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Natural killer (NK) T cells using an invariant Va14 (Va14i) T cell
receptor rearrangement form a distinct immunoregulatory T cell
lineage. Several studies indicated that a NK1.1~ Va14i NKT pre-
cursor cell differentiates and expands within the thymus before
export to the peripheral tissues occurs. However, little is known
about the signals that cause the emigration of Va14i NKT cells from
the thymus to the periphery. Here we show that signaling of
lymphotoxin (LT) af through the LT receptor (LTBR) is indispens-
able for regulating peripheral but not thymic Va14i NKT cell
numbers. Homing to and homeostatic proliferation of thymic Va14i
NKT cells in peripheral organs, however, was not dependent on
LTBR. Instead, our data indicate that a LTBR-expressing thymic
stromal cell regulates the thymic emigration of Va14i NKT cells but
not conventional T cell receptor af cells.
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ymphotoxin (LT) « and B are members of the TNF family

that form biologically active homotrimers or heterotrimers.
LT« can be secreted as a homotrimer that can bind with equal
affinity to either TNF receptor 1 or 2 (1). LT« can also be
membrane-bound by association with LT to form LT« (2, 3).
This heterotrimer binds exclusively to another receptor, the
LTB receptor (LTBR), which is expressed on nonlymphoid cells
(4). Over the past years, a wealth of data has indicated an
indispensable role for the LTaB-LTBR interaction in secondary
lymphoid organ structure development and function (5, 6). In
addition, some studies have shown a functional impairment in
generating secondary antibody responses to certain antigens
in LT-deficient mice, although normal numbers of T and B cells
are found (7, 8).

Natural killer (NK) T cells recognize glycolipid antigens (9,
10), and they form a unique lymphocyte subset with important
immunoregulatory properties (11). They coexpress NK recep-
tors and intermediate levels of T cell receptor (TCR) «f and
have a phenotype reminiscent of activated T cells. Several
distinct subsets of NKT cells have been described (12). In mice
the most abundant NKT cell subpopulation is characterized by
an invariant TCRa« rearrangement, Val4-Jal18, and is reactive
with CD1d, a nonclassical class I antigen-presenting molecule
(13, 14). We will hereafter refer to these cells as Val4 invariant
(Val4i) NKT cells. Upon recognition of the synthetic glycolipid
a-galactosylceramide (a-GalCer), which is presented by CD1d
(10), TCR stimulation results in the rapid production of proin-
flammatory cytokines that influence other immune cells, includ-
ing NK cells, dendritic cells, and B and T cells (11).

There is evidence that Va14i NKT cells form a separate T cell
lineage because they are selected in the thymus by a hemato-
poietic cell type, which contrasts with the selection of conven-
tional T cells by thymic epithelial cells (15-18). With the
availability of a-GalCer-loaded CD1d tetramers (19), important
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new information has been obtained about Val4i NKT cell
ontogeny, showing that NK1.1 receptor expression is modulated
during development, meaning that not all Val4i NKT cells
express NK1.1 (20, 21). Although a considerable amount of
information exists on their intrathymic differentiation (20-22),
the signals that regulate the export of Val4i NKT cells or
conventional T cells from the thymus to peripheral organs are
poorly understood. Here we describe that LT« and its receptor,
LTBR, are instrumental in regulating thymic emigration of
Val4i NKT cells but not of conventional T cells.

