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Summary
The transcriptional control of CD1d-restricted NKT cell development has remained elusive. We
report that PLZF (promyelocytic leukemia zinc finger; Zbtb16), a member of the BTB/POZ-ZF
family of transcription factors which includes the CD4 lineage-specific c-Krox (Th-POK, Zbtb7b),
is exquisitely specific to CD1d-restricted NKT cells and human MR1-specific MAIT cells. PLZF
was induced immediately after positive selection of NKT cell precursors and PLZF-deficient NKT
cells failed to undergo the intrathymic expansion and effector differentiation that characterize their
lineage. Instead, they preserved a naïve phenotype and were directed to lymph nodes. Conversely,
transgenic expression of PLZF induced CD4 thymocytes to acquire effector differentiation and
migrate to non-lymphoid tissues. We suggest that PLZF is a transcriptional signature of NKT cells
that directs their innate-like effector differentiation during thymic development.

Introduction
The development of thymic αβ cell lineages relies on signaling processes that are initiated upon
TCR engagement by MHC or MHC-like ligands at the CD4+CD8+ double positive (DP) stage
(reviewed in (He and Kappes, 2006; Singer and Bosselut, 2004)). Although overlapping with
their positive selection, the lineage commitment of thymocytes can be separated and
manipulated based on the expression of signature components of transcriptional networks
involved in lineage decisions. For example, the antagonistic expression and function of c-Krox
(Th-POK, Zbtb7b) and Runx3 define the CD4 and CD8 lineages, respectively (He et al.,
2005; Setoguchi et al., 2008; Sun et al., 2005; Wildt et al., 2007). A fraction of MHC class-II
restricted CD4 T cells further differentiates into CD25+ regulatory T cells characterized by the
transcription factor Foxp3 (Fontenot et al., 2003; Hori et al., 2003).

Little is known, however, about the transcriptional regulation of unconventional αβ T cell
lineages such as NKT cells, MAIT cells or CD8αα intraepithelial lymphocytes (reviewed in
(Bendelac et al., 2007; Matsuda and Gapin, 2005; Shires et al., 2001; Treiner and Lantz,
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2006)). There is evidence suggesting that, as for CD25+ regulatory T cells (Hsieh et al.,
2004), their TCRs engage in higher avidity interactions with self ligands than conventional T
cells, resulting in the acquisition of a permanently activated effector or memory phenotype.
However, it remains unknown whether their resulting transcriptional profile is a mere
combination of those already described for conventional naïve T cells and their various memory
and effector products or whether essential signature transcription factors are induced,
transiently or permanently, during the thymic development of these lineages (Matsuda et al.,
2006; Shires et al., 2001).

NKT cells are a well-characterized conserved population of T cells that mainly express CD1d-
restricted αβ TCRs made of an invariant Vα14-Jα18 chain in mouse (Vα24-Jα18 in human)
combined with variable Vβ8, Vβ7 and Vβ2 chains (Vβ11 in human) (reviewed in (Bendelac
et al., 2007; Godfrey and Berzins, 2007)). These canonical semi-invariant TCRs recognize
conserved self and foreign glycosphingolipids such as iGb3 and microbial alpha-
glycuronosylceramides or alpha-glycuronosyldiacylglycerols, respectively. Essential to their
innate-like function in the mammalian immune system are the massive expansion that rare
NKT cell precursors undergo in the thymus upon interaction with CD1d ligands and their
subsequent acquisition of an effector phenotype along with receptors of the NK lineage. The
effector functions are characterized by the ability to explosively release cytokines such as IL-4
and IFN-γ in tissue locations where NKT cells preferentially migrate, such as the liver sinusoids
(Geissmann et al., 2005). The cellular stages of NKT cell development have been extensively
characterized (reviewed in (Bendelac et al., 2007; Godfrey and Berzins, 2007; Matsuda and
Gapin, 2005)). Rare DP precursors expressing a canonical semi-invariant TCR interact with
CD1d ligands expressed by cortical thymocytes and, in the process, engage hemophilic
interactions between SLAM family receptors which provide essential signals through the
adaptor SAP, the Src kinase Fyn and downstream NFκB. The signaled DP reach a CD24high

CD4+ CD8low CD69high stage, termed ‘stage 0’, similar to the transitional CD4 stage attained
by positively selected conventional CD4 and CD8 T cells. NKT precursors then mature by
downregulating CD24 and CD8 to reach a mature CD4+ stage with a naïve CD44low phenotype
(‘stage 1’) similar to conventional CD4 cells. Unlike conventional CD4 cells, which egress the
thymus as naïve cells, stage 1 NKT cells remain in the thymus and immediately engage in
multiple rounds of cell division, activating low basal transcription of Th2 followed by Th1
cytokines. This expansion is accompanied by the induction of CD44, a marker of antigen
experienced T cells, and of the β chain of IL-15 receptor, which is induced by the transcription
factor T-bet (‘stage 2’). Upon egress from the thymus, these stage 2 NKT cells further
differentiate to stage 3 cells that express a panoply of NK lineage receptors, including NK1.1,
NKG2D, CD94 and inhibitory Ly49 isotypes. In mouse, a population of NKT thymocytes fail
to migrate and persist as resident stage 3 cells in the thymus. Peripheral NKT cells preferentially
reside in the liver, continuously crawling along the sinusoidal endothelial cells (Geissmann et
al., 2005), but they are also present in the spleen, bone marrow, lung and gut. Their frequency
among mature T cells in comparatively low in lymph nodes, however, due to the lack of
expression of the homing receptors CD62L and CCR7. The homeostatic signals regulating
their prolonged lifespan are mediated by IL-15, as is the case for other memory and effector T
cells and NK cells.

Studies of mice lacking various transcription factors expressed by other lymphocyte subsets
have revealed some intrinsic (and usually incomplete) defects in NKT cell development. Such
factors include Ets-1 family members (Lacorazza et al., 2002; Walunas et al., 2000), Runx
proteins (Egawa et al., 2005), Gata-3 (Kim et al., 2006) and T-bet (Matsuda et al., 2006), but
their absence results in multiple defects affecting T cells, NK cells and NKT cells (Egawa et
al., 2007; Intlekofer et al., 2005; Lacorazza et al., 2002; Pai et al., 2003; Samson et al., 2003;
Taniuchi et al., 2002; Townsend et al., 2004). NFκB factors are important to complete the NKT
cell intrathymic expansion phase (Sivakumar et al., 2003; Stanic et al., 2004) but are also
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involved in multiple other lymphocyte lineages and differentiation programs (Hayden and
Ghosh, 2008). It has remained a challenge, therefore, to determine whether some transcription
factors might be specifically expressed in NKT cells and contribute to their development in a
unique manner.

