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CD1d-restricted invariant NKT (iNKT) cells are a unique lineage of T
lymphocytes that regulate both innate and adaptive immunity.
The Mediator complex forms the bridge between transcriptional
activators and the general transcription machinery. Med1/
TRAP220 (also called DRIP205) is a key component of Mediator
that interacts with ligand-bound hormone receptors, such as the
vitamin D receptor. Here, we show that T-cell–specific Med1 de-
ficiency results in a specific block in iNKT cell development but the
development of conventional αβ T cells remains grossly normal.
The defect is cell-intrinsic and depends neither on apoptosis, cell-
cycle control, nor on CD1d expression of CD4+CD8+ double-positive
thymocytes. Surprisingly, ectopic expression of a Vα14-Jα18 T-cell
receptor transgene completely rescues the defect caused by Med1
deficiency. At the molecular level, thymic iNKT cells in Med1−/−

animals display reduced levels of IL-2Rβ and T-bet expression
and could not complete terminal maturation. Thus, Med1 is essen-
tial for a complete intrathymic development of iNKT cells.

Invariant NKT (iNKT) cells form a distinct lymphocyte lineage
that regulates a broad range of immune responses. iNKT cells

express a semi-invariant T-cell receptor (TCR), comprised of an
invariant α-chain (Vα14-Jα18 in mice) and a restricted β-chain
repertoire (Vβ8.2, Vβ2, or Vβ7 in mice), and recognize glyco-
lipids presented by the nonclassical MHC molecule CD1d (1–4).
Despite the limited antigen specificity resulting from their in-
variant TCR, iNKT cells can rapidly secrete large amounts of
cytokines, such as IL-4 and IFN-γ, upon activation, thus con-
tributing to the efficient licensing of other immune cell types to
respond. Therefore, iNKT cells are key players of the immune
response as they are considered to bridge innate and adaptive
immunity (1, 5).
iNKT cells arise from CD4+CD8+ double-positive (DP) thy-

mocytes and diverge from mainstream T-cell development upon
expression of the invariant TCRα chain followed by the selection
of CD1d-expressing DP thymocytes (6, 7). iNKT cell develop-
mental stages could be identified using αGalCer-CD1d tetra-
mers. The earliest detectable CD1d-tetramer+ subset has a CD24hi

phenotype. Subsequently, the cells down-regulate CD24 expres-
sion and undergo a massive expansion to acquire a CD44hi ef-
fector/memory phenotype followed by terminal maturation, which
is accompanied by the expression of NK cell-surface markers,
such as NK1.1 (1–3).
Many transcription factors, signaling molecules, and cytokines

have been shown to be crucial at multiple stages of iNKT cell
development (3). The transcription factor RORγt is required for
the productive rearrangement of the TCRα gene segment Vα14
to the distal Jα18, as it drives the expression of anti-apopototic
factor Bcl-xL, allowing DP thymocytes to survive long enough for
distal TCRα rearrangements to occur (6, 8). In contrast, tran-
scription factors T-bet, vitamin D receptor (VDR) as well as IL-
15 signaling are not implicated in this rearrangement process but
control iNKT cell terminal maturation (9–11). Several other
factors, such as GATA-3, Id2, and cytokine IL-7, are essential for
the peripheral maintenance of iNKT cells (12–14).
The Mediator complex forms the bridge between transcrip-

tional activators and the RNA polymerase II. Med1/TRAP220

(also termed DRIP205) is a key component of Mediator origi-
nally found to associate with nuclear hormone receptors, such as
thyroid hormone-, estrogen-, and vitamin D-receptor (reviewed
in ref. 15). It was shown that Med1 exists predominantly in
a Mediator subpopulation enriched in RNA polymerase II (16).
Previously, it has been suggested that Med1 not only interacts
with hormone receptors but also with GATA factors (17). Con-
sistent with an essential role in mouse development, ablation of
Med1 leads to lethality at midgestation (11.5 d post coitum).
Although Med1 is not required for cell division, it is critical for
placental and cardiac development during embryogenesis (17–
20). Using a conditional null mutation of Med1, we recently
demonstrated a severe defect in erythropoiesis although the de-
velopment of myeloid and conventional lymphoid lineages re-
main largely unaffected (21).
Here, we demonstrate that T-cell–specific ablation of Med1

specifically impairs the generation of iNKT cells. The block in
iNKT cell development is cell-intrinsic and is not due to the
influence of Med1 deficiency on DP thymocytes. Ectopic ex-
pression of a Vα14-Jα18 TCR transgene largely rescues the
iNKT cell defect. At the molecular level, Med1-deficient thymic
immature iNKT cells lack IL-2Rβ and T-bet expression, sug-
gesting that Med1 plays an essential role for the activation of the
genetic program involved in the terminal maturation stage of
iNKT cell development.