Results

Reduction of Va14i NKT Cells in Peripheral Organs, but Not Thymus, in
LT- and LTBR-Deficient Mice. To determine the prevalence of Val4i
NKT cells in LTa®?, LTBY, and LTBRY? mice, we isolated
mononuclear cells from the principal sites where Val4i NKT
cells are found, including thymus, spleen, liver, and bone mar-
row, and we determined the fraction of a-GalCer/CDI1d tet-
ramert TCRB* cells by flow cytometry. The fraction and
absolute number of Val4i NKT cells were greatly and consis-
tently reduced in liver, spleen, and bone marrow of LTa"?,
LTBY°, and LTBRY mice (P < 0.05; LT- and LTBR-deficient
mice versus respective controls; Student’s ¢ test) (Table 1, Fig. 1,
and unpublished data). Peripheral Val4i NKT cell numbers
appeared to be more affected in LTa”° mice than in LTB*° and
LTBRY" mice, suggesting a potential additional role for LTa;
homotrimers in Va14i NKT cell ontogeny. These data could be
confirmed in an additional LTa”? mouse strain (8). Curiously,
Val4i NKT cell numbers were much less affected within the
thymus, especially in LTB%? and LTBR?° mice. The LTBR can
bind to another TNF family cytokine, LIGHT (23). Peripheral
Val4i NKT cell numbers in LIGHT?? mice were normal (Table
1), indicating that the interaction of LTBR with LTaf is
indispensable for generating normal numbers of Val4i NKT
cells in the periphery, rather than its interaction with LIGHT.
Consistent with these findings, cytokine production levels in-
duced by in vivo immunization with the glycolipid a-GalCer were
found to be reduced in LTa%%, LTBY°, and LTBR"° mice but not
in LIGHT®° mice (ref. 24 and unpublished data). Nevertheless,
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Table 1. Thymic and peripheral Va14i NKT cell percentages and numbers in C57BL/6 and C57BL/6 x 129 wild-type mice and LTa%/°,

LTBY0, LTBRY0, and LIGHT?/0 mice

Thymus Liver Spleen

Va14i NKT Va14i NKT cells, Va14i NKT Va14i NKT cells, Va14i NKT Va14i NKT cells,
Mouse cells, % absolute cell no. cells, % absolute cell no. cells, % absolute cell no.
C57BL/6 0.34 = 0.03 5.7 X 10% = 0.9 X 10° 17.27 + 1.12 8.2 X 105+ 0.9 X 105 0.98 + 0.06 8.6 X 105 + 1.0 x 10°%
B6129F2 (C57BL/6 X 129) 0.16 + 0.07 3.4 X105 1.2 X 105 13.05 = 2.02 5.7 X 105+ 0.9 X 10 1.03 = 0.20 6.1 % 105 = 0.9 X 10°
B6.129-LTBRY/0 (C57BL/6) 0.40 + 0.02 4.9 X 10° = 1.9 X 10° 5.35 + 0.97* 3.9 X 105+ 0.8 X 10°* 0.45 + 0.03* 2.6 X 105+ 0.9 X 10°*
B6.129-LTa®%/° (C57BL/6) 0.11 + 0.02* 1.6 X 105 = 0.4 X 10°* 222 +0.44* 2.0 X 105 = 0.6 X 105* 0.10 = 0.01* 0.8 X 105 = 0.2 X 105*
B6;129-LTBY/° (C57BL/6 < 129) 0.25 + 0.04 5.1 X 105+ 0.5 X 10° 3.68 + 1.36* 2.6 X 10° = 0.7 X 105" 0.31 = 0.03" 1.8 X 10° + 0.4 X 10°*
B6.129-LIGHT/° (C57BL/6) 0.47 + 0.08 4.5x10°+ 1.8 x 10° 15.95 = 1.79 9.5 X 105 = 2.4 X 10° 0.79 = 0.11 12X 105 = 1.9 X 105

Thymic, liver, and splenic mononuclear cells from C57BL/6 and C57BL/6 X 129 wild-type mice and from LTa?/9, LTBY/, LTBR%/?, and LIGHT?/? mice were analyzed
by FACS (n = 5-10). Va14i NKT cells were gated as TCRB* a-GalCer/CD1d tetramer™ lymphocytes. Data shown are + SEM. *, P < 0.01, knockout versus wild type

(Student’s t test). t, P < 0.05, knockout versus wild type (Student’s t test).

the ability of the residual Val4i NKT cells to produce IFN-y
(Fig. 5, which is published as supporting information on the
PNAS web site) and IL-4 (unpublished data) after stimulation
with a-GalCer was not impaired in LTB%° mice, indicating that
disruption of LTaB-LTBR signaling does not affect the func-
tional capacity of Val4i NKT cells.

Peripheral Va14i NKT Cell Dependence on Intact Stromal Cell Function
in Vivo. We next evaluated whether the peripheral Val4i NKT
cell deficiency could be restored by in vivo administration of the
AF.H6 agonistic anti-LTBR antibody. Previously, this antibody
was shown to induce embryonic genesis of lymph nodes in LTa%?
mice when administered in utero (25). Therefore, we examined
the effect of in utero administration of anti-LTBR antibody on
Val4i NKT cell differentiation. Pregnant LTa”° mice were
injected from fetal day 11 onward every 48 h, and the progeny
were examined for Va14i NKT cell numbers in thymus, liver, and
spleen. Controls consisted of pregnant LTa”? mice injected with
an anti-keyhole limpet hemocyanin (KLH) Ig of the same
isotype (isotype control). As shown in Fig. 24, the absolute

A C57BL/6 LTpRYO
0.1_’:4 +0.03 0.40 = 0.02
' Y THYMUS
17.27 £ 1.12
0@: _—
& LIVER
|_
0.98 +0.06 0.45 +0.03
SPLEEN
a-GalCer-CD1d-tetramer —>
Fig. 1. Va14i NKT cell defect in LT-deficient mice. Thymic, liver, and splenic

mononuclear cells from C57BL/6 wild-type mice and LTBRY® mice were ana-
lyzed by FACS. Plots were gated on total lymphocytes. Numbers show mean
percentage = SEM of TCRB" «-GalCer/CD1d tetramer® lymphocytes (n =
5-10). *, P < 0.01, LTBRY versus C57BL/6 (Student’s t test).
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Val4i NKT cell number in livers of LTa%® mice was partially
restored by in utero treatment. By contrast, administration of
isotype control had no effect. Similar findings were made in the
spleen (unpublished data). Thymic Val4i NKT cell numbers,
however, were not influenced, indicating that the partial resto-
ration in the periphery could not simply be due to an increase in
thymic Val4i NKT cell levels (unpublished data). Consistent
with previous reports (25), lymph node formation could be
partially restored with anti-LTBR antibody but not with isotype
control (unpublished data). These findings suggest a role for a
LTBR-expressing stromal cell during fetal ontogeny for the
differentiation of Val4i NKT cells.

To test whether the Val4i NKT cell defect in LTBRY? mice
could be restored by transfer of wild-type bone marrow precur-
sors, we created bone marrow chimeras in which we transferred
T cell-depleted bone marrow cells from CD90.1 congenic
C57BL/6 mice into sublethally irradiated CD90.2" C57BL/6 or
LTBRY mice. Eight weeks later, the fraction of CD90.2~ Val4i
NKT cells was determined in thymus, liver, and spleen of the
recipient mice. Comparable percentages (Fig. 2B Upper) and
absolute numbers (Fig. 2C Left) of Val4i NKT cells were found
within the CD90.2~ compartment in the thymus of C57BL/6 and
LTBRY recipient mice. By contrast, the fraction (Fig. 2B Lower)
and absolute numbers (Fig. 2C Right) of Val4i NKT cells in the
donor-derived compartment in liver and spleen (unpublished
data) of LTBRY recipient mice were markedly reduced com-
pared with C57BL/6 recipient mice. These results indicate that
a LTBR-dependent stromal cell defect rather than a bone
marrow precursor defect affects peripheral Val4i NKT cell
numbers in LT- and LTBR-deficient mice.

In Vivo Dependence of NKT Cells on LT« During Fetal Ontogeny and
Postnatally. We next assessed at which time points LTap-LTSBR
interaction would be required during development. Therefore,
we evaluated the effects of in vivo administration of LTBR-Fc
fusion protein, which acts as a soluble decoy receptor for LTaf3
and LIGHT (25), versus control Ig into C57BL/6 mice during
different phases of ontogeny and determined the effect on Va14i
NKT cell numbers and function. Previously, the LTBR-Fc fusion
protein was shown to block lymph node genesis when given in
utero and to disrupt splenic architecture as well as lamina propria
B cells after administration to adult mice (26). We tested several
regimens of administration (Fig. 64, which is published as
supporting information on the PNAS web site). LTBR-Fc was
given to the first two groups of mice in utero on day 11 and day
15 of gestation. After birth, the mice were given either one
injection at day 7 or continuous injections once a week until week
6 (continuous). All mice were killed at week 6 after birth, and the
frequency and function of Val4i NKT cells were determined in
liver, spleen, and thymus. Consistent with previous reports (26),
mice given in utero injections lacked peripheral lymph nodes, and
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Fig.2. Astromal defectisresponsible for the Va14i NKT cell deficiency in LT-
and LTBR-deficient mice. (A) In vivo restoration of Va14i NKT cell defect in
LTa%° mice by administration of an agonistic anti-LTBR mAb in utero. Preg-
nant LTa%° mice were injected i.p. with agonistic anti-LTBR mAb or anti-KLH
as isotype control on days 11, 13, 15, and 17 of gestation. Progeny were
analyzed 6 weeks after birth by FACS. Bar graphs show mean absolute num-
bers = SEM of Va14i NKT cells (TCRB" a-GalCer/CD1d tetramer®) in the liver
of C57BL/6 wild-type control mice, untreated control LTa%° mice, LTa%0 mice
treated with anti-LTBR mAb, or LTa%° mice injected with anti-KLH (n = 3-4).
*, P = 0.005; anti-LTBR mAb-treated LTa®® mice versus control LTa%® mice
(Student’s t test). (B) Sublethally y-irradiated (600 rad) 3-week-old C57BL/6 or
LTBRY® mice recipient mice were i.v. injected with 107 TCRB-depleted bone
marrow cells from CD90.1 congenic C57BL/6 mice. After 8 weeks, mononu-
clear cells from thymus and liver were analyzed by FACS. Numbers represent
mean percentage = SEM of Va14i NKT cells (TCRB" a-GalCer/CD1d tetramer™)
within the CD90.2~ TCRB" fraction of lymphocytes in thymus and liver of
C57BL/6 or LTBRY0 recipient mice (n = 3-5). *, P = 0.037, LTBRY versus
C57BL/6 recipients (Student'’s t test). (C) Bar graphs represent mean absolute
numbers = SEM of CD90.2~ Va14i NKT cells (TCRB" a-GalCer/CD1d tetramer™)
in thymus and liver of C57BL/6 and LTBR%? recipient mice. 1, P = 0.047, LTBR%?
versus C57BL/6 recipients (Student’s t test).

their splenic architecture was found to be disrupted (unpub-
lished data). A third group was composed of adult mice treated
once a week with 100 pg of LTBR-Fc for 4 weeks (adult) (Fig.
6A), after which the mice were killed for analysis of Va14i NKT
cells. As previously demonstrated, administration of LTBR-Fc
after birth affected splenic architecture (unpublished data).
As indicated in Fig. 6B, Val4i NKT cell percentages and
absolute numbers (unpublished data) were markedly reduced in
liver and spleen (unpublished data) when given in utero on day
11 and day 15 of gestation and until week 6 after birth, but the

9162 | www.pnas.org/cgi/doi/10.1073/pnas.0508892103

reduction was much less when in utero treatment was followed
with only a single postnatal injection on day 7, indicating that
LTap was required postnatally. Val4i NKT cells were much less
affected in mice treated from day 18 of gestation on (unpub-
lished data) or in adult mice treated with LTBR-Fc (Fig. 6B),
which illustrates an additional requirement for LTaf during
fetal ontogeny. By contrast, Val4i NKT cell frequency in the
thymus was only marginally reduced in all treatment schedules.
Furthermore, regardless of the treatment regimen, the majority
of the thymic Val4i NKT cells appeared phenotypically mature
because they were CD44*NK1.1*" (Fig. 6C). In addition, the
maturity of liver Val4i NKT cells was not influenced by treat-
ment with LTBR-Fc, as judged by their expression of NK1.1 and
other NK cell markers such as NKG2, independent of the
treatment schedule (unpublished data). Altogether, these results
suggest that, in addition to its role during fetal ontogeny, LTaf3
interaction is also required during the weeks after birth.

Homing, Expansion, and/or Survival in the Periphery of Va14i NKT
Cells Is Not Impaired in LTBRY® Mice. To determine whether the
reduced peripheral numbers of Val4i NKT cells was due to an
impaired migration to or homeostatic proliferation in peripheral
organs, we transferred carboxyfluorescein succinimidyl ester
(CFSE)-labeled CD8a-depleted thymocytes from CD90.1 con-
genic C57BL/6 mice to irradiated C57BL/6 or LTBR"? recipient
mice. One week later, thymus, liver, and lung of recipient mice
were isolated and analyzed for the presence of CD90.2~ Vald4i
NKT cells and conventional T cells, and their CFSE intensity was
measured. The number of cell divisions for both CD90.2~ Val4i
NKT cells and conventional T cells was similar in C57BL/6 and
LTBRY recipient mice (Fig. 34). Comparable numbers of
CD90.2~ Val4i NKT cells and conventional T cells were found
in the liver and lung (unpublished data) of C57BL/6 or LTBRY?
recipients (Fig. 3B), whereas CD90.2~ Val4i NKT cells were
virtually absent from the thymus of both C57BL/6 and LTBR"?
recipients (unpublished data). The numbers of CD90.2~ con-
ventional T cells were comparable in the thymus of C57BL/6 or
LTBRY0 recipients, and they were remarkably lower than those
found in the liver (unpublished data). To formally exclude that
a reentry of the transferred thymocytes into the thymus of the
recipient mice would affect the peripheral homing, homeostatic
expansion, or survival of Vald4i NKT cells, we transferred
CFSE-labeled, CD8a-depleted thymocytes from CD90.1 con-
genic C57BL/6 mice into irradiated thymectomized C57BL/6
and LTBR"? recipient mice and determined the homeostasis of
donor-derived Val4i NKT cells. Results were similar to those
obtained in euthymic mice (Fig. 7, which is published as sup-
porting information on the PNAS web site). These results
unambiguously indicate that peripheral Va14i NKT cell homing
and homeostasis do not depend on LTap-LTBR signaling.

Regulation of Thymic Export of Va14i NKT Cells by LTaf. We next
evaluated whether the decrease of Va14i NKT cells observed in
liver and spleen of LTa°, LT, and LTBR®° mice could be
indicative of a defect in the emigration from the thymus. To
directly examine thymic emigration, we injected FITC into each
thymic lobe of anesthetized LTa”? and LTBR®? or control mice
and examined the fraction of FITC* Val4i NKT cells or
conventional T cells in thymus, liver, and spleen 36 h later. The
fraction of FITC* Val4i NKT cells in LTa”° and LTBR° mice
in liver (Fig. 44) and spleen (unpublished data) was significantly
reduced compared with wild-type controls. Similar results were
obtained in C57BL/6 mice that were injected with LTBR-Fc in
utero on day 11 and day 15 of gestation and until week 6 after
birth (unpublished data). Remarkably, whereas the absolute
numbers of Val4i NKT cells that emigrated from the thymus
were substantially reduced in LTa”® or LTBRY? animals, the
number of FITC* conventional T cell emigrants was slightly

Franki et al.
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Fig. 3. Homing, expansion, and/or survival in the periphery of Va14i NKT
cells is not impaired in LTBRY® mice. Six-week-old y-irradiated (300 rad)
C57BL/6 and LTBRY° recipient mice (n = 4) received an i.v. injection with
CFSE-labeled, CD8-depleted thymocytes from CD90.1 congenic C57BL/6 mice.
After 1 week, liver mononuclear cells of recipient mice were analyzed by FACS.
(A) Analysis of the fluorescence intensity of the CFSE signal from Va14i NKT
cells and conventional T cells in the CD90.2~ fraction of C57BL/6 versus LTBR0
recipients. (Left) Histograms gated on CD90.2~ Va14i NKT cells (TCRB* a-Gal-
Cer/CD1d tetramer™) lymphocytes. (Right) Histograms gated on CD90.2~
TCRB* a-GalCer/CD1d tetramer™ lymphocytes. (B) Bar graphs show mean
absolute numbers = SEM of CD90.2~ Va14i NKT cells (Left) and CD90.2~
conventional T cells (Right) in the liver of C57BL/6 and LTBRY0 recipient mice.

enhanced in LTa”° mice (Fig. 4B Upper), whereas the absolute
number of both FITC* Val4i NKT cells and conventional T cells
was not reduced in the thymus of LTa”" and LTBR®° mice
versus controls (unpublished data). Whereas the relative frac-
tion of FITC* Va14i NKT cells compared to the number of NKT
cells labeled with FITC in the thymus was reduced in liver and
spleen in LTa”® and LTBRY? mice versus controls, the relative
fraction of FITC* conventional T cells did not differ between
either of the groups (Fig. 4B Lower). These findings together
indicate that LTap-LTBR signaling is indispensable for the
regulation of thymic Val4i NKT cell emigration.

Discussion

Thymic emigration of T cells is an essential step in immune
homeostasis. However, surprisingly little is known about the
mechanisms that regulate the export of either conventional T
cells or Val4i NKT cells from the thymus. Over the past years,
the molecular signals governing the ontogeny of T cells and the
central role of the thymus have been unraveled in significant
detail. There is considerable information on the regulation of the
different steps of TCR rearrangement, as well as on positive and
negative selection (27, 28). Much less described, however, are the
events that immediately precede the export from the thymus to
the periphery. In mice, mature thymocytes congregate near the
lymphatics and blood vessels of the thymic medulla and are
exported at a consistent daily rate of 1-2% of the total thymo-
cytes (29, 30). It has been suggested that, for conventional T cells,

Franki et al.
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Fig. 4. Defective thymic export in LT-deficient mice. Four- to 5-week-old
wild-type C57BL/6 mice and LTa®° and LTBRY® mice were intrathymically
injected with FITC. Thymic and liver mononuclear cells were analyzed by FACS
36 h later. (A) Plots were gated on FITC-positive lymphocytes as indicated in
the left dot plots. Numbers represent mean percentage + SEM of FITC-positive
Va14i NKT cells in thymi and livers of wild-type control C57BL/6 mice and
LTa%% and LTBRY® mice (n = 5-6). (B Upper) Absolute numbers + SEM of
FITC-positive Va14i NKT cells and FITC-positive conventional T cells in livers of
wild-type control C57BL/6 mice and LTa%0 and LTBRY mice. (B Lower) Ratios
of the number of FITC-positive liver Va14i NKT cells and conventional T cells
relative to the number of FITC-positive thymic Va14i NKT cells and conven-
tional T cells, respectively. 1, P < 0.05, LTa%® or LTBR?® versus wild type
(Student's t test).

functional maturity determines when their export from the
thymus occurs, largely because of the mature status of most
medullary thymocytes (30), and it has been reported that
sphingosine 1 phosphate receptors play an important role in
thymic export of conventional T cells (31). However, the emi-
gration requirements of Val4i NKT cells are yet unclear. The
development of a-GalCer-loaded CD1d tetramers has provided
a powerful tool to examine the developmental biology of Val4i
NKT cells (19). By using these tetramers, the expression of NK
receptors such as NKI1.1 has been shown to be much more
flexible than previously anticipated. For example, NK1.1 expres-
sion is developmentally regulated, because immature Vol4i
NKT cells lack NK1.1 expression (20, 21). Moreover, analysis of
recent thymic emigrants by intrathymic injection of FITC has
indicated that most Va14i NKT cells leave the thymus as NK1.1~
cells (20, 21). However, it was unclear whether the same signals
that regulate emigration of conventional T cells also apply to
Val4i NKT cells or other unconventional T cells. The results
presented here indicate that LTafB is indispensable for the
normal regulation of thymic emigration of Va14i NKT cells but
not conventional T cells.

To explore the role of LTBR-expressing stromal cells in Va14i
NKT cell development, we treated LTa”? mice with an agonistic
anti-LTBR antibody in utero and during adult life. In addition, we
treated C57BL/6 mice with a LTBR-Fc fusion protein during
fetal development and postnatally or at adult age. In vivo
administration of agonistic anti-LTBR antibodies in utero, but
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not in adult LTa” mice, partially restored Val4i NKT cell
numbers, illustrating the importance of intact LTaB-LTBR
signaling during early Val14i NKT ontogeny. In addition, transfer
of wild-type bone marrow cells to LTBRY? mice could not restore
the reduced peripheral Val4i NKT cell numbers. These findings
indicate that peripheral Val4i NKT cells depend on LTBR-
expressing stromal cells during fetal development. Several stud-
ies have highlighted the role of stromal cells, particularly those
in the thymic medulla, as gatekeepers in the thymic export, and
different models have been suggested by which the medulla may
regulate this process (32). Interestingly, mice lacking a thymic
medulla such as RelB?° and aly/aly mice, which carry a point
mutation in the NF-kB-inducing kinase, were shown to have a
profound deficiency in Val4i NKT cells (33, 34). This finding
suggests a critical role for the medulla in Val4i NKT cell
ontogeny. Likewise, thymic medullary epithelial cell differenti-
ation was found to be disturbed in LTBRY® animals (35),
although the defects were less pronounced than in aly/aly mice.
In addition, in both aly/aly and RelB”° mice, a reduction in
thymic Val4i NKT cells was also observed (34), which is in
contrast to the defects described here in LTB”® and LTBRY?
mice, where a reduction in only peripheral Va14i NKT cells and
not thymic Val4i NKT cells is observed. This finding suggests
that other upstream signals may regulate NF-«kB-inducing
kinase-dependent activation of RelB, which may have additional
effects on Val4i NKT cells, e.g., by influencing Va14i NKT cell
survival.