Here, we identify PLZF (promyelocytic leukemia zinc finger; Zbtb16) as an early
transcriptional regulator of NKT cell development. PLZF is a member of the BTB/POZZF
family of transcription factors which includes Th-POK (Zbtb7b) and LRF (Zbtb7a), factors
that have been demonstrated to be critical for the CD4 T cell and B cell fates, respectively, as
well as BCL-6 which is essential for germinal center B cell differentiation (reviewed in (Bilic
and Ellmeier, 2007; Kelly and Daniel, 2006)). PLZF was highly expressed all along NKT cell
development from the earliest step marking the positive selection of double positive thymocyte
precursors to the terminally differentiated stage of NKT cell development in peripheral tissues.
With the notable exception of the cousin lineage of MR1-restricted innate-like effector MAIT
cells (Treiner and Lantz, 2006), which expressed high levels of PLZF as well, PLZF was low
or absent from conventional naïve, effector or memory CD4 and CD8 T cells, as well as from
other unconventional effector populations such as intraepithelial γδ and αβ lymphocytes. The
absence of PLZF abrogated both the expansion and the effector differentiation of NKT cells
resulting in their reversal to a naïve phenotype and their tissue redistribution to the lymph nodes
rather than the liver. Conversely, ectopic expression in the CD4 lineage converted CD4
thymocytes into effector cells that preferentially migrated to non-lymphoid tissues.

Results
Selective expression of PLZF in CD1d-restricted NKT cells

To identify novel transcription factors involved in NKT cell development, we performed a
microarray screen on sorted NKT cells from C57BL/6 mice. Numerous probe sets mapping to
Zbtb16 showed conspicuous over-expression in comparison to naive and activated
conventional CD4+ and CD8+ T cells (data not shown). Similar results can be observed in
microarray experiments published online (http://www.immgen.org). Quantitative PCR (qPCR)
confirmed that PLZF transcripts were highly expressed in splenic NKT cells purified with
specific CD1d-αGalCer tetramers and were low or absent in other splenic populations,
including CD4 and CD8 T cells, CD25+ regulatory T cells, NK cells and follicular and marginal
zone B cells (Fig. 1A). Strikingly, PLZF was low also in unconventional T cell lineages that
constitutively express an effector phenotype. These lineages included intestinal intraepithelial
lymphocytes (iIEL) expressing the αβ TCR along with CD8αα homodimers (CD8αα) or
CD8αβ heterodimers (CD8αβ), or expressing the γδ TCR (Fig. 1A). Likewise, PLZF transcripts
were low or absent in conventional CD44high (memory) CD4 and CD8 spleen cells or in Th1
and Th2 cells derived from splenic CD4 cells stimulated with anti-CD3 along with cytokine
and anticytokine cocktails (data not shown; http://www.immgen.org).

To determine the stage of NKT cell development where PLZF is induced, we purified the
different NKT stages from the mouse thymus using CD1d-αGalCer tetramers. All CD24low

stages of NKT cell development from the CD44low NK1.1− naïve (stage 1) to CD44high

NK1.1− effector (stage 2) to the terminally differentiated CD44high NK1.1+ (stage 3) expressed
high levels of PLZF (Fig. 1B). Stage 3 cells in the thymus as in the spleen consistently expressed
lower levels than thymic stages 1 and 2. The earliest NKT precursors (so-called stage 0) can
be identified as CD24high tetramer+ cells which are uniformly CD69high and correspond to a
mixture of CD4lowCD8low (DPlow) and CD4+CD8low cells that immediately follow positive
selection (Benlagha et al., 2005). These cells, which are present at a low frequency of
approximately 300 cells per thymus, were MACS-enriched based on CD1d-αGalCer tetramer
staining from large pools of mice and further purified by flow cytometry sorting. As shown in
Fig. 1B, high expression of PLZF transcript was already detected at this early stage. In
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comparison, sorted CD4+ CD8low thymocytes, the so-called transitional CD4 cells that
represent post-selection CD69high precursors of both CD4 and CD8 lineage cells, exhibited
low or undetectable transcript, similar to DN, DP and mature CD4 SP thymocytes (Fig. 1B).
Thymic CD25 regulatory T cells and γδ T cells also expressed low PLZF levels (data not
shown).

Interestingly, we found that the CD4 lineage-determining factor c-Krox (Th-POK, Zbtb7b),
which belongs to the same family of BTB/POZ-ZF as PLZF, was also expressed at all stages
of NKT cell development, starting immediately after positive selection in stage 0 cells (Fig.
1B). This expression mimics the pattern observed for conventional CD4 T cells and is
consistent with the CD4+ phenotype of stage 0 and stage 1 NKT precursors.

To determine protein expression, we performed western blotting on sorted cell populations
using an anti-PLZF polyclonal antibody specific for the C-terminal region of the protein. A
protein with the expected 80–90KD molecular weight was easily detected in thymic NKT cells
and, at weaker level, in splenic NKT cells as well, whereas conventional CD4 and CD8 cells
had undetectable levels (Figure 1C). At the single cell level, intracellular flow cytometry with
the mAb D-9 demonstrated expression in all CD1d-αGalCer tetramer-positive thymocytes,
with high levels in NK1.1-negative NKT thymocytes (stage 1 and 2) and intermediate levels
in NK1.1-positive cells (stage 3). In contrast, PLZF was undetectable in control single-positive
thymocytes (Fig. 1D). Altogether, these results demonstrate the highly specific expression of
PLZF in NKT cells and its early induction during thymic development concomitant with
positive selection events.

Selective defect of NKT cell development in PLZF-deficient mice
The Luxoid mutation arose spontaneously in a C3H/He line and was identified based on skeletal
abnormalities and male sterility (Green, 1961). Luxoid represents a single base pair C-to-T
transition which converts Arginine 234 to a nonsense codon, resulting in a protein that
encompasses the BTB/POZ domain but lacks the other domains including the DNA binding
region with all nine zinc fingers (Buaas et al., 2004). The Luxoid mice used in this study were
backcrossed >30 times into C57BL/6. Heterozygous Luxoid mice were intercrossed to generate
homozygous mutants (designated Zbtb16lu/lu) and examine their lymphoid compartments. Fig.
2A and B show that Zbtb16lu/lu littermates exhibited a drastic 9–70 fold reduction of NKT cells
stained by specific CD1d-αGalCer tetramers in the thymus, spleen and liver in 4–8 week old
mice. Other lymphocyte populations in thymus, spleen and peripheral lymph nodes, including
conventional naïve and memory CD4 and CD8 T cells, B cells, NK cells, CD11c+MHC II+

and CD11b+ dendritic cells and macrophages, were unaffected (supplementary Fig. 1 and data
not shown). Notably, unconventional T cell subsets including thymic γδ T cells (not shown)
and all three intestinal intraepithelial effector lineages (TCR γδ, CD8αα TCRαβ, CD8αβ
TCRαβ) were preserved (Fig. 2C)

Intrinsic defect of NKT cell precursors revealed by mixed bone marrow chimeras
To determine whether the NKT cell defects were intrinsic to the NKT cell lineage or related
to defects in their environment, B6.Jα18-deficient or B6 mice were lethally irradiated and
reconstituted with a 1:1 or 1:3 mixture of CD45 allotype-marked wt and lu/lu bone marrow
cells. While the wt and the lu/lu bone marrows showed a similar potency for generating myeloid
and lymphoid lineages in these competitive chimeras, the lu/lu NKT cells were selectively
decreased 7.5–37 fold on average in the thymus, spleen and liver compared to wt (Fig. 3A–B).
Lu/lu cells, however, did not show impaired generation of naïve or memory CD4 and CD8 T
cells (Supplementary Fig. 1A). Upon short term culture with anti-CD3 and polarizing cocktails
of cytokines and anti-cytokine antibodies, the splenic CD4 T cells derived from the wt and the
lu/lu compartments of these mixed chimeras expanded and polarized equivalently, further
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confirming that PLZF does not play a major role in conventional T cell expansion or
differentiation into Th1 or Th2 effector subsets (Supplementary Fig. 1B). These findings
establish therefore the intrinsic and highly specific nature of the developmental defect of NKT
cell precursors in mice lacking PLZF.

