D and Fig. S4 B and C). Whereas there was an increase in
the percentages of iNKT17 cells, the absolute numbers of
iNKT17 cells remained unchanged (Fig. 4 A–D and Fig. S4 B
and C). These data suggest that iNKT1 and iNKT2 subsets, but
not the iNKT17 subset, require Bcl11b.

Fig. 3. Bcl11b-deficient iNKT cells show altered expression of genes critical for
effector iNKT subsets and survival. Scatterplot of log2 expression values for
mRNAs isolated from sorted iNKT cells of Bcl11bF/F/PLZF-CreVα14 Tg (KO)
versus Vα14 Tg control mice (WT) treated with α-GalCer. Data are represen-
tative of two independent arrays. Relevant genes are listed. The heat map
shows relevant genes off the scale in scatterplot.
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Bcl11b−/− iNKT Effector Subsets Have Functional Alterations. We
further evaluated the cytokine production by total Bcl11b−/− iNKT
cells, as well as by the effector subsets. Our results indicate that
overall frequencies of IL-17–producing Bcl11b−/− iNKT cells were
increased, whereas frequencies of IL-4– and IFNγ-producing
Bcl11b−/− iNKT cells were reduced compared to wild-type iNKT
cells both in thymus and spleen (Fig. S5 A and B), in agreement
with the changes in the proportion of effector subsets. Within the
iNKT1 and iNKT2 subsets, the percentages of Bcl11b−/− IFNγ- and
IL-4–producing iNKT cells, respectively, were reduced both in
thymus and spleen (Fig. 5 A–D). Additionally, the absolute num-
bers of Bcl11b−/− IFNγ- and IL-4–producing iNKT1 and INKT2
cells, respectively, were reduced as well (Fig. 5 E and F). Within
the iNKT17 subset, the percentages of Bcl11b−/− IL-17–pro-
ducing iNKT cells were increased in the thymus and spleen

and the absolute numbers were slightly increased, but not
significantly (Fig. 5 A–F). These results suggest that within
the Bcl11b− /− iNKT1 and iNKT2 subsets, fewer cells pro-
duced IFNγ and IL-4, respectively, thus presenting functional
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alterations, whereas within the Bcl11b−/− iNKT17 subset, a larger
percentage produced IL-17.

Bcl11b Restricts Expression of iNKT17 Program in iNKT1 and iNKT2
Effector Subsets. We further investigated whether other genes,
dysregulated in the absence of Bcl11b from iNKT cells, were altered
within the effector subsets or their difference in expression was a
consequence of ratio change between the effector subsets.
Several mRNAs for iNKT17 genes were up-regulated, in-

cluding for IL-23R and Nrp1 (Fig. 3). IL-23R and Nrp1 were
up-regulated not only in the total iNKT cells and within the
iNKT17 subset, but even in the iNKT1 and iNKT2 effector subsets
(Fig. 6). These results suggest that Bcl11b may be overall impli-
cated in restraining the iNKT17 program, including in iNKT1 and
iNKT2 effector subsets.
We further evaluated Nkp46 and Gzmb, two natural killer

(NK) genes up-regulated at mRNA level in total Bcl11b−/−

iNKT cells and known to be derepressed following Bcl11b’s
removal in other T-cell populations and progenitors (re-
viewed in ref. 42). Both Nkp46 and Gzmb were very modestly
expressed in the wild-type thymic and splenic iNKT cells at
steady state (Fig. 6), similar to what has been recently reported
(43). Removal of Bcl11b resulted in the up-regulation of Nkp46
and Gzmb in all of the three effector subsets both in thymus
and spleen (Fig. 6). As shown above, the mRNA encoding Lef1,
recently found to be essential for iNKT2 cells (25), was reduced
(Fig. 3). There was also a modest reduction of Lef1 in the total
Bcl11b−/− iNKT cells, however, no change in iNKT2 subset
(Fig. S6A), suggesting that the reduced Lef1 mRNA level in
total Bcl11b−/− iNKT cells was simply due to the iNKT2 subset
numerical reduction. In agreement with these results, no up-
regulation of CD8 was observed in the Bcl11b−/− iNKT cells
above wild-type background (Fig. S6B) and Gata3 remained
unchanged (Fig. S6A).
Thus these results taken together suggest that Bcl11b is re-

quired to restrict iNKT17 genes overall in iNKT cells, including
in effector iNKT1 and iNKT2 subsets. Additionally, Bcl11b re-
presses expression of some NK genes in iNKT cells.