Because of the reported role of the medulla in controlling
thymic emigration of conventional T cells (30) and the medullary
defects in LTBRY? mice (35), we directly examined thymic
emigration of Val4i NKT cells compared with conventional T
cells by analyzing intrathymic injections with FITC. Consistent
with previous reports, ~5% of FITC™ cells stained with a-Gal-
Cer/CD1d tetramers in the livers of C57BL/6 wild-type mice
(20). These cells were strongly reduced in LTa”? and LTBR?
mice. By contrast, thymic emigration of conventional T cells was
not decreased in LTBR®? mice and was even slightly enhanced
in LTa” mice. These findings corroborate earlier reports in
which recently emigrated splenic CD8* T cell numbers were
found to be increased in LTa” mice versus controls (36). Our
data strongly support a model in which an LTBR-expressing
thymic stromal cell type controls the emigration of Val4i NKT
cells from the thymus to the peripheral organs. In contrast, i.v.
transfer of wild-type thymocytes to LTBRY® mice showed that
LTap-LTBR interaction was not required for regulation of
peripheral homing, homeostatic proliferation, or survival of
Val4i NKT cells.

The combined approach of administering agonistic anti-LTBR
antibodies to LT-deficient mice and treatment of pregnant
C57BL/6 mice using LTBR-Fc has also provided new informa-
tion on the contribution of the thymic stromal compartment to
the development of Val4i NKT cells in relation to age. LTBR-
dependent stromal function is required from day 11 of fetal
ontogeny onward, similar to the requirement reported for lym-
phoid organ development (26). Little effect on Val14i NKT cells
was observed when an agonistic anti-LTBR antibody was given
to pregnant LTa%® mice at fetal day 18 or, conversely, when
wild-type mice were treated with LTBR-Fc at the same time
point. This finding indicates a narrow time frame for the effect
of LTaB-LTPR interaction on Val4i NKT cells early in fetal
development. Presumably, intact LTBR signaling is required for
proper thymic medulla formation, as previously reported (35).
Our results indicate only a marginal effect of LTBR-dependent
stromal cell function in adult mice, at least for Va14i NKT cell
development, although it was suggested that organization of
medullary epithelial cells also depends on continuous signaling
through LTBR. The precise details of these interactions, how-
ever, remain to be determined.
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In summary, the results presented here indicate a pivotal role
for LTaB-LTPBR interaction in the regulation of thymic emigra-
tion of Va14i NKT cells by influencing thymic stroma function.
These results underscore the importance of TNF cytokines in the
ontogeny of innate immune lymphocytes.

Materials and Methods

Reagents and Antibodies. «-GalCer was synthesized at the Phar-
maceutical Research Laboratories of Kirin Brewery (Gunma,
Japan). Agonistic anti-LTBR-mAb, anti-mouse LTBR-hIgG1
fusion protein, and control human IgG were provided by Jeff
Browning (Biogen Idec, Cambridge, MA). Anti-KLH isotype
control was purchased from BD Pharmingen. The following
mAbs from BD Pharmingen were used in this study: anti-CD4,
anti-TCRp, anti-NK1.1, anti-CD8¢, anti-IFN-vy, and anti-FcyR
mADb. Anti-CD90.2 was obtained from eBioscience (San Diego).
Production of a-GalCer/CD1d tetramers was described in
ref. 19.