Results
Generation of iNKT Cells Is Significantly Impaired in the Absence of
Med1. To investigate the role of Med1 in the development of
T-cell lineages, we analyzed T-cell–specific Med1 conditional
knockout mice mediated by the expression of Cre recombinase
driven by the promoter of the mouse CD4 gene, hereafter re-
ferred to as Med1−/− mice. As Med1+/− mice were phenotypically
indistinguishable to wild-type mice, they were used as littermate
controls in all experiments. Quantitative RT-PCR and Western
blotting analysis demonstrated that Med1 was efficiently deleted
at the genomic DNA (gDNA) (Fig. S1A, Left), mRNA (Fig. S1A,
Right), and protein (Fig. S1B) levels. As expected from our pre-
vious report (21), total thymocyte and splenocyte cellularity was
normal (Fig. S2 A and B). We did not observe any gross alter-
ations of the main thymic T-cell subsets, determined by a CD4/
CD8α cell-surface staining (Fig. S2 C and D, Upper). However, in
the periphery we detected a significant increase both in frequency
and absolute cell number of CD4+ T cells concomitant with a
decrease of CD8+ T cells (Fig. S2 C and D, Lower). Thus, con-
ventional αβ T cells can be generated in the absence of Med1.
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The reason for the discrepancy observed in splenic CD4+/CD8+

T-cell ratio will be addressed in a further study.
In contrast, the generation of iNKT cells, as stained by TCRβ

antibody and CD1d-tetramer loaded with the α-GalCer analog
PBS57 (22), was strongly affected in the thymus of Med1−/− mice
[Fig. 1 A (Top), B, and C]. This block could not be compensated in
the periphery, as seen by a profound decrease in iNKT cell fre-
quencies and numbers in the spleen and liver [Fig. 1 A (Middle and
Bottom), B, and C]. Alternative staining with antibodies against
TCRβ and NK1.1 showed a similar pattern of reduction (Fig. S3).
A unique feature of iNKT cells is the rapid production of

effector cytokines, including IFN-γ and IL-4, upon stimulation,
resulting in the licensing and activation of other immune cells
(23). In line with the massive reduction of iNKT cell numbers in
Med1−/− mice, we could not detect any IFN-γ and IL-4 pro-

duction in the serum of Med1−/− mice upon intravenous injec-
tion of α-GalCer (Fig. S4). Congruent with the defective cytokine
production by Med1−/− iNKT cells, there was no measurable
activation of B cells, T cells, and macrophages upon challenge
with α-GalCer compared with Med1+/− cells, as assessed by the
up-regulation of the early activation marker CD69 (Fig. 1D).
Using quantitative RT-PCR with primers specific for Vα14-

Jα18 TCR gene rearrangement, we found a significant reduction
in this transcript in total thymocytes from Med1−/− mice once
normalized to Cα transcripts (Fig. 1E), consistent with the
striking decrease of iNKT cells in the thymus.

Med1 Deficiency Has no Impact on iNKT Cell Precursor CD4+CD8+

Thymocytes. iNKT cells originate from CD4+CD8+ (DP) thy-
mocytes (6, 7, 24) and are positively selected by CD1d-expressing
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Fig. 1. Impairment of iNKT cell development in the absence of Med1. (A) Representative dot plots with the staining of anti-TCRβ antibody and PBS57-loaded
CD1d tetramer (Left) or unloaded CD1d tetramer (Right) in the thymus, spleen, and liver from Med1+/− or Med1−/− mice. The percentages of CD1d-tetramer+