Discussion
Previous reports demonstrate that absence of the TF Bcl11b at
DP stage of T-cell development caused a defect in self glycolipid
processing and presentation, which impacted the selection of
iNKT precursors (38). Additionally, Bcl11b−/− iNKT precursors
had unknown intrinsic defects that blocked their development
even when selected on DP thymocytes able to present glycolipids
(38). Here we set up a system to study the specific role of Bcl11b
in iNKT cells postselection, at developmental stage 1. Impor-
tantly, our results demonstrate specific and restrictive removal of
Bcl11b with the PLZF-Cre system in iNKT cells and no removal
of Bcl11b in other T cells or ILC2s. Using this system we found
that deficiency of Bcl11b caused a significant decrease in iNKT
cells in the thymus and periphery, related to reduced iNKT1 and
iNKT2 cell numbers and to an overall reduced survival of iNKT
cells attributed to changes in survival genes, similar to what was
previously reported for Bcl11b−/− thymocytes (29, 30). Although
iNKT1 and iNKT2 cell numbers were reduced in the absence of
Bcl11b, there was no change in the numbers of iNKT17 cells,
suggesting an essential role of Bcl11b in the control of effector
iNKT1 and iNKT2 subsets. The reduction in the iNKT1 and
iNKT2 subsets in the absence of Bcl11b is also in agreement with
the reduction in developmental stage 3, predominantly repre-
sented by the iNKT1 subset, and the reduction in developmental
stage 2, represented by iNKT2 and iNKT17 subsets. One possi-
bility is that development of iNKT1 and iNKT2 subsets is de-
pendent on Bcl11b, whereas the iNKT17 subset is not. Another
possibility is that Bcl11b−/− iNKT1 and iNKT2 cells have altered
survival, however, Bcl11b−/− iNKT17 cells survive normally. Not

only were the iNKT1 and iNKT2 subsets numerically reduced,
but the percentages of IFNγ- and IL-4–producing iNKT cells
were also reduced within the iNKT1 and iNKT2 subsets, re-
spectively, suggesting that iNKT1 and iNKT2 cells have func-
tional alterations in the absence of Bcl11b. The TF Lef1, recently
demonstrated to control Gata3 and IL-4 expression in iNKT2
cells (25), was not reduced in Bcl11b−/− iNKT2 cells. There was
no reduction in Gata3 expression, suggesting that Bcl11b might
be involved in the control of IL-4, independent of these tran-
scriptional regulators. Also, Bcl11b might be implicated in the
control of IFNγ either directly or through Tbet. Interestingly,
levels of the IL-17, IL-23R, and Nrp1, all part of the iNKT17
program, were elevated in total and iNKT17 cells, which sug-
gests a role of Bcl11b in restraining the iNKT17 program.
IL-23R and Nrp1 were also up-regulated in iNKT1 and iNKT2
subsets, further suggesting that Bcl11b restricts expression of
the iNKT17 program in iNKT1 and iNKT2 subsets. This is
similar to the role of Bcl11b in ILC2s, in which Bcl11b represses
the ILC3 program (34). As mentioned above Bcl11b−/− iNKT17
cells were not affected numerically in the absence of Bcl11b,
similar to what happened in the absence of Bcl11b in Th17 cells
during EAE (33). However, different from Bcl11b−/− Th17 cells
in EAE (33), Bcl11b−/− iNKT17 cells did not express IL-4.
Thus, Bcl11b regulates some common themes in some immune
populations, such as ILCs and iNKT cells, however, it acts also
in a context-dependent manner in other populations (reviewed
in ref. 42). It remains to be established whether Bcl11b plays
other roles in iNKT17 cells except restricting expression of its
signature genes. In addition, as in other T-cell populations,
Bcl11b represseed NKp46 and Gzmb, but not NK1.1, CD244, or
myeloid genes, that are derepressed in the absence of Bcl11b in
early thymocytes (27, 28). This again suggests that Bcl11b gov-
erns not only common, but also context-specific programs. The
suppression of NKp46 and Gzmb can be related to overall re-
pression of NK program. NKp46 was expressed in wild-type
iNKT subsets at very low level, with the highest level in the
iNKT17 subset, at least in the thymus. Therefore, it is possible
that NKp46 is part of the iNKT17 program, similar to a subset of
ILC3s, and absence of Bcl11b causes its increase in relation to
derepression of iNKT17 genes or as mentioned above as part of
restricting expression of NK genes. This remains to be estab-
lished in the future.
In conclusion, our results demonstrate a critical role of

Bcl11b in the control of iNKT1 and iNKT2 subsets and in
sustaining their function. Bcl11b also restricts expression of the
iNKT17 program, including in iNKT1 and iNKT2 subsets. In
addition, Bcl11b is required for overall survival of iNKT cells
and repression of some NK genes.

Materials and Methods
Detailed materials and methods are given in SI Materials and Methods.

Mice. Bcl11bF/F/PLZF-Cre mice were generated by breeding Bcl11bF/F and PLZF-
Cre mice, previously described (29, 30, 40). Vα14 mice were previously de-
scribed (44). Mice were kept under specific pathogen-free conditions. All of
the experiments were conducted in accordance with animal protocols ap-
proved by the Institutional Animal Care and Use Committee of the University
of Florida and Albany Medical College.

Statistical Analysis. The statistical difference between experimental groupswas
determined by unpaired two-tailed Student t test. The P values ≤0.05 were
considered significant.
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