Early stage of the NKT cell development defect
To precisely and quantitatively determine the stages of NKT cell development affected by the
absence of PLZF, we examined the thymus of the mixed bone marrow chimeras after NKT
cell enrichment using MACS and CD1d-αGalCer tetramers (Fig. 3). CD45.1 wt and CD45.2
lu/lu cells were analyzed for their expression of CD24 to enumerate the earliest identifiable
CD24high ‘stage 0’ cells that are the immediate CD69high product of positive selection, and for
the expression of CD44 and NK1.1 to follow the progression from stage 1 to stage 2 to stage
3 among the CD24low cells. Stage 0 and stage 1 were clearly quantitatively preserved in the
absence of PLZF in these competitive chimeras. In contrast, stage 2 and stage 3 cells were
reduced to 2–3% of wild type, indicating that the developmental block occurred precisely prior
to the massive intrathymic expansion and memory effector formation that characterizes NKT
cell development (Fig. 3A and C). Thus, the residual population found in the lu/lu compartment
was predominantly composed of stage 1 CD44low cells. Interestingly, a minor population
amounting to 15–20% of these stage 1 thymocytes expressed low levels of NK1.1, suggesting
that some reduced level of NK differentiation might procede in the absence of cell expansion
and memory effector formation. In the spleen, a majority of lu/lu NKT cells expressed the
CD44low naïve phenotype, suggesting that the thymic stage 1 cells were exported and survived
in peripheral tissues. In addition, a population of CD44high NK1.1+ stage 3-like cells could be
identified, suggesting that a minor fraction of NKT lineage cells were able to terminally
differentiate in the absence of PLZF. Interestingly, these splenic stage 3-like cells exhibited a
significant increase in the proportion of CD4− (DN) cells (Fig. 3A, bottom row), suggesting a
role of PLZF in the maintenance of CD4 expression in the NKT lineage.

PLZF-deficient NKT cells are redistributed to peripheral lymph nodes and spleen
Although PLZF-deficient NKT cells were massively reduced in peripheral tissue, it was
important to quantitatively determine whether the ‘naïve’ arrested stage 1 cells identified in
the thymus could be exported and survive in the periphery. Strikingly, not only were such
PLZF-deficient NKT cells found in the periphery, as shown in Fig. 3A, but, in some tissues
where NKT cells are normally poorly represented, namely the peripheral lymph nodes, lu/lu
NKT cells were present at the same or higher frequency than their wt counterparts (Fig. 4).
This surprising result could be explained by the finding that, unlike the wt, they expressed high
levels of CD62L, the homing receptor for high endothelial venules in lymph nodes and likely,
therefore, were being redistributed towards lymph nodes. These findings demonstrate that the
bulk of PLZF-deficient NKT cells maintain the naïve state that characterize stage 1 cells and
survive in that stage without engaging into the subsequent expansion and effector formation
leading to the terminal NKT cell differentiation.

Attempts to evaluate the functional properties of PLZF-deficient NKT cells are complicated
by the rarity of these cells. We FACS-purified the CD1d-αGalCer tetramer-positive cells
arrested at stage 1 from the spleen of Luxoid mice and stimulated them with anti-CD3 + human
IL2 or enriched these cells from Vα14 transgenic ‘414’ mice (Griewank et al., 2007) made
PLZF-deficient by crossing to Luxoid mutants and stimulated them with α-GalCer-pulsed
BMDC. In both experiments, a conspicuous defect of IL-4 production, the characteristic
cytokine of NKT cells, was revealed by comparison with PLZF+/+ littermates (Fig. 4C). IL-2
was preserved or enhanced whereas IFN-γ was diminished or absent. Thus, in the absence of
PLZF, NKT cells reverted to a stage resembling conventional CD4 T cells from which they
normally diverge during thymic development.
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Transgenic expression of PLZF in CD4 T cells
To test whether ectopic expression of PLZF would be sufficient to impart some aspects of the
NKT cell differentiation program to conventional T cells, we transgenically expressed PLZF
under control of the CD4 promoter. This promoter construct carries the intronic silencer that
suppresses expression in CD8 cells and is exclusively active in double positive thymocytes
and in CD4 lineage T cells (Sawada et al., 1994). Two independent lines, 1797 and 1960, were
studied and showed similar results. PLZF-transgenic mice displayed relatively normal numbers
of CD4 cells in the thymus, spleen, liver and lung, but exhibited a >10 fold reduction in the
blood and lymph nodes where the remaining T cells were predominantly CD8 lineage cells
(Fig. 5A and data not shown). This striking tissue redistribution was associated in part with
the acquisition of a CD44highCD62Llow phenotype by a large cohort of CD4 cells in the thymus,
spleen, liver and lung. Thus, the frequency of CD44highCD62Llow cells among CD4 cells was
increased 5–10 times in transgenic CD4 single positive thymocytes, splenocytes lung and liver
lymphocytes (Fig. 5A and data not shown). Markers of late NKT cell lineage differentiation
such as CD122, NK1.1, NKG2D, however, were not expressed (data not shown). In contrast,
despite their transient exposure to PLZF at the DP thymic stage, CD8 T cells did not exhibit
apparent changes in frequency or phenotype in PLZF transgenic mice.

To test whether the changes associated with PLZF expression in CD4 cells were cell-intrinsic
and to rule out the possibility that they might reflect homeostatic expansion following some
CD4 lineage attrition, 1:1 mixed bone marrow (wt+PLZF Tg) radiation chimeras were
generated. Fig. 5B clearly demonstrates that, even in the presence of competing wild-type T
cells, the PLZF transgenic CD4 cells expressed the same effector phenotype as observed in
transgenic mice. Further, wild type and PLZF transgenic progenitors generated equivalent
numbers of CD4 T cells in the thymus and in the spleen. Again, the CD8 cells appeared
unaltered. Altogether, the data establish that ectopic expression of PLZF in CD4 lineage cells
is sufficient for their cell-intrinsic conversion into effector-type cells.

The PLZF-transgenic CD4 cells did not appear to be actively cycling, as shown by the very
low level of EdU incorporation in thymic and splenic CD4 cells after a short pulse in vivo (Fig.
5C and data not shown). As a control, both wild-type and PLZF Tg DP thymocytes incorporated
EdU as expected.

Finally, contrasting with the drastic consequences of ectopic expression of PLZF in CD4 cells,
the overexpression of PLZF by PLZF-transgenic NKT cells did not seem to induce consistent
changes across the range of tissues examined, including thymus, spleen and liver (Fig. 5D).

The level of PLZF protein expressed in transgenic CD4 cells (line 1797) was close to that
normally expressed by stage 1 and stage 2 NKT thymocytes of wild-type mice (Fig. 6A),
making these mice ideal to examine whether PLZF expression also changed the cytokine
expression profile. Transgenic CD4 cells stimulated with anti-CD3 + human IL-2 produced
25–50 times less IL-2 than their wild-type littermate counterparts (Fig. 6B). Intracellular flow
cytometry further revealed a 4–6 fold increased frequency of IL-4/IFN-γ double producer cells
in PLZF-transgenic CD4 cells compared with wild-type (Fig. 6C). Such high frequency of Th1/
Th2 double producers is a distinctive feature of the NKT cell differentiation program (Bendelac
et al., 2007). These changes are the mirror image of those observed in NKT lineage cells
developing in the absence of PLZF.

MR1-restricted MAIT cells express high levels of PLZF
The other well characterized natural memory/effector lineage that is selected by a non-classical
MHC class I-like ligand expressed on bone marrow derived cells in the thymus is the mucosal
associated invariant T (MAIT) cell. MAIT cells express semi-invariant αβ TCRs with a
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canonical Vα19-Jα33 in mouse or Vα7.2-Jα33 in human that recognize MR1 and accumulate
in the intestinal lamina propria where they can release Th1 and Th2 cytokines (reviewed in
(Treiner and Lantz, 2006)). Although MAIT cells are very rare and difficult to purify in mouse,
they are abundantly represented in human peripheral blood where they can be enriched using
mAbs specific for Vα7.2 and CD45RO. Fig. 7A shows that, relative to RO+ (memory) CD4
or CD8 T cells, human MAIT cells expressed very high levels of PLZF, whether they belonged
to the CD4, CD8αβ or DN (defined as CD4−CD8β−) subset of MAIT cells. In addition, high
levels of PLZF were also detected in the DN RO+ TCRαβ population, an unusual PBL subset
that includes some Vα24 NKT cells, MAIT cells, as well as many other NKT-like cells
expressing diverse TCRs (Porcelli et al., 1993). As expected, human CD4 and DN Vα24 NKT
cells, the homologs of mouse Vα14 NKT cells, also expressed high levels of PLZF compared
to conventional RA+ naïve or RO+ memory CD4 and CD8 T cells (Fig. 7B). Altogether, the
results demonstrate that expression of PLZF is a highly restricted characteristic of NKT cells
and its cousin lineage of MAIT cells in mouse and human.

PLZF expression in SAP-deficient NKT cells
The adaptor SAP and its associated tyrosine kinase Fyn control early development of the NKT
lineage by transducing signals emanating from homophilic interactions between SLAM family
receptors such as SLAM and Ly108 expressed at the surface of cortical thymocytes (Griewank
et al., 2007). SAP-deficient NKT lineage cells are arrested at stage 0, suggesting the possibility
that SAP signaling may be involved in the induction of PLZF. Quantitative RT-PCR
experiments, however, suggested that this may not be the case, as PLZF was already
upregulated in SAP-deficient ‘stage 0’ NKT thymocytes (Fig. 7C).

Discussion
NKT cells are part of a relatively large group of T and B lymphocytes called ‘natural memory’
or ‘innate-like’ lymphocytes that are produced in the thymus or bone marrow in a constitutive
memory or effector state and migrate to various tissues where they perform specialized
functions of host defense against microbial aggression and tumors (Bendelac et al., 2001).
Innate-like lymphocytes express germline-encoded TCRs and BCRs that often exhibit specific
reactivity against microbial structures as well as basal autoreactivity to various self
components. Prominent among innate-like T lymphocytes, mucosal γδ T cell subsets, CD1d-
restricted liver-tropic NKT cells and MR1-restricted lamina propria MAIT cells have been well
characterized. The epithelial layer of the small intestine also harbors large quantities of tissue
resident effector T cells, which include γδ T cells, CD8αα TCRαβ lymphocytes that recognize
non-classical β2-microglobulin associated MHC-like ligands, and conventional MHC class I-
restricted CD8αβ TCRαβ lymphocytes.

Transgenic experiments have demonstrated that the germline-encoded TCRs and BCRs of
innate-like lymphocytes faithfully drive the peculiar effector differentiation and migratory
properties of their lineage of origin during development in the thymus or bone marrow
(reviewed in (Bendelac et al., 2001)). However, the transcriptional networks resulting from
these interactions and governing these unique lineages have not been elucidated. Various
transcription factors have been implicated, but so far they lack exquisite lineage specificity and
instead appear to control more generic aspects of development, memory/effector differentiation
and homeostasis that are shared across various T and NK cell subsets. These include Ets-1
family proteins, Runx proteins, Gata-3, T-bet and NFκB (Egawa et al., 2005; Kim et al.,
2006; Lacorazza et al., 2002; Matsuda et al., 2006; Stanic et al., 2004; Walunas et al., 2000).
Thus, it remains unclear whether signature transcription factors (such as c-Krox and Foxp3
expressed in the CD4 or regulatory T cell lineages, respectively) may drive these unique
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unconventional lineages or whether a combination of factors shared across different lineages
and functional programs ultimately compose their transcriptional network.

This report provides the first demonstration of a transcription factor that is specifically
expressed at high levels in CD1d-restricted invariant NKT cells and is essential for their
development. Notably, PLZF was low or absent in most of the other T cell populations of αβ
and γδ T cells expressing similar effector and tissue resident properties, including all
populations of intestinal intraepithelial lymphocytes, in conventional memory and effector
CD4 and CD8 T cells generated in vivo or in vitro, and in NK cells. Consistent with these
findings, PLZF did not appear to be required for the development of any of these populations.

Our survey of the other unconventional lineages identified high expression of PLZF in only
one of them, the human MR1-restricted invariant MAIT cells, which are most closely related
to NKT cells because of their usage of a semi-invariant canonical αβ TCR and their recognition
of the non-classical MHC class I like ligand MR1 on hemopoietic cell types in the thymus and
periphery (Treiner and Lantz, 2006). MAIT cells also express cytokine secretion properties
and phenotypic markers of the memory/effector and NK lineage, including CD161 in humans
where they have been best characterized. However, due to the rarity of MAIT cells in the mouse,
particularly in the thymus where developmental stages have not been characterized, it remains
to be clarified whether PLZF is expressed in mouse MAIT cells and whether it is necessary
for their development.

