See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/268987875

The Thymic Microenvironment Differentially
Regulates Development and Trafficking of
Invariant...
Article in The Journal of Immunology · November 2014
DOI: 10.4049/jimmunol.1401601 · Source: PubMed

CITATIONS

READS

2

96

8 authors, including:
Michael Drennan

Srinath Govindarajan

Ghent University - VIB

Inflammation Research Center-VIB/Ghent U…

28 PUBLICATIONS 997 CITATIONS

12 PUBLICATIONS 65 CITATIONS

SEE PROFILE

SEE PROFILE

Katelijne De Wilde

Carl F Ware

Ghent University

Sanford Burnham Prebys Medical Discovery…

5 PUBLICATIONS 33 CITATIONS

312 PUBLICATIONS 19,358 CITATIONS

SEE PROFILE

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

GOA Crohn View project

Lymphoid tissue development and function View project

All content following this page was uploaded by Michael Drennan on 08 December 2014.

The user has requested enhancement of the downloaded file.

The Thymic Microenvironment Differentially
Regulates Development and Trafficking of
Invariant NKT Cell Sublineages
This information is current as
of November 12, 2014.

Michael B. Drennan, Srinath Govindarajan, Katelijne De
Wilde, Susan M. Schlenner, Carl Ware, Sergei Nedospasov,
Hans-Reimer Rodewald and Dirk Elewaut

Supplementary
Material

http://www.jimmunol.org/content/suppl/2014/11/05/jimmunol.140160
1.DCSupplemental.html

Subscriptions

Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscriptions

Permissions
Email Alerts

Submit copyright permission requests at:
http://www.aai.org/ji/copyright.html
Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/cgi/alerts/etoc

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,
9650 Rockville Pike, Bethesda, MD 20814-3994.
Copyright © 2014 by The American Association of
Immunologists, Inc. All rights reserved.
Print ISSN: 0022-1767 Online ISSN: 1550-6606.

Downloaded from http://www.jimmunol.org/ by guest on November 12, 2014

J Immunol published online 7 November 2014
http://www.jimmunol.org/content/early/2014/11/05/jimmun
ol.1401601

Published November 7, 2014, doi:10.4049/jimmunol.1401601
The Journal of Immunology

The Thymic Microenvironment Differentially Regulates
Development and Trafficking of Invariant NKT Cell
Sublineages
Michael B. Drennan,* Srinath Govindarajan,* Katelijne De Wilde,* Susan M. Schlenner,†
Carl Ware,‡ Sergei Nedospasov,x,{ Hans-Reimer Rodewald,‖ and Dirk Elewaut*

I

nvariant NKT (iNKT) cells constitute an innate-like T cell
sublineage that is selected in the thymus by cortical thymocytes expressing the MHC class I–like molecule CD1d (1).
In mice, iNKT cells express canonical Va14-Ja18 TCRa-chains
associated with Vb8, Vb7, or Vb2 capable of recognizing several
endogenous as well as microbial agonist lipid Ