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Natural killer T cells expressing an invariant T-cell receptor (iNKT)
regulate activation of both innate and adaptive immunity in many
contexts. iINKT cells accumulate in the liver and rapidly produce
prodigious amounts of numerous cytokines upon activation, im-
pacting the immune response to viral infection, immunosurveil-
lance for malignant cells, and liver regeneration. However, little is
known about the factors controlling iNKT homeostasis, survival
and hepatic localization. Here, we report that the absence of the
transcriptional regulator Id2 resulted in a severe, intrinsic defect in
the accumulation of hepatic /iNKT cells. Id2-deficient /iNKT cells
showed increased cell death in the liver, although migration and
functional activity were notimpaired in comparison to Id2-express-
ing iNKT cells. Id2-deficient iNKT cells exhibited diminished expres-
sion of CXCR®, a critical determinant of iNKT cell accumulation in
the liver, and of the anti-apoptotic molecules bcl-2 and bcl-X,,
compared to Id2-sufficient iNKT cells. Furthermore, survival and
accumulation of iNKT cells lacking 1d2 expression was rescued by
deficiency in bim, a key pro-apoptotic molecule. Thus, 1d2 was
necessary to establish a hepatic iNKT cell population, defining a
role for Id2 and implicating the Id targets, E protein transcription
factors, in the regulation of iNKT cell homeostasis.

E protein | homeostasis | Inhibitor of DNA binding | transcription factor

N atural killer T (NKT) cells are a distinct T lymphocyte lineage
that are rapidly activated to produce cytokines that influence
many cell types either upon recognition of antigen or in inflam-
matory settings, allowing them to functionally link the innate and
adaptive immune responses (1-3). NKT cells develop in the thymus
from CD4*CD8™ progenitors and pass through three developmen-
tal stages defined by expression of CD44 and NK1.1 (1, 2). The last
maturation step for many NKT cells involves up-regulation of
NKI1.1 and usually occurs in the periphery after CD44" NK1.1~
NKT cells have exited the thymus (1, 2). During maturation, NKT
cells up-regulate expression of many markers of T cell activation
(including CD44, CD69, and CD122) and receptors normally
expressed by NK cells (such as KLRG1 and NK1.1) (3). The NKT
cell population can be divided into three main subsets: Type I are
the well-studied V14 invariant population (/NKT); Type IT include
CD1d-reactive NKT cells with diverse non-Val4 T cell receptors;
and Type III are CD1d-independent NKT cells (1, 2, 4). The
majority of iINKT cells are activated through interaction of their
TCR with glycolipid antigens, such as alpha-galactosylceramide
(aGalCer), presented by the MHC class I-like molecule CD1d on
antigen presenting cells and can be detected with aGalCer-loaded
CD1d tetramers (1, 3, 5). Several of these glycolipids are derived
from microorganisms and mediate iNKT cell activation during
infection (6). Upon activation, iNKT cells rapidly secrete a diverse
set of cytokines representative of multiple CD4" helper T cell
subsets, notably including IFN-y and IL-4, and therefore influence
a wide range of immune responses and disease states (3).

Many signaling molecules, transcription factors, cytokines, and
chemokines are involved in iINKT cell development, survival, and
trafficking (1). Notably, mutations in the transcription factor T-bet
and IL-15 both disrupt iNKT cells late in their maturation coin-
ciding with their acquisition of effector functions (7, 8). Mature
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iNKT cells show a pattern of localization distinct from other T cells
and are found preferentially in the liver as well as spleen, bone
marrow, and thymus, but less so in the lymph nodes (5). CXCR3
and its ligand, CXCL9, are particularly important for iINKT cell
trafficking to the periphery from the thymus (9). The chemokine
receptor, CXCRO6, and its transmembrane ligand, CXCL16, have
been shown to be important for INKT cell accumulation in the liver,
either by affecting maturation or provision of an essential survival
signal (10-13). LFA-1, a member of the B2 integrin family of
adhesion molecules, has also been shown to influence accumulation
of iNKT cells in liver (14, 15). However, which specific signals
preferentially recruit INKT cells to the liver or support their survival
and maturation are not well-elucidated.

We noted that: 1) iNKT cells share phenotypic and functional
properties with CD8" memory T cells and NK cells, 2) T-bet and
IL-15 are required for NK, CD8* T cell and iNKT cell maturation
as each cell type acquires effector function, and 3) deficiency in the
transcriptional regulator Inhibitor of DNA-binding-2 (Id2) results
in a development block in the transition from NK precursor to a
mature NK cells and in CD8* T cell effector/memory formation at
a similar point in maturation (16—18). Thus, we hypothesized that
1d2 would also regulate INKT cell homeostasis/maturation.