iNKT cells are indicated in each plot. (B and C) Statistical analysis of the percentage and absolute numbers of iNKT cells in the thymus, spleen, and liver
mononuclear cells from Med1+/− or Med1−/− mice. Numbers represent the mean of at least 11 mice per group. (D) Activation of B cells (B220+), CD8α+ T cells, and
macrophages (Mac-1+) in the spleens from Med1+/− or Med1−/− mice immunized intravenously with 2 μg α-GalCer. Up-regulation of CD69 was assessed 5 h
after immunization. (E) Real-time PCR quantification of Vα14-Jα18 transcripts in total thymocytes. Level of Vα14-Jα18 transcripts was normalized to the quantity
of Cα transcripts. Results are shown as mean ± SEM from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed t test).
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cortical thymocytes (25). As CD1d is important for both positive
selection and peripheral maturation of iNKT cells (26, 27), and
mice lacking CD1d have severe defects in iNKT cell de-
velopment (28, 29), we investigated whether the observed ab-
rogation of iNKT cell development in Med1−/− mice was because
of an impaired expression of CD1d. As shown in Fig. 2A, the
expression level of CD1d was equivalent on Med1+/− and
Med1−/− DP thymocytes. However, in addition to CD1d ex-
pression, efficient loading of glycolipid antigens through the
endosomal-lysosomal pathway is also required for iNKT cell
positive selection (1, 30). Using an NKT cell hybridoma DN32.
D3, the ability of Med1−/− thymocytes to present lipid antigens
was assayed. Thymocytes from Med1+/− and Med1−/− mice were
incubated with DN32.D3 in the presence or absence of exoge-
nous glycolipid α-GalCer, and NKT hybridoma activation was
evaluated by IL-2 production. As shown in Fig. 2B, Med1−/−

thymocytes were as efficient as Med1+/− thymocytes to induce
IL-2 production by DN32.D3 cells in response to endogenous or
exogenous lipid antigens.

We subsequently assessed the survival and proliferation of DP
thymocytes. As shown in Fig. 2C, thymocytes isolated from
Med1+/− or Med1−/− mice displayed similar percentage of
AnnexinV+ cells when cultured in vitro for 24, 48, and 72 h. In
addition, the percentage of BrdU-labeled DP thymocytes in
Med1−/− mice was comparable to that of the control mice (Fig.
2D). Hence, survival and proliferation of DP thymocytes are not
affected by Med1 deficiency.
Furthermore, a microarray analysis on sorted Med1+/− and

Med1−/− DP thymocytes revealed similar expression of genes
related to iNKT cell development, which was further validated by
quantitative RT-PCR (Fig. S5).

Defects in iNKT Cell Development Observed in Med1−/− Mice Is Cell-
Intrinsic. The findings above are suggestive of a cell-intrinsic defect
of iNKT cell development in Med1−/− mice. Because DP thymo-
cytes serve as both precursor and selecting cells, it remains possible
that the defects of the signaling pathways elicited by homotypic
interactions might account for the reduction of iNKT cells in
Med1−/− mice. To address this issue, we generated bone-marrow
chimeras by reconstituting lethally irradiated CD45.1+ congenic
wild-type recipients with a 1:1 mixture of CD45.1+ congenic wild-
type and either CD45.2+ Med1+/− or CD45.2+ Med1−/− bone-
marrow cells. The mix of wild-type and Med1−/− donor cells
ensured that wild-type cells would be present during the develop-
ment of Med1−/− iNKT cells. Analysis of these chimeras revealed
that Med1−/− donor bone-marrow cells reconstituted the iNKT
cell compartment poorly (Fig. 3A) both in frequency and absolute
numbers (Fig. 3 B and C), even in the presence of wild-type cells,
which confirmed the cell-intrinsic defects of iNKT cell de-
velopment in the absence of Med1.

iNKT Cell Development Is Most Severely Affected at the Maturation
Stage. Immature iNKT cells undergo several well-defined de-
velopmental stages in the thymus. As depicted in Fig. S6A, the
earliest detectable CD1d-tetramer+ cells are CD24hiCD44−

NK1.1− (stage 0). Subsequently, the cells progress through three
more developmental stages: CD24loCD44loNK1.1− (stage 1),
CD24loCD44hiNK1.1− (stage 2), and CD24loCD44hiNK1.1+