Mice. C57BL/6, B6129F2 (C57BL/6J X 129S1/SvImlJ, F, hybrid)
mice and B6;129-LibF¥/J mice (LTBY0; mixed C57BL/6J X
129 background) were originally purchased from The Jackson
Laboratory. Mice with disrupted LTa, B6.129-Lta"/ 7> (LTa"°,
backcrossed eight times onto C57BL/6 background) were de-
scribed in ref. 37. LTBR, B6.129Ltbr™!Kef (LTBRY, backcrossed
six times onto C57BL/6 background) or LIGHT-deficient mice,
B6.129-Tnfsf14" K¢/ (LIGHT"?, backcrossed six times onto the
C57BL/6 background) were described in refs. 23 and 38. All
mice were housed and bred according to the guidelines of the
Ghent University vivarium. CD90.1 congenic C57BL/6 mice,
B6.Cg-Igh? Thy12 Gpil?/Crl, were purchased from Charles River/
Iffa Credo. Unless stated otherwise, experiments were done with
8- to 10-week-old mice. LTBRY? mice were 5-6 weeks old. All
animal procedures were approved by the Institutional Animal
Care and Ethics Committee of Ghent University.

In Vivo Administration of Antibodies and Fusion Proteins. Pregnant
LTa”" mice were injected i.p. with 250 ug of agonistic anti-
LTBR mAb or anti-KLH as isotype control on days 11, 13, 15,
and 17 of gestation. Progeny were analyzed 6 weeks after birth.
Pregnant C57BL/6 mice were injected simultaneously i.v. and
i.p. with 50 pg of LTBR fusion protein (LTBRFc) on day 11 and
day 15 of gestation. Progeny were injected i.p. with 25 ug of
LTBRFc on day 7 after birth or received weekly injections with
25 pg of LTBRFc (continuous) until they were killed at the age
of 6 weeks. Controls consisted of C57BL/6 mice treated with
control IgG. In addition, adult C57BL/6 mice were injected i.p.
weekly with 100 pg of LTBRFc or control IgG for 4 weeks and
were killed 1 day after the last injection.

Cell Preparation. Liver mononuclear cells were isolated by using
a Percoll gradient as described in ref. 39 followed by osmotic lysis
to remove the remaining red blood cells. Cell suspensions from
thymus, spleen, and bone marrow were prepared by conventional
methods. To analyze the expression of surface markers on
a-GalCer/CD1d tetramer-binding thymocytes, CD8" T cells
were depleted with anti-CD8a Dynabeads according to the
manufacturer’s instructions (Dynal).

Flow Cytometry. Cell-surface staining and tetramer staining were
performed as described in ref. 34. Unloaded tetramers were used
as a control. Intracellular cytokine stainings were performed
after fixation and permeabilization of the cells by using Cytofix/
Cytoperm and Perm/Wash buffer according to the manufactur-
er’s protocol (BD Pharmingen). Cells were analyzed on a
FACSort (Becton Dickinson) or FC500 (Beckman Coulter) flow
cytometer. Data were analyzed by using CYTOMICS CXP software
(Beckman Coulter).
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Intrathymic Injections. Four- to 5-week-old mice were anesthe-
tized by i.p. injection of a mixture of ketamin, xylazin, and PBS.
After the chest was opened, each lobe was injected with 10 ul of
FITC (Molecular Probes) dissolved in PBS (1 mg/ml). The chest
and skin were closed. Mice were killed 36 h after injection, and
thymus, liver, and spleen were removed.

Thymectomy. Anesthetized C57BL/6 and LTBRY° mice under-
went a small sternotomy to assure optimal access to the thymus.
The thymus was gently removed, and the chest and skin were
closed. The mice were allowed to recover for 1 week, after which
the homeostasis experiments were initiated. When the mice were
killed, the mediastinum was carefully inspected to ensure that
the thymus had been removed entirely.

Bone Marrow Transfers. Bone marrow transfers were performed as
described in ref. 34. Bone marrow was isolated from the femur
and tibia of CD90.1 congenic C57BL/6 mice. T cell-depleted
bone marrow cells (107, purity was >98-99%) were i.v. trans-
ferred into sublethally y-irradiated (600 rad) 3-week-old
C57BL/6 and LTBR" recipient mice. Thymus, liver, and spleen
of recipients were analyzed 8 weeks after bone marrow transfer.
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