The E/Id protein family of transcriptional regulators has been
implicated in many aspects of lymphocyte development (19-21). E
proteins are basic helix-loop-helix transcriptional activators/
repressors that regulate lymphocyte development by binding to
DNA at E-box sites, regulating expression of genes crucial to
developmental progression and enforcing key developmental
checkpoints (19-21). E protein DNA-binding activity can be neg-
atively regulated by Id proteins, which heterodimerize with E
proteins and prevent binding to target sequences (19). One of the
Id proteins, 1d2, has been shown to be crucial for development of
multiple immune cell types (16-18). Id2-deficient mice lack Peyer’s
patches, peripheral lymph nodes, mature NK cells, and show
diminished numbers of CD8«a™* dendritic cells, TCR «f IELs, and
Langerhans cells (16-18). Recently, we reported that Id2 plays key
role in regulating the CD8" T cell response to infection, where
Id2-deficiency resulted in increased apoptosis of effector cells and
reduced formation of CD8* memory T cells (17). Id2 mRNA was
found to be expressed at an approximately 5-fold higher level in
mature /INKT cells compared to CD4" T cells, suggesting that it may
function in this cell type (22). Despite the many known effects of 1d2
on lymphoid cells, its function in iINKT cells was not known.
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Fig. 1. 1d2KO chimeras have fewer NKT cells in the liver and bone marrow. (A) gPCR was performed on sorted populations of naive CD8* T cells, NK cells, NK1.1*

TCRB* NKT cells, and effector CD8" T cells (KP-OVAp*) on day 7 of infection with Lm-OVA. Data are representative of two independent experiments. (B)
Representative flow cytometry plots identifying NKT cells as CD45.2 NK1.1*TCRB* or CD1d tetramer*TCRB™* lymphocytes from indicated tissues of 1d2X0 or Id2*
chimeras (upper). Representative flow cytometry plots showing CD44 and NK1.1 expression by CD1d tetramer* 1d2X° or 1d2* NKT cells from thymus and liver
(lower). Data are representative of all Id2KC and Id2* chimeras analyzed in at least four experiments. (C) Average (= SEM) percentage of NK1.1* TCRB* or CD1d
tetramer™ TCRB*™ NKT cells among donor-gated lymphocytes recovered from indicated tissues harvested from 6-14 1d2X0 and Id2* chimeras. (D) Absolute
numbers of NK1.1* TCRB* or CD1d tetramer* NKT cells recovered from indicated tissues of Id2KC and Id2* chimeras. Data are the average (= SEM) of at least
four 1d2K0 and Id2* pairs of chimeras. The P value for the NK1.1* TCRB" percentages and absolute cell numbers was P = 0.06 for bone marrow. (E) Percent and
(F) total number of cells for indicated developmental stages of NKT cells determined by assessing expression of NK1.1 and CD44 on TCRB*CD1d tetramer*
lymphocytes recovered from chimeras. The average (= SEM) of at least five 1d2XC and Id2* chimeras analyzed in two experiments are graphed. Statistical

significance was determined using unpaired two-tailed t-test where *, P < 0.05, **, P < 0.005, ***, P < 0.0005.

Results and Discussion

Id2-Deficient NKT Cells Fail To Accumulate in Liver and Bone Marrow.
We compared the levels of Id2 mRNA expression by quantitiative
PCR (qPCR) among purified populations of naive and effector
CD8™" T cells, NK cells, and total NK1.1*TCRB* NKT cells sorted
from spleen. Id2 mRNA expression was elevated in NK, NKT, and
effector cells compared to naive CD8" T cells (Fig. 14). As Id2 is
a key factor in terminal maturation of NK cells and survival of
effector CD8* T cells (16-18, 23), the high mRNA expression in
NKT cells suggested that it could also influence NKT cell devel-
opment or survival. Interestingly when we compared 1d2 mRNA
levels between hepatic and splenic NKT cells, expression was
similar between the two populations, while Id3 mRNA was dra-
matically lower in hepatic NKT populations (Fig. 14). Thus,
mRNA expression suggested that Id2 would be the relevant Id
family member for hepatic NKT cells.

To determine the impact of Id2 deficiency on the NKT cell
compartment, we analyzed fetal liver or bone marrow chimeras
reconstituted with either Id2-deficient (Id2X©) or Id2-sufficent
(Id2*) hematopoietic cells. We generated chimeras to study the
hematopoietic system as Id2-deficiency leads to severe runting and
neonatal death, perhaps due to defects in development of adipose
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tissue (17, 24). Examination of Id2*/~ and Id2"/* reconstituted
chimeras showed no differences in their NKT populations (Fig. S1),
thus experiments included both compared to Id2K© chimeras. NKT
cell populations were identified by expression of the donor congenic
marker (CD45.2), NK1.1, and TCRp (referred to as NKT), or by
staining with CD1d tetramers (3), which identify the NKT cell
subset using the canonical Val4 TCR (referred to as iNKT). It
should be noted that the NK1.1"TCRB" NKT population identifies
the mature cells within all three NKT subsets while CD1d tetramer
identifies NK1.1*/~ type I iNKT cells and a portion of the less
abundant type 1T subset. Chimeras reconstituted with Id2X© donor
cells showed a striking reduction in the percentage the INKT subset
in the liver and bone marrow compared to controls receiving Id2*
donor cells, while a decreased percentage for total NKT cells
(NK1.1*TCRB™") was observed in all tissues (Fig. 1 B and C). We
observed the most severe defect in the liver, where the percentage
of total NKT cells recovered from mice reconstituted with 1d2XC
cells was approximately 10-fold lower than in chimeras that received
Id2* cells (Fig. 1C) and where the percentage of the iNKT cell
population was reduced approximately 5-fold (Fig. 1C). Similarly,
analysis of absolute NKT cell numbers revealed an approximately
20-fold reduction of NK1.1*TCRB* NKT cells and an approxi-
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Fig.2. 1d2XO NKT cell defect is intrinsic. Analysis of Id2K0/1d2WT mixed chimeras.
(A) 1d2X° (CD45.2) and Id2WT (CD45.1) NKT cells were isolated from livers of mixed
chimeras and identified by expression of congenic marker, NK1.1, TCRB, or CD1d
tetramer. (B) CD1d surface staining of lymphocytes from thymus, bone marrow,
spleen or liver from 1d2K0 or 1d2WT mixed chimeras; 1d2X° unfilled and 1d2WT
shaded. Data are representative of at least two independent experiments with
n = 3-41d2X0 or |d2"T pairs.

mately 6-fold reduction in CD1d tetramer™ iNKT cells recovered
from livers of chimeras that received 1d2X© compared to 1d2*
donor cells (Fig. 1D). In bone marrow, we found a significantly
lower frequency and total number of CD1d tetramer™ iNKT cells
in Id2%° compared to Id2WT reconstituted recipients; a similar but
not statistically significant trend was observed for NK1.1"TCRB*
NKT cells (Fig. 1 C and D). While significant differences in
frequency of NK1.1*TCRB* NKT cells were observed in the
thymus and spleen, this was not maintained the analysis of absolute
cell numbers (Fig. 1 C and D). As previously reported (1618, 23),
the percentage of TCRB* NK1.1~ T cells (Fig. 1B) or CD4* and
CD8* T cells (Fig. S2) was not altered by Id2-deficiency in any of
the tissues examined, but the NK cell population (NK1.1*TCRB™)
was absent (Fig. 1B). Given the consistent and dramatic effect
resulting from the loss of Id2 expression on hepatic NKT cells, we
focused primarily on this population.

The final maturation step for many NKT cells is indicated by
up-regulation of NK1.1 expression and can be completed after cells
leave the thymus (1-3). To investigate the possibility of an Id2-
mediated defect in NKT cell development, the percentages of
mature and immature NKT cells, assessed by CD44 and NKI1.1
expression, among hepatic and thymic iNKT cells from Id2¥° and
1d2* chimeras were analyzed. There were no significant differences
in the percentages or absolute numbers of thymic INKT cells at any
stage of development between Id2X0 and Id2WT cells, indicating
that early development of iINKT cells in the thymus was not affected
by loss of I1d2 (Fig. 1E). In contrast, examination of the iINKT cell
subsets in the liver revealed a lower percentage of mature CD44hi
NK1.1" iNKT cells and a corresponding 2-fold increase in the
percentage of immature CD44" NK1.1~ iNKT cells in the 1d2X©
chimera (Fig. 1E). However, a dramatic loss in the absolute number
of cells was apparent for both CD44" NK1.1~ and CD44" NK1.1*
iNKT populations, indicating that a failure to accumulate iINKT
cells was not likely due simply to impaired up-regulation/expression
of NK1.1 as the NK1.1~ precursors were also diminished (Fig. 1E).

Importantly, we also found that the defective accumulation of
1d2KO NKT cells was not rescued in mixed chimeras where Id2*
donor cells were also present (Fig. 24). Here, even when progen-
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Fig. 3. Phenotype and function of Id2-deficient NKT cells. (A) Intracellular
cytokine staining was used to detect IFN-y and IL-4 expression by NKT cells
harvested from 1d2X0 or Id2* chimeras that were given 2 ug aGalCer i.p. 1.5 h
before sacrifice. NKT cells from 1d2K0 chimeras (thick black line), 1d2* chimeras
(thin black line), or unstimulated control B6 mice (gray shaded) were identified by
CD45.2" TCRB* NK1.1* expression. Data are representative of three independent
experiments with n = 2 1d2K0 and Id2* pairs. (B) Representative flow cytometry
plots displaying expression of indicated cell surface molecules by lymphocytes
recovered from spleen and liver of 1d2X° (unfilled) or I1d2* (shaded) donor cells
obtained from chimeras. Mature NKT cells were identified by CD45.2, CD1d
tetramer and NK1.1 expression. (C) Average (*= SEM) fold change of geometric
mean fluorescence intensity between 1d2X° and 1d2WT iNKT cells for indicated
activation marker. Data are representative of four pairs of 1d2X° and 1d2* chi-
meras analyzed in two independent experiments.

itors were mixed and allowed to reconstitute congenically distinct
recipients, the Id2X© donor cells gave rise to approximately 10- to
12-fold fewer iINKT cells compared to the Id2* cells within the same
recipient. Thus, the presence of Id2* cells did not restore the NKT
cell population, highlighting an intrinsic role for Id2 in supporting
the formation of an iNKT cell population. Furthermore, we did not
observe any differences in the expression of CD1d, a molecule
important for NKT cell maturation, between the 1d2¥° and 1d2*
donor cells in thymus, bone marrow, spleen, or liver (Fig. 2B).

1d2X0 NKT Cells Produce Cytokines upon Activation and Display an
Activated Phenotype. To determine if the few Id2%© NKT cells that
were generated could function upon activation, we injected Id2K©
or Id2* reconstituted chimeras with 2 ug aGalCer. Mice were killed
1.5 h after injection, at which point IFNvy and IL-4 production by
hepatic and splenic iNKT cells was assessed using intracellular
cytokine staining and FACS analysis. Id2¥° iNKT cells produced
similar levels of cytokines after activation compared to their Id2*
counterparts (Fig. 34). iNKT cells also express many cell-surface
markers characteristic of activated/memory T cells (CD697,
CD44" and CD122%) (1-3). To characterize 1d2-deficient iNKT
cells further, expression of indicated phenotypic markers by mature
INKT cells was assessed. Id2K© iNKT cells and their wild-type
counterparts expressed similar levels of CD122 (IL-2RB), CD44,
and CXCR3 (Fig. 3B). However, we observed lower levels of CD69
and CD43, which may indicate partially impaired activation and/or
maturation (Fig. 3B). Thus, the small numbers of mature [d2K©
iNKT cells that can be identified in the liver have some of the
phenotypic markers of maturation and can respond to stimulation
with aGalCer in vivo.

1d2X0 NKT Cells Undergo Increased Apoptosis in Liver but Show Normal

Migration. To assess whether Id2KC iNKT cells failed to accumulate
in the liver due to impaired migration to this tissue, we transferred
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Fig. 4. Absence of Id2 does not affect NKT cells migration, but results in

increased apoptosis. (A) 102K and 1d2* NKT cells were isolated from livers and
spleens of host mice and identified by expression of congenic marker (CD45.2%),
NK1.1, and TCRB, or CD1d tetramer. Data shown is average (+ SEM), (n = 6-7 for
NK1.1* TCRB* migration assay, n = 3 for CD1d tetramer™ migration assay). (B)
Lymphocytes were isolated from Id2X° and I1d2* chimeras and were stained with
Annexin V and analyzed by flow cytometry. (Left) Representative plots for donor
gated 1d2XC (unfilled) or 1d2* (shaded) NK1.1*TCRB" NKT cells or NK1.1-TCRB"
Tcells or dead cells (dotted line). (Right) Average (+ SEM) of % Annexin V positive
cells (n = 3). Data are representative of three independent experiments each with
n = 2-3 1d2K0 and Id2* pairs. Statistical significance was determined using
unpaired two-tailed t-test where *, P < 0.05.

CD45.2*" B220~CD8" splenocytes from Id2X© or Id2* chimeras
into CD45.1" host mice and measured the percentage of donor
NKT cells recovered in the spleen and liver after 24 h. Whether
identifying the NKT population by expression of NK1.1 and TCRf
or by CD1d tetramer, comparable to increased percentages 1d2KO
and Id2* NKT cells were recovered from spleens and livers of
host mice, indicating that trafficking to the peripheral organs by
the 1d2K© /NKT cells was not impaired and was perhaps en-
hanced (Fig. 44).

The level of apoptosis among NKT cells was next evaluated;
lymphocytes from liver and spleen were harvested from 1d2¥° or
1d2" chimeras and stained for Annexin V. More 1d2¥© than Id2*
hepatic NK1.1*TCRB* cells stained Annexin V* (=60% vs.
~15%), while no differences were observed between the splenic

populations or between conventional T cells in liver or spleen,
indicating that many of the hepatic 1d2X® NKT cells were under-
going apoptosis (Fig. 4B). Normal cytokine production by Id2K©
NKT cells (Fig. 3) in the context of dramatically higher cell death
is perhaps surprising; however, activation with aGalCer may rescue
or accelerate cell death, leaving only functional cells to assay. It was
not possible to measure Annexin V staining for INKT cells as CD1d
tetramer staining was lost with the conditions required for Annexin
V binding. These results indicated that the lower percentage of
INKT cells observed in the livers of 1d2XO chimeras was due to
impaired survival.

1d2¥0 NKT Cells Have Diminished Expression of CXCR6, bcl-2, and
bel-X.. CXCR®6, a chemokine receptor, and its ligand, CXCL16, are
essential for INKT cell accumulation in the liver (13, 14). CXCR6
is expressed at high levels by resting INKT cells and at intermediate
levels by effector and memory T cells (22). To determine if 1d2
deficiency affected CXCR6 expression by NKT cells, we first
analyzed CXCR6 mRNA by qPCR, comparing expression by NKT
cells from 1d2KO or Id2™" reconstituted chimeras. Both hepatic and
splenic 1d2X© /NKT cells showed an approximately 8- to 10-fold
reduction in CXCR6 mRNA expression compared to 1d2* iNKT
cells (Fig. 54, left), suggesting that Id2 influences CXCR6 expres-
sion in this cell type. We next examined surface expression of the
CXCRG6 protein using a Fc fusion protein of its ligand, CXCL16-Fc,
as described previously (12). NKT cells from Id2X© chimeras
showed dramatically reduced levels of CXCL16-Fc binding in both
spleen and liver (Fig. 54, right), while the total conventional T cell
population expressed low levels of CXCRG6 that were slightly lower
among 1d2K© cells (Fig. S34). As CXCR6 has been suggested to
promote survival of hepatic INKT cells, Id2X° NKT cells may fail
to receive an essential survival signal due to lower CXCR6 expres-
sion (10, 11).

However, reduced CXCRG6 expression does not provide a com-
plete explanation for the Id2%° ;NKT cell defect as CXCR6-and
CXCLI16-deficient mice show a less severe loss of NKT cells (10, 11)
(Fig. S4). In our study of Id2X° CD8* effector cells, we also
observed a defect in survival that correlated with diminished bcl-2
expression and enhanced bim expression (17). Further, bim has
been implicated in negatively regulating survival of activated INKT
cells (25). To determine if Id2 deficiency affected expression of
bcl-2 family members in iINKT cells, we used qPCR to compare the
relative mRNA levels of a panel of pro- and anti-survival molecules
(17). We found that bcl-2 and bel-X;, mRNA levels within sorted
splenic and hepatic Id2K© and Id2* NKT cells were consistently 2-
to 3-fold decreased by hepatic Id2K© but not splenic 1d2X© NKT
cells when compared to Id2WT cells (Fig. 5 B and C, left). We
further confirmed, by intracellular staining, that down-regulation of

Fig. 5. Hepatic NKT cells in 1d2X° chimeras have dimin-
ished expression of CXCRS, bcl-2 and bcl-X, . Relative mRNA
and protein expression of (A) CXCR6, (B) bcl-2, and (C)

bcl-X.. gPCR was performed on sorted NKT cells from 1d2K0
orld2* chimeras based on expression of CD45.2, NK1.1, and
TCRB. CXCR®, bcl-2, and bcl-X, mRNA expression for each
sample was normalized to splenic 1d2* NKT cells. (Left)
gPCR data are representative of two independent sorts
with n = 3-4 chimeras. (Center) For flow cytometry NKT
cells were identified by expression of congenic marker,
* NK1.1, and TCRB. Isotype controls dashed lines; 1d2X° un-
filled; Id2* shaded. Flow cytometry data are representative
of at least four pairs of 1d2X° and 1d2* chimeras. (Right)
Average (+ SEM) fold change of geometric mean fluores-
cence intensity between 1d2X0 and Id2WT NKT cells. Statis-
tical significance was determined using unpaired two-
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Fig. 6. Bim deficiency rescues hepatic 1d2K0 NKT cells. (A) Representative flow
cytometry plots identifying NKT cells by congenic marker, NK1.1, and TCRp, or
CD1d tetramer staining of hepatic lymphocytes recovered from Id2*bim*/-,
1d2KObim*/*, 1d2*bim~/~, or 1d2K0 bim~/~ fetal liver chimeras. (B) Average per-
centage (= SEM) of indicated populations from (A). (C) Absolute cell number for
indicated populations from (A). Data are representative of three independent
experiments with n = 3-5 per group. Statistical significance determined using
unpaired two-tailed t-test where P < 0.01, *, P < 0.005, ***, ns >0.05.

bel-2 and bel-X. protein expression by Id2%© cells was liver-specific
(Fig. 5 B and C, right) and NKT cell specific, as conventional 1d2¥C
T cells showed similar expression to Id2WT T cells (Fig. S3).
Interestingly, CXCRO6-deficient hepatic NKT cells expressed lower
levels of intracellular bcl-2 protein, but displayed normal levels of
bel-Xy, (Fig. S4), further suggesting that Id2 regulates factors in
addition to CXCRG6 to support NKT cell survival. The preferential
down-regulation of these two anti-apoptotic molecules in liver
provide a mechanistic explanation for the liver-specific defect found
for 1d2KO NKT cells.

Bim Deficiency Rescues 1d2X0 NKT Cell Defect. To determine if the
lower levels of anti-apoptotic molecules was the cause of the 1d2K0
INKT cell defect, we tested if inhibition of the mitochondrial
pathway of apoptosis through loss of bim could rescue the pheno-
type. We generated chimeras reconstituted with Id2%Tbim*/~,
1d2XObim ™+, Id2*bim~/~, or 1d2XObim~/~ fetal liver cells. Chi-
meras reconstituted with 1d2XCbim~/~ donor cells showed a dra-
matic recovery of the INKT cell population in the liver compared
to chimeras receiving 1d2XCbim™/* donor cells (Fig. 6). The per-
centage of CD1d tetramer* iINKT and NK1.1*TCRB* NKT cells
recovered from mice reconstituted with 1d2KObim~/~ cells was
approximately 4- to 5-fold higher than in chimeras that received
1d2XObim™/* cells (Fig. 6 4 and B). Similarly, analysis of absolute
NKT cell numbers revealed an approximately 8-fold increase in
both NK1.1"TCRB* NKT cells and CD1d tetramer™ iNKT cells
recovered from livers of chimeras that received Id2X°bim /= donor
cells compared to Id2XObim™/* donor cells (Fig. 6C). However, the
number of donor iNKT cells in the thymus and spleen of recipients
that received bim-deficient donor cells was not significantly altered
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compared recipients that received Id2WT donor cells, suggesting the
rescue is not due to increased thymic output in the absence of bim
(Fig. S5). The minor difference in percentage and number between
1d2%Obim~/~ and Id2*bim ™/~ hepatic NKT cell populations was
not significant. Thus, the removal of bim-mediated cell death
overcomes the survival defect of Id2XO NKT cells.

We have shown that Id2 deficiency results in perturbations of
NKT cell homeostasis including a dramatic reduction in accumu-
lation of both Val4i and total NKT cells in the liver (Fig. 1).
Id2-deficient NKT cells displayed increased apoptosis compared to
their Id2-sufficient counterparts in the liver, suggesting that 1d2
expression promotes their survival (Fig. 4). These results highlight
a role for Id2 in NKT cell homeostasis and are reminiscent of
defects observed in NK and CD8* T cells where a requirement for
1d2 occurs at late stages of maturation upon acquisition of effector
function, coincident with down-regulation of Id3 (16, 17, 22, 26).

Much like the defect we observe in the absence of 1d2, CXCR6K©
(10, 11) and CXCL16X© mice (13), have a significant loss of hepatic
but relatively normal iNKT cell populations in other tissues. Inter-
estingly, we found that I1d2¥C NKT cells showed substantially
reduced expression of CXCRG6 in all tissues tested (Fig. 5). The
liver-specific iNKT cell defect in CXCR6XC mice has been pro-
posed to result from increased apoptosis (10) and impaired matu-
ration (11). We observed increased apoptosis (Fig. 4) and dimin-
ished numbers of both NK1.1~ and NK1.1" 1d2K® NKT cells
(Fig. 1) compared to their Id2* counterparts in the liver. This
observation suggests lower CXCR6 expression deprives Id2-
deficient hepatic INKT cells of an essential survival signal, prevent-
ing accumulation of mature cells (Fig. 4). Thus, splenic and thymic
iNKT cells may depend on different survival signals, which do not
require CXCRG6 expression. Finally, we did not observe any defects
in cytokine production by the Id2-deficient iNKT cells, while
CXCR6K© and CXCL16%° NKT cells were found to have de-
creased cytokine production, indicating that the residual levels of
CXCR6 expressed by 1d2KO NKT cells were sufficient to mediate
more normal maturation and activation.

Interestingly, we observed a more severe hepatic phenotype than
the CXCR6XC mice and find fewer iINKT cells in the bone marrow
unlike CXCR6XC mice, suggesting that reduced CXCR6 expression
may not fully explain the severity and extent of the INKT cell defect
in Id2-deficient mice. We found that bcl-2 and bcl-X;, were both
expressed at lower levels in the 1d2XC iNKT cells that localized to
the liver, supporting a role for Id2 in promoting cell survival (Fig.
5). Loss of expression of pro-survival molecules could not be
accounted for solely by down-regulation of CXCR6 expression as
CXCR6XO iNKT cells had less bel-2 but normal bel-X;. expression
(Fig. S4). Of note, the Id2WT hepatic iNKT cells expressed higher
levels of these anti-apoptotic molecules compared to their splenic
counterparts, perhaps indicating that iINKT cells require greater
protection from apoptosis when localized to the liver. Importantly,
the survival and accumulation defect of 1d2XC /NKT cells was
largely rescued by eliminating bim, a key molecule promoting
apoptosis of lymphocytes, including iINKT cells, emphasizing the
role of Id2 in regulating survival by influencing components of the
intrinsic apoptotic pathway (Fig. 6).

Studies addressing Id2 function in NK cell development demon-
strate that Id proteins are required to control E protein activity,
which is accomplished cooperatively by Id2 and 1d3 during devel-
opment but by Id2 alone at later stages as Id3 is down-regulated (16,
26). Interestingly, Id2 mRNA levels were equivalent between NKT
cells recovered from spleen and liver, while Id3 levels were approx-
imately 5-fold higher in splenic compared to hepatic NKT cells in
wild-type mice, perhaps explaining the normal NKT population in
the 1d2KO spleen and why Id2 is crucial for hepatic the NKT
population (Fig. 1B). Future experiments will be required to
establish if the sole function of 1d2 in NKT cell homeostasis is to
diminish E protein activity and whether activity of E protein
transcription factors may influence NKT cell development or
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function. It is well established that high levels of E protein expres-
sion can lead to programmed cell death and that developmental
progression and survival require modulation of E protein activity by
Id proteins (20, 27, 28). Furthermore, bim is known to be target
directly induced by E proteins (29). In agreement, the apoptotic
death of Id2X© CD8™" T cells resulting from a failure to attenuate
E protein activity has been correlated with up-regulation of pro-
apoptotic bim expression and diminished anti-apoptotic bcl-2 ex-
pression (17, 29). Thus, we hypothesize that the regulation of E
proteins, which is mediated, at least in part, by Id2 expression
controls NKT cell survival by balancing expression of bcl-2 family
members.