(stage 3) (2, 3, 24, 31). The presence of a few residual iNKT cells
in Med1−/− mice has allowed us to further assess the de-
velopmental status of Med1-deficient iNKT cells. First, to ex-
clude that the residual iNKT cells from Med1−/− mice were
because of the incomplete gene deletion mediated by Cre
recombinase, thymic and splenic CD1d-tetramer+ cells were
sorted from Med1+/− and Med1−/− mice and analyzed for Med1
deletion efficiency. Quantitative RT-PCR results at both the
gDNA (Fig. S6B) and mRNA (Fig. S6C) levels demonstrated
that Med1 deletion was efficient and complete. Then, thymo-
cytes from 3- to 4-wk-old Med1+/− and Med1−/− mice were an-
alyzed on the basis of stage-specific cell-surface marker
expression. Analysis of CD1d-tetramer+ thymocytes showed that
Med1−/− iNKT cells mostly up-regulate CD44 but failed to ex-
press NK1.1 to complete terminal maturation (Fig. 4A). Enu-
meration of iNKT cell stage intermediates revealed a twofold
reduction at stage 0 and a three- to fourfold decrease at stages 1
and 2. The most severely affected stage was the transition from
stage 2 to stage 3 (∼50-fold reduction at stage 3) (Fig. 4B),
highlighting the profound block in iNKT cell terminal matura-
tion upon Med1 ablation. These results indicate that although
50% of iNKT cells can overcome Med1 deletion at an early
stage, they fail to go through the maturation stage because of the
necessity for Med1.
In mice, iNKT cells can be further subdivided into CD4+ and

double-negative (DN) subsets (3, 30). Thymic immature
NK1.1−CD4+ iNKT cells could give rise to NK1.1+ NKT cells,
including both CD4+ and DN cells, after intrathymic injection
into Jα18−/− recipient thymi, suggesting a precursor/product re-
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Fig. 2. Med1 deficiency has no influence on iNKT cell precursor CD4+CD8+

(DP) thymocytes. (A) Expression of CD1d on DP thymocytes from Med1+/− or
Med1−/− mice. After gating on DP thymocytes, histograms correspond to
CD1d staining (gray) and isotype control (white). Data are representative of
three independent experiments. The geometric mean fluorescent intensity is
shown on the right (mean ± SEM). (B) CD1d-dependent antigen presentation
by thymocytes from Med1+/− and Med1−/− mice. The NKT cell hybridoma
DN32.D3 was stimulated with total thymocytes from Med1+/− and Med1−/−

mice with or without exogenous α-GalCer, as indicated. IL-2 production was
measured by ELISA. Results are shown as mean ± SEM from two in-
dependent experiments. (C) Med1+/− or Med1−/− thymocytes were cultured
in vitro for 24, 48, and 72 h and the percentage of Annexin V+ cells is shown
after gating on the DP thymocyte population. (D) BrdU incorporation of
Med1+/− or Med1−/− DP thymocytes after a 24-h in vivo pulse of BrdU. Results
are shown as mean ± SEM from three independent experiments.
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lationship between CD4+ and DN iNKT subsets (24). Evaluation
of the subset composition in Med1−/− animals showed that the
CD4+ population was significantly reduced in the thymus and
spleen (Fig. S7 A and B). Thus, in the absence of Med1, the
CD4+ iNKT cell subset was most severely affected, especially in
the spleen, where the absolute numbers of the DN cells was not
altered at all (Fig. S7B). It has been shown that GATA-3 de-
ficiency led to a selective impairment of the CD4+ subset of
iNKT cells (14), and in PLZF-deficient mice, the ratio of CD4+

to DN subsets was skewed toward CD4+ iNKT cells (32).
However, Med1−/− thymic iNKT cells express normal or slightly
higher level of GATA-3, and the expression of PLZF, which is
normally down-regulated upon maturation into stage 3, is in-
creased, this is in line with the lack of mature stage 3 iNKT cells
in Med1−/− mice (Fig. S7 C and D).