Strikingly, PLZF was found to be induced very early in NKT cell development, as it was already
expressed at intermediate levels in CD24high CD69high CD1d-αGalCer+ thymocytes, a
population that includes DP and CD4 SP thymocytes that have just undergone positive selection
by CD1d ligands expressed in the cortex. The stimulation of positively selected NKT precursors
differs from that of conventional MHC-restricted thymocytes by at least two criteria. The
ligands involved in NKT cell development have weak agonist properties as suggested by the
low level stimulation of NKT hybridomas cocultured with cortical thymocytes in vitro
(Bendelac, 1995). One ligand that can fully stimulate NKT cells is the endogenous lipid iGb3
(Zhou et al., 2004), although other ligands remain to be characterized (Porubsky et al., 2007).
In addition, hemophilic interactions between SLAM family members expressed by cortical
thymocytes during TCR/ligand recognition provide signaling through the adaptor SAP and
Fyn that is essential to NKT cell development but does not appear to be involved in
conventional T cell development (Griewank et al., 2007). It is tempting to speculate that some
components of the SAP/Fyn signaling pathway may be responsible for PLZF induction.
However, we have found that PLZF was still induced in signaled NKT thymocytes in the
absence of SAP. Furthermore, studies in patients with the XLP syndrome associated with SAP
deficiency suggest that the development of MAIT cells is independent of SAP signaling (O.L.,
unpublished results). Thus, the signal(s) leading to the early induction of PLZF remain to be
identified.

PLZF induction in early NKT precursors paralleled that of c-Krox, a lineage determinating
factor for the CD4 lineage. The regulation of CD4 and CD8 expression by developing NKT
cells remains enigmatic. CD4 is unnecessary for the development or function of NKT cells
(Bendelac et al., 1994), yet it is expressed on a large fraction of mature NKT cells, whereas
CD8β is not expressed. By analogy with conventional CD4 cells, it is hypothesized that strong
and persistent signaling by endogenous NKT ligands results in c-Krox expression and CD4
lineage commitment. Later, as developing NKT cells undergo cell division and acquire the
effector phenotype (stage 2), a fraction of the CD4 cells downregulate CD4 to become DN, a
phenomenon that has remained unexplained. Our unpublished results show that these DN
nevertheless maintain c-Krox expression. It is also intriguing that PLZF-deficient NKT cells
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were relatively enriched in DN compared with CD4 cells, suggesting that PLZF may directly
or indirectly regulate the impact of c-Krox on CD4 gene regulation.

Although the massive reduction of NKT cell numbers observed in the absence of PLZF might
have suggested developmental arrest and death, detailed examination of the thymic precursors
and of the few residual CD1d tetramer-positive cells in peripheral tissues suggested a more
intriguing alternative explanation. In fact, NKT precursors were simply prevented from
expanding and acquiring the memory effector differentiation in the thymus, whereas the minor
population of their naïve precursors was fully preserved. Thus, whereas PLZF-deficient NKT
cells were nearly absent in the tissues where effector NKT cells are normally found, such as
the liver, the minor population of naïve CD44low NKT cells could still be detected in the
periphery, particularly in the peripheral lymph nodes due to their high expression of the homing
receptor CD62L which characterizes naïve cells. In mixed bone marrow chimeras, PLZF-
deficient NKT cells were as frequent as their wild type counterparts in the lymph nodes,
whereas they were outnumbered 37 to 1 in the liver. Furthermore, these arrested cells exhibited
a cytokine profile reminiscent of naïve CD4 cells, with high IL-2 and low IL-4 and IFN-γ.
These results suggest therefore that, while PLZF is required for the expansion and effector
differentiation phase of NKT thymocyte development, its absence is nevertheless compatible
with the survival and export of the earlier CD44low stage cells that resemble conventional CD4
SP cells. This conclusion is intriguing because it might be expected that, due to their
autoreactive potential, such CD44low cells should become activated by self antigen anyway.
However, stimulation by naturally expressed endogenous ligands is weak, since NKT
hybridomas exposed to CD1d expressing cells secrete only very low levels of cytokines
compared to their response to the addition of full agonists. In addition, it is possible that the
levels of endogenous NKT ligands are downregulated in the periphery of healthy animals, as
suggested by the observation that cortical thymocytes are among the cell types most
consistently capable of stimulating NKT cell hybridomas (Park et al., 1998). Thus, as NKT
cell precursors move away from the thymic cortex into the medulla and then migrate to the
periphery, their stimulation by self ligands may decrease. Alternatively, chronic low level
stimulation in the periphery might generate the minor population of stage 3 NKT cells found
in PLZF-deficient mice. A similar set of questions has been raised about the autoreactivity of
CD25+ regulatory T cells since it is not readily apparent, except after transfer of a regulatory
T cell TCR into cells that are subsequently injected into a lymphopenic environment (Hsieh et
al., 2004). In conclusion, these findings raise the possibility that, in the healthy state, the weak
autoreactivity of NKT cells is more apparent in the thymus where it serves signaling functions
for lineage specification than in the periphery.

It is notable that ectopic expression of PLZF using the CD4 promoter (with the intronic silencer)
changed the naïve status of conventional CD4 lineage cells and converted them into effector-
type cells with migratory and cytokine properties reminiscent of stage 2 NKT cells, including
the double IL-4/IFN-γ production. Although the extent of this conversion, in particular the
influence of TCR specificity, remains to be fully investigated, it appeared to be broad-based
and cell-intrinsic, as evidenced by the equivalent representation of PLZF-deficient and wild
type CD4 cells in 1:1 mixed bone marrow chimeras and by the scarcity of naïve recirculating
CD4 cells found in blood or lymph nodes of PLZF-deficient mice. Furthermore, preliminary
analysis suggested a normal polyclonal Vβ repertoire similar to wild type. Strikingly, the
conversion may occur in the thymus itself, as only few CD4 thymocytes exhibited the naïve
phenotype that characterizes their wild-type counterparts. CD8 T cells, however, failed to
convert despite the transient expression of PLZF at the DP stage, suggesting a requirement for
persistent PLZF expression or, alternatively, that the CD8 lineage may be refractory to PLZF.
Altogether, loss and gain of function experiments establish the central role of PLZF in directing
the effector differentiation program of NKT cells. However, PLZF alone was not sufficient to
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drive NKT cell differentiation all the way to the terminal NK-like stage 3, indicating that
additional factors controlling this later stage remain to be discovered.