Materials and Methods

Mice. Mice were bred and housed in specific pathogen-free conditions in accor-
dance with the Institutional Animal Care and Use Guidelines of the University of
California San Diego. Id2X° mice were generated as previously described (12) and
maintained on the C57/BL6 background. For the generation of fetal liver chime-
ras, 5-10 X 106 1d2X9, Id2*/~, or Id2+/* E14-E15.5 fetal liver cells and 5-10 X 105
RAGKO cells were injected i.v. into lethally irradiated (900 RAD) recipient mice of
a distinct CD45 congenic marker. Bone marrow chimeras were generated by
transferring 5-10 X 10°B220~CD4~CD8~ bone marrow cells obtained from 1d2K0
or Id2+ fetal liver chimeras into lethally irradiated recipient mice of a distinct
congenic marker. For the generation of mixed fetal liver chimeras, 5 X 108 1d2KC
or 1d2WT E14.5 CD45.2% fetal liver cells and 5 X 108 |d2WT CD45.1*
B220~CD4~CD8~ bone marrow cells were injected i.v. into lethally irradiated (900
RAD) recipient CD45.1" mice. All chimeras were rested for at least 8 weeks to
allow reconstitution of the host. Mixed bone marrow chimeras were generated
by transferring 6 x 108 B220-CD4-CD8~ bone marrow cells obtained from
CD45.2" 1d2K0 or 1d2WT fetal liver chimeras and 4 X 10° |d2WT CD45.1+ B220-CD4-
CD8- bone marrow cells into lethally irradiated recipient CD45.1* mice. All mixed
chimeras were rested for at least 10 weeks to allow reconstitution of the host.
Lymphocytes from CXCR6-deficient (CXCR6XC) mice (10) were kindly provided by
Dr. Matloubian.

Flow Cytometry. Single cell suspensions were prepared from liver, thymus,
spleen, and bonemarrow of chimeras. Hepatic NKT cells were isolated as previ-
ously described (15). Fc receptors were blocked with anti-FcyRINII (2.4G2) and
then stained with the indicated monoclonal antibodies. The following fluoro-
chrome-conjugated monoclonal antibodies were used: TCRB FITC (clone H57-
597), CD45.1 FITC (A20), CD45.2 FITC(104), CD43 FITC(1B11) (Biolegend), CD69 PE
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(H1.2F3), ICOS PE (7E.17G9), CD1d Tetramer PE [NIH Tetramer Core Facility
(mCD1d/PBS57)] or generated as previously described (30), TCRB PE (H57-597),
CD122 PE (TM-b1), IFNy PE (XMG1.2), IL-4 PE (11B11), CXCR3 PE (1C6/CXCR3) (BD
Biosciences), goat anti-human IgG Fc, PE (Jackson Immunoresearch), CD45.1
PeCy7 (A20), NK1.1 PerCP Cy5.5 (PK136), CD45.2 PerCP Cy5.5 (104), NK1.1 APC
(PK136), TCRB APC (H57-597), CD45.2 APC (104), CD44 APC, Kirg1 APC (2F1),
Annexin V APC (Invitrogen), and CD45.2 Alexa 750 (104). CXCL16-Fc fusion
protein was generously provided by Dr. M. Matloubian and used as previously
described (6). Intracellular staining of bcl-2 and bcl-X, were performed with BD
Cytofix/Cytoperm Plus Kit. PE hamster Anti-mouse bcl-2 (3F11) monoclonal anti-
bodies and isotope control PE hamster 1gG (A19-3) were purchased from BD
Pharmigen; and bcl-X; (54H6) Rabbit mAb (Alexa Fluor 488 Conjugate) and
isotype control Rabbit IgG (DA1E) mAb (Alexa Fluor 488 Conjugate) were pur-
chased from Cell Signaling Technology. Samples were collected on FACSCalibur
or FACSAria (BD Biosciences) and analyzed using FlowJo software (Tree Star).

Quantitative PCR. Relative levels of mRNA among indicated populations of
sorted CD45.2*NK1.1*TCRB* NKT cells were compared by qPCR. Id2, 1d3, Bcl-2,
and Bcl-X_ mRNA levels were assessed using non-specific product detection (SYBR
Green, Stratagene). CXCR6 mRNA expression was detected using a TagMan
probe and primer sequences specific for CXCR6 (TagMan Gene Expression
Assay, Applied Biosystems). Id3 Forward: GACTCTGGGACCCTCTCTC, Id3 Re-
verse: ACCCAAGTTCAGTCCTTCTC, 1d2 Forward: ACCAGAGACCTGGACA-
GAAUC, Id2 Reverse: AAGCTCAGAAGGGAATTCAG. Primers for bcl-2 and bcl-XL
have been previously described (17). Samples were normalized to HPRT or
GAPDH expression.

Migration Assay. Spleens were harvested from 1d2KC or Id2* chimeras and B220*
CD8" splenocytes were depleted using MACS columns (Miltenyi Biotec). Thirteen
to 18 X 108 1d2X0 or Id2* B220~ CD8" splenocytes were injected i.v. into CD45.1
hosts. Recipient mice were killed 24 h after adoptive transfer and lymphocytes
recovered from liver and spleen were analyzed by flow cytometry to determine
the percentage of donor NKT cells (CD45.2) recovered.
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