Vα14-Jα18 TCR Transgene Expression Bypasses iNKT Cell Defects in
Med1−/− Mice. The twofold reduction of iNKT cells at the de-
velopmental stage 0 in Med1−/− mice implied the presence of an

earlier defect in iNKT cell development, which might be
bypassed by the forced expression of an iNKT cell-specific Vα14-
Jα18 TCR transgene. Therefore, we crossed Med1−/− mice with
transgenic mice expressing a rearranged Vα14-Jα18 TCRα chain
under the control of the CD4 promoter (Vα14+ Tg) and found
that the relative proportion and absolute cell numbers of iNKT
cells were largely restored in the thymus, spleen, and liver of
Med1−/− mice by this transgene (Fig. 5 A and B). Further analysis
of the thymic iNKT cell developmental stages showed no dif-
ferences in the percentage and absolute cell numbers between
Med1+/− and Med1−/− mice expressing the Vα14-Jα18 TCR
transgene (Fig. 5 C and D). Of note, cell numbers of immature
iNKT cells are much higher in Vα14-Jα18 TCR transgenic mice
compared with the nontransgenic heterozygous mice. On the
other hand, cells at the mature stage 3 are greatly underrepre-
sented in the TCR-transgenic mice (Figs. 4B and 5D). Therefore,
the transgenic mice might not be suitable to study defects at the
final maturation step because the majority of iNKT cells gen-
ereated have an immature phenotype.

Thymic iNKT Cells in Med1−/− Mice Lack IL-2Rβ and T-bet Expression.
The developmental stage at which iNKT cell generation was
most severely blocked was reminiscent of that of T-box tran-
scription factor T-bet–deficient mice (10). It has been reported
that T-bet controls not only iNKT cell maturation, but also mi-
gration, survival, and effector functions (33). IL-2Rβ (CD122) is
a direct target gene of T-bet and is essential for iNKT cell
maturation in an IL-15–dependent manner (34). These obser-
vations prompted us to examine whether the expression of IL-
2Rβ and T-bet was affected in Med1−/− iNKT cells. As shown in
Fig. 6A, gated on TCRβ+CD1d-tetramer+ iNKT cells, the ex-
pression of IL-2Rβ was drastically decreased in thymic Med1−/−

iNKT cells (Fig. 6A, Upper Left), whereas it was maintained in
splenic iNKT cells (Fig. 6A, Upper Right). T-bet expression was
reduced in both thymic and splenic iNKT cells in Med1−/− mice
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Fig. 3. Cell-intrinsic requirement for Med1 in iNKT cell development. Flow
cytometric analysis of iNKT cells in irradiated CD45.1+ congenic recipient mice
reconstituted with 1:1 mixture of CD45.1+ wild-type and CD45.2+Med1+/− or
CD45.2+ Med1−/− bone-marrow cells. The mice were analyzed 10 to 12 wk
after bone marrow reconstitution. (A) Representative flow cytometric plots
of iNKT cells derived from CD45.2+Med1+/− (Upper) or CD45.2+Med1−/−

(Lower) donors in the bone-marrow chimeras. iNKT cells in the thymus,
spleen, and liver were identified by CD1d-tetramers. (B and C) The frequency
and absolute numbers of iNKT cells derived from CD45.2+Med1+/− or
CD45.2+Med1−/− donor cells in the bone-marrow chimeras. Three mice from
each group were analyzed.
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(Fig. 6A, Lower). IL-2Rβ and T-bet expression are normally up-
regulated upon iNKT cell maturation, with stage 3 cells showing
the highest expression level (Fig. S8) (10, 12, 35). Thus, the
overall decreased expression level of IL-2Rβ and T-bet might be
the mere consequence of the paucity of mature iNKT cells in
Med1−/− mice. Thus, we refined our analysis at the develop-
mental stages 1 and 2 and found that Med1−/− immature stage 2
cells also displayed a reduced expression of IL-2Rβ and T-bet
(Fig. 6B). Therefore, the lack of IL-2Rβ and T-bet is a potential
molecular mechanism leading to the developmental block seen at
the immature stage 2 in the thymus of Med1−/− animals.