PLZF is a member of the BTB/POZ-ZF family of transcriptional regulators sharing a highly
conserved BTB/POZ dimerization domain at the N-terminus, which can participate in homo-
and hetero-dimerization, and a variable number of zinc-finger domains responsible for DNA
binding at the C-terminus. This family includes c-Krox, which is induced upon TCR signaling
in the thymus to direct the CD4 lineage (He et al., 2005; He et al., 2008; Sun et al., 2005; Wildt
et al., 2007); LRF which represses T cell instructive signals produced by Notch in the bone
marrow to preserve B cell progenitors (Maeda et al., 2007); and Bcl-6, MAZR, BAZF and
ROG which also contribute to various aspects of lymphocyte development and function as well
as to malignant hemopoiesis (reviewed in (Bilic and Ellmeier, 2007; Kelly and Daniel,
2006)). These factors are characterized by their transcriptional repression through recruitment
of a repressor complex consisting of N-CoR, SMRT, sin3A/b, and histone deacetylases. PLZF
is involved in the pro-oncogenic translocation (11;17)(q23;q21) with the retinoic acid receptor
α (RARα) locus. The translocation generates a PLZF-RARα fusion protein consisting of the
dimerization domains of PLZF and the DNA binding domains of RARα, resulting in the
development of acute promyelocytic leukemia (APL) as a result of myeloid precursors failing
to terminally differentiate (Alcalay et al., 2003; Grignani et al., 1998; Lin et al., 1998). PLZF
expression has been found in some hematopoietic cells such as myeloid progenitors, but there
is no report of hemopoietic defects in mice lacking PLZF. Instead, lack of PLZF in the
Luxoid mouse or in a targeted knockout resulted in the progressive loss of spermatogonial stem
cells (Buaas et al., 2004; Costoya et al., 2004), suggesting a role of PLZF in regulating cellular
proliferation and differentiation.

Given the highly specific expression and function of PLZF in NKT cell development, further
studies of the mechanisms underlying its induction and function will be warranted to
understand the molecular events that specify this peculiar lineage.

Experimental Procedures
Mice

Luxoid (B6.C3-Zbtb16Lu/J) mice were obtained from The Jackson Laboratory and have been
described elsewhere (Buaas et al., 2004). The Luxoid mutation spontaneously arose on the
C3H/He inbred strain and was backcrossed to C57BL/10Gn for 69 generations and
subsequently to C57BL/6J for over 35 generations at The Jackson Laboratory. C57BL/6
(CD45.2) and B6.SJL-Ptprca Pep3b/BoyJ (CD45.1) were from The Jackson Laboratory.
B6.Jα18−/− mice have been described elsewhere (Cui et al., 1997) and the B6.SAP−/− mice
were maintained in our laboratory (Griewank et al., 2007). For the generation of PLZF
transgenic mice, PLZF was PCR amplified from cDNA prepared from FACS sorted C57BL/
6 thymic NKT cells and cloned into a plasmid containing the minimal CD4 promoter/enhancer
and the intronic silencer (Sawada et al., 1994). The linearized construct was injected into
fertilized C57BL/6 oocytes, and the injected oocytes were implanted into pseudopregnant
CD-1 (VAF+) outbred female mice. Transgenic mice were screened using PCR (forward
primer: 5′-TGTGCCAGGGTCGGAGACAATAACGG-3′; reverse primer: 5′-
TCCTGGCTGTCCACCATGATGACCAC-3′). Two founder lines #1797 and #1960 were
studied. All mice were raised in a specific pathogen-free environment at the University of
Chicago and experiments performed in accordance with the guidelines of the Institutional
Animal Care and Use Committee.
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Quantitative Real-time PCR
Total RNA was isolated from 20,000–100,000 FACS-sorted C57BL/6J primary cells using a
combination of Trizol (Invitrogen) and RNeasy mini kit (Qiagen, Valencia, CA, USA) and was
reverse-transcribed with random primers using AffinityScript qPCR cDNA Synthesis Kit
(Stratagene). Some populations were prepared using a mixture of random primers and oligo-
d(T). For rare ‘stage 0’ NKT thymocytes, pooled thymuses were first MACS-enriched using
CD1d-αGC tetramer and anti-APC beads with autoMACS (Miltenyi Biotech) and subsequently
sorted directly into lysis buffer. From these lysates, cDNA was prepared using the Cells-to-
DNA II kit (Ambion) and random primers. Transcripts for murine PLZF (Zbtb16) were
quantified using primers spanning intron 4 (Forward primer:5'-cccagttctcaaaggaggatg-3',
Reverse primer: 5'-ttcccacacagcagacagaag-3'). Transcripts for murine c-Krox (Zbtb7b) were
quantified using primers spanning intron 2 (Forward primer:5'- actggtgagaagccctttgc-3',
Reverse primer: 5'- ttccgcatgtggatcttcag-3'). Transcripts were normalized to 18s ribosomal
RNA (Forward primer: 5'-ttgactcaacacgggaaacc-3', Reverse primer: 5'-
acccacggaatcgagaaaga-3').

For human NKT cell preparations, PBL were MACS-enriched with CD1d-αGC tetramers using
magnetic beads and FACS sorted into total NKT cells or their CD4 and DN subsets. Total RNA
from approximately 5x104 cells was prepared using a combination of Trizol (Invitrogen) and
RNeasy mini kit (Qiagen), and reverse transcribed with Superscript III (Invitrogen) using oligo-
d(T). For human MAIT cell preparations, PBL were stained and FACS sorted as
Vα7.2+CD161+CD45RO+CD3+pan γδ−. MAIT subsets were further purified using CD4 and
CD8β. Control memory T cell fractions were defined as CD3+γδ−Va7.2−CD45RO+ and further
fractionated into CD4+CD8β−, CD4−CD8β+ or CD4−CD8β− (DN, including CD8αα). RNA
from 200,000 cells was purified and reverse transcribed using a combination of random primers
and oligo-d(T).

Transcripts for human PLZF were quantified using primers spanning intron 3 (Forward primer:
5'-tagtttgcggctgagaatgc-3', Reverse primer: 5'-accgcactgatcacagacaaag-3') and normalized to
HPRT (Forward primer: 5'-gaaagggtgtttattcctcatgg-3', Reverse primer: 5'-
ctcccatctccttcatcacatc-3').

All primers were generated using the Ensembl database and Primer3. Quantitative PCR was
performed on a Stratagene Mx3005p using Brilliant SYBR Green qPCR Master Mix
(Stratagene).

SDS-PAGE and Western Blotting
Thymuses and spleens from C57BL/6J mice were pooled and MACS-enriched for NKT cells
using CD1d-αGC tetramers prior to FACS sorting using a combination of CD1d-αGC tetramer,
anti-TCRβ, and anti-B220. Approximately 1x106 sorted cells were pelleted and frozen at −80C
until use. Cell pellets were lysed on ice in TNE lysis buffer containing protease inhibitors, and
separated by SDS-PAGE on a 10% mini-gel. The gel was transferred to PVDF membrane and
blotted using a rabbit polyclonal antibody specific to the C-terminal region of human PLZF
(ab39354; Abcam) at a concentration of 0.4mg/ml. Goat anti-rabbit-HRP secondary antibody
was applied at a concentration of 0.08mg/ml (111-036-003; Jackson ImmunoResearch) and
HRP was detected using ChemiGlow West reagent (Alpha Innotech). For loading control, a
γ-tubulin specific antibody (T6557; Sigma) was used at a dilution of 1:10,000 dilution of
ascites.