Discussion
In the present study, we have shown that Med1 is essential for
iNKT cell development but not the development of conventional
αβ T cells. The specificity of the phenotype might be explained by
the fact that Med1 is only found in a subset of Mediator com-
plexes and is not required for the integrity of the complex per se
(16). The defects observed at the early stages of iNKT cell de-
velopment were bypassed by ectopic expression of Vα14-Jα18
TCR transgene, leading to a nearly complete restoration of
iNKT cells (Fig. 5). One possible explanation for this finding is
that in the transgenic mice, the majority of iNKT cells generated
are immature and may not require factors, such as Med1, which
is essential for terminal maturation. Hence, the transgenic mice

might not be the best system to study the factors critical for the
final maturation of iNKT cells. Alternatively, it is also possible
that early expression of Vα14-Jα18 TCR transgene alters the
normal developmental pathway of iNKT cells and bypasses the
necessity for Med1, as has been discussed for Vα14+ Tg Fyn-
deficient mice (23, 36).
The severe developmental block of the iNKT cell lineage be-

fore terminal maturation seen in Med1−/− animals resembles the
one described for T-bet–deficient mice (10). The stepwise stage-
dependent expression pattern of T-bet makes this transcription
factor an attractive candidate for being a master regulator of
iNKT cell terminal maturation. Mice deficient for costimulatory
molecules (37), Tec kinase Itk and Rlk (38), and VDR (11) have
been reported to exhibit iNKT cell defects accompanied by the
diminished expression of T-bet or its direct target gene, IL-2Rβ.
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Fig. 5. Transgenic expression of Vα14-Jα18 TCR restores iNKT cell de-
velopment in Med1−/− mice. (A) iNKT cells identified by PBS57-loaded CD1d
tetramer in the thymus, spleen, and liver from Vα14 Tg-Med1+/− or Vα14 Tg-
Med1−/− mice. The percentages of CD1d-tetramer+ iNKT cells are indicated in
each plot. (B) Statistical analysis of the percentage (Upper) and absolute
numbers (Lower) of iNKT cells in the thymus, spleen, and liver from Vα14 Tg-
Med1+/− or Vα14 Tg-Med1−/− mice. (C) Surface expression of CD24, CD44,
and NK1.1 by thymic iNKT cells from Vα14 Tg-Med1+/− or Vα14 Tg-Med1−/−

mice. The left plots are gated on total thymocytes and the right plots are
gated on CD24loCD1d-tetramer+ cells. (D) Absolute cell numbers of iNKT cells
at stages 0 to 3. Five mice from each genotype were analyzed. Data are
representative of five independent experiments.
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In Med1-deficient iNKT cells, T-bet and IL-2Rβ expression is
markedly reduced (Fig. 6), most probably accounting for the
block in the final maturation of thymic iNKT cells. The chal-
lenging question remaining is which transcription factor func-
tions upstream of T-bet and requires Med1 as a cofactor. The
most likely candidate is the VDR. It has been previously dem-
onstrated that Med1 physically and functionally interacts with
VDR (15). VDR is also required for iNKT cell development
(11). Importantly, vitamin D deficiency during embryogenesis
affects iNKT cell development (39). Alternatively, Med1 might
interact with another iNKT cell master regulator RORγt.
However, Med1 knockout mice neither display any defect in ex-
pression of Bcl-xL (Fig. S9A) nor do they have a defect in Vα14-
Jα18 gene rearrangement (Fig. S9B), as described in RORγt-
deficient mice. Still, it remains possible, that Med1 is crucial for
the expression of only a subset of RORγt-regulated genes. Be-
cause RORγt target genes are currently unknown, this awaits
further investigations.
In summary, our data reveal a surprisingly lineage-specific

function for a generic cofactor, the Mediator subunit Med1, in
iNKT cell development. Further studies are needed to elucidate
the interplay between Med1 and VDR, and the potential VDR-
dependent regulation of T-bet. Because vitamin D deficiency has

been implicated in autoimmune disease (39), the VDR/Mediator
interaction is of potential therapeutic interest.

Materials and Methods
Mice. Med1 conditional knockout mice (40) and CD4-Cre mice (41) were
described previously. B6.SJL mice expressing the CD45.1 alloantigen were
purchased from The Jackson Laboratory. Vα14-Jα18 TCR transgenic mice
were kindly provided by A.Bendelac (University of Chicago, Chicago, IL).
Mice were bred and housed in specific pathogen free conditions in
accordance with institutional, state, and federal guidelines on animal
welfare.

Further materials and methods are provided in the SI Materials and
Methods.
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