Flow Cytometry
CD1d-αGalCer tetramers were prepared as previously described (Benlagha et al., 2000).
Fluorochrome labeled monoclonal antibodies (clone indicated in parentheses) against mouse
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B220 (RA3-6B2), CD1d (1B1), CD3e (17A2), CD4 (GK1.5 or L3T4), CD8α (53-6.7), CD8β
(53-5.8), CD11b (M170), CD11c (HL3), CD21/35 (7G6), CD23 (B3B4), CD24 (M1/69),
CD25 (PC61), CD45.1 (A20), CD45.2 (104), CD44 (IM7), CD62L (MEL-14), CD69
(H1.2F3), CD86 (GL-1), γδTCR (GL3), IA/IE (2G9), IL-4 (11B11), IFNγ (XMG1.2), NK1.1
(PK136), and TCRβ (H57-597), were purchased from eBioscience, BD Biosciences, or
BioLegend. Fluorochrome-labeled monoclonal antibodies against human CD3 (UCHT1), CD4
(RPA-T4 or OKT4), CD8α (RPA-T8), CD8β (2ST8.5H7), CD45RA (HI100), CD45RO
(IM247 or UCHL1), CD161 (DX12), pan γδ (Immu 510), Vα7.2 (3C10 (Martin et al, in
preparation)), and Vα24 (C15), were purchased from eBioscience, BD Biosciences, and
Immunotech.

For NKT cell MACS enrichment, cells were labeled with APC-conjugated CD1d-αGalCer
tetramers, bound to anti-APC magnetic beads, and enriched on an autoMACS cell separator
(Miltenyi Biotech) as described (Benlagha et al., 2005). Samples were analyzed on an LSRII
(Becton Dickinson), or sorted on a FACSAria (Becton Dickinson) or MoFlo (Dako
Cytomation), with doublet exclusion and DAPI staining of dead cells in most experiments. For
intracellular flow cytometry of PLZF, thymocytes were first depleted of immature cells using
anti-CD24 and autoMACS before staining for surface markers. Cells were then washed and
blocked with goat serum (Southern Biotech), washed again and fixed using the
permeabilization and fixation buffer “Foxp3 Staining Buffer Set” from eBioscience.
Intracellular PLZF was detected using 4 µg/ml mouse monoclonal antibody D-9 (Santa Cruz)
and FITC conjugated rat anti-mouse (eBioscience). Data was analyzed using FlowJo (Tree
Star).

Cytokine Analysis
Cells were cultured on microplates coated with 10µg/ml anti-CD3 (clone 145-2C11) in the
presence of 10 U/ml human IL-2 or were stimulated by irradiated αGC-loaded bone-marrow
derived dendritic cells. Supernatants were stained for cytokines using Mouse Grp I Cytokine
23-Plex Panel (Biorad) and assayed using a Bioplex instrument. For intracellular flow
cytometry, brefeldin A was added for the final 6 hours of culture and cells were permeabilized
and stained for IL-4 and IFN-γ production by intracellular flow cytometry using BD
BioSciences Cytofix/Cytoperm kit.

EdU Assay for Proliferation
Mice were injected iv with 1 mg of EdU (5-ethynyl-2'-deoxyuridine, Invitrogen) 3 hours before
analysis. Thymocytes were processed and stained for flow cytometry according to the
manufacturer’s instructions.

Generation of Mixed Bone Marrow Chimeras
6–8 week-old B6.Jα18−/− or B6 mice (CD45.2) were subjected to 900–950 Rads irradiation
using a gamma cell 40 irradiator with a cesium source. 3–6 hours later, irradiated mice were
injected intravenously with 2–10x106 bone marrow cells obtained from femurs of
B6.Zbtb16lu/lu or B6.CD4p-PLZF transgenics (CD45.2) and B6.CD45.1 and mixed at 1:1 or
3:1 ratios. Mice were analyzed 6–9 weeks after irradiation.

Statistical Analysis
Stastical analysis was performed in Prism (Graphpad Software) using the unpaired t-test for
Luxoid mice and the paired t-test for the mixed bone marrow chimeras.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PLZF Expression Is Specific to NKT Cells
(A) Purified subsets of splenocytes and intestinal intraepithelial lymphocytes as indicated were
assessed for PLZF mRNA expression by qRT-PCR. Data shown as mean +/− SD or triplicate
PCR values.
(B) PLZF and c-Krox mRNA expression in thymic subsets and thymic NKT developmental
stages as indicated. DN, CD4−8− double negative; DP, CD4+8+ double positive; trnsl CD4,
transitional CD4+8lowCD24highTCRβhigh; CD4SP, CD4+8− single positive; NKT stage 0,
CD24highCD69high; NKT stage 1, CD24lowCD44lowNK1.1−; NKT stage 2,
CD24lowCD44highNK1.1−; NKT stage 3, CD24lowCD44highNK1.1+. Data shown as mean +/
− SD of triplicate PCR analysis and representative of 2–3 independent experiments.
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(C) PLZF western blot analysis of sorted CD1d-αGalCer+ NKT cells and conventional CD4
and CD8 cells (1x106 cells per lane) in the thymus and spleen, as indicated. Anti γ-tubulin was
used as a loading control. Data are representative of 3 experiments
(D) Intracellular flow cytometry with anti-PLZF mAb D-9 of thymic NKT stage 1 + 2 cells
(Tetr+NK1.1−, grey shaded), stage 3 (Tetr+NK1.1+; black shaded), and conventional T cells
(TCRb+Tetr−), as indicated. The isotype control is the dashed histogram. Data are
representative of 4 experiments.
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Figure 2. Luxoid Mice Have a Selective Defect in NKT Cell Development
(A) The frequency of NKT cells in the thymus, spleen, and liver of Luxoid (Zbtb16lu/lu) mice
compared to their wt/wt littermate controls. NKT cells were gated (as shown) as
CD24lowCD1d-αGC+ in the thymus and CD1d-αGC+TCRβ+ (or CD1d-αGC+B220− in some
experiments) in the spleen and liver. Data are representative of 6 pairs of mice.
(B) Summary of NKT cell absolute numbers in individual thymuses, spleens, and livers of wt/
wt and lu/lu littermates. * p<=0.05, ** p<=0.01.
(C) Unconventional intestinal IELs in Luxoid mice and their wt littermates. Upper row,
frequency of αβ and γδ T cells among CD3+ gated IELs; lower row, frequency of CD8αα and
CD8αβ T cells among TCRβ+ gated IELs. Absolute numbers of IELs were similar in wt and
lu/lu mice. Data are representative of 5 littermate pairs in two independent experiments.

Savage et al. Page 18

Immunity. Author manuscript; available in PMC 2009 March 1.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript



Figure 3. Mixed Bone Marrow Chimeras Reveal a Cell-intrinsic NKT Cell Defect
(A) CD45.2 lu/lu and CD45.1 wt/wt bone marrows were mixed at a 1:1 ratio and transferred
into lethally irradiated Jα18−/− hosts. 6–8 weeks later, reconstituted animals were analyzed by
flow cytometry. Individual thymus and spleen from the chimeras were MACS-enriched using
CD1d-αGC tetramers prior to FACS analysis of NKT developmental subsets. Upper row,
leftmost panel shows the relative proportion of CD45.2 (lu/lu) and CD45.1 (wt) NKT lineage
cells in the thymus; right panels show the proportion of CD24high (stage 0) and CD24low

(stage1, 2 and 3) cells in the total population (2nd panel from left) and in gated CD45.1 (wt)
(3rd panel) and CD45.2 (lu/lu) (4th panel) CD1d-αGC+ cells. Wt and lu/lu CD24low NKT cells
are further analyzed based on CD44 and NK1.1 expression, or CD44 and CD4 expression, as
indicated for the thymus and spleen (bottom 2–5 rows). Data are representative of 6 individual
chimeras.
(B) Summary of CD1d-αGC+ cell numbers in the wt and lu/lu compartments of individual
mixed chimeras. Data are normalized based on the relative level of reconstitution by CD45.1
and CD45.2 bone marrows (e.g. NKT cell number in the wt CD45.1 compartment is divided
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by the CD45.1/(CD45.1+CD45.2) ratio measured for total lymphocytes. On average, the wt
and lu/lu bone marrows contributed equally to the total lymphocyte population.
(C) Summary of the ratios of wt/wt over lu/lu CD1d-αGC+ cells at different stages of thymic
development. Data are normalized based on the relative level of CD45.1 and CD45.2
reconstitution.
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Figure 4. PLZF-deficient NKT Cells Revert to a Naïve Phenotype
(A) Summary of the percentages of wt/wt and lu/lu cells among CD1d-αGalCer+ cells in
various tissues of individual mixed bone marrow chimeras. The percentages are normalized
relative to the level of reconstitution of the total lymphocyte population by wt/wt and lu/lu
cells, as assessed by CD45.1 and CD45.2 staining. For example, the ratio of CD45.1 CD1d-
αGalCer+ cells over the total CD45.1 lymphocyte population is divided by (ratio of
CD45.1+CD1d-αGalCer+ cells over the total CD45.1 lymphocyte population + ratio of
CD45.2+CD1d-αGalCer+ cells over the total CD45.2 lymphocyte population) and multiplied
by 100. *** p<=0.0001.
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(B) Expression of CD62L by wt/wt and lu/lu CD1d-αGalCer+ cells in various tissues of mixed
bone marrow chimeras. Data are representative of 5 chimeras.
(C) Cytokine secretion by Luxoid NKT cells. Left, cytokines released after stimulation of 5000
CD1d-αGalCer tetramer-sorted splenocytes (pooled from luxoid or wt littermates) with anti-
CD3 + human IL-2; grey bars: lu/lu cells, black bars: +/+ littermate cells. A major increase in
the IL-2/IL-4 ratio was also observed in a separate experiment comparing tetramer-sorted lu/
lu vs wt splenocytes stimulated with αGalCer-loaded DC. Right, stimulation of 3x105 CD19-
and CD8-depleted Vα14-Jα18 transgenic ‘414’ splenocytes with αGalCer-pulsed bone-
marrow derived dendritic cells; grey bars: lu/lu 414 cells, black bars: +/+ 414 littermate cells.
Supernatants were recovered after 2 days and values are expressed in pg/ml. Data are from an
individual luxoid/littermate pair.
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Figure 5. Transgenic Expression of PLZF converts CD4 thymocytes into effector cells
(A) Left, CD4/CD8 FACS dot plots of lymphocytes from various organs of CD4 promoter-
PLZF transgenic and wild type littermates (CD1d-αGC Tetramer-positive cells are gated out).
Right, CD44/CD62L expression by CD4 cells of indicated organs gated as shown on the left
panels. Data representative of two independent transgenic lines 1797 and 1960.
(B) PLZF transgenic CD4 cells in competitive chimeras. Wild-type (CD45.1+) and PLZF Tg
(CD45.2+, line 1797) bone marrow cells were mixed 1:1 to reconstitute lethally irradiated wild
type recipients. Thymus and spleen cells were stained as indicated (left panels) to gate CD4
and CD8 T cells for analysis of CD44 and CD45.1 (middle and right panels) Chimeras were
analyzed 6.5 weeks after transfer. Data are representative of four individual chimeras.
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(C) Cell cycle analysis 3 hours after in vivo injection of 100µg of 5-ethynyl-2'-deoxyuridine
(EdU) into mixed bone marrow chimeras. Edu incorporation was detected by intracellular flow
cytometry for DP (left panels) and CD4 single positive (right panels) thymocytes of wt (top
panels) and PLZF-Tg (bottom panels) origin, as indicated. Similar values were obtained for
splenic CD4 cells (not shown). Data are representative of three individual chimeras and two
independent experiments.
(D) Frequency and tissue distribution of NKT cells in PLZF-transgenic mice. Data are from
the same mixed bone marrow chimeras as in Fig. 5B and represent percentages of NKT cells
among wild-type (CD45.1+) and PLZF Tg (CD45.2+) lymphocytes.
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Figure 6. Cytokine profile of PLZF Transgenic CD4 T cells
(A) Intracellular flow cytometry with anti-PLZF mAb D-9 of thymic PLZF-transgenic (line
1797) CD4 SP cells compared with wt CD4 SP and with wt NKT stage 1 + 2 cells thymocytes
(Tetr+NK1.1−), as indicated.
(B) Decreased IL-2 secretion by PLZF-transgenic CD4 T cells. CD4 cells were MACS-
enriched from spleens of PLZF-transgenic and littermate and stimulated with anti-CD3 +
human IL-2 for two days. Values in pg/ml for 2 pairs of wt and Tg littermates, as indicated.
(C) Intracellular flow cytometry for IL-4 and IFN-γ in littermate and PLZF transgenic mice.
Splenocytes were prepared and stimulated as in A, with the addition of brefeldin A for the last
six hours of stimulation. Three pairs of wt and Tg littermates were analyzed. The percentages
of dual IL-4/ IFN-γ producers were 24.5, 17.3, 26.1 in transgenics vs 3.97, 4.92, 7.34 in wt.
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Figure 7. PLZF Expression in Human NKT and MAIT Cells and in SAP-deficient NKT thymocytes
(A) Vα7.2+CD45RO+CD161+ MAIT cells were purified from fresh human PBL according to
their expression of CD4 or CD8β. The DN subset of MAIT cells is defined as CD4− CD8β−.
Control Vα7.2−RO+ memory cells were purified according to expression of CD4 and CD8β.
The Vα7.2−RO+CD4−CD8β− (DN RO+) population is enriched in CD1d-restricted
unconventional T cells.
(B) NKT cells were MACS-enriched from fresh human PBL using CD1d-αGC tetramer and
FACS-sorted into total NKT cells or their CD4 and DN subsets. The NKT-depleted MACS
fraction was used to FACS purify naïve (RA+) and memory (RO+) CD4 and CD8 conventional
T cells.
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(C) PLZF expression by SAP-deficient ‘stage 0’ NKT thymocytes. 2000 CD1d-αGC
+thymocytes were sorted at different stages of NKT development for wild-type mice and at
the arrested ‘stage 0’ for SAP-deficient mice. PLZF mRNA expression was measured by
quantitative qRT-PCR. Data summarize two independent experiments. Control CD4 single
positive (CDSP) are shown as negative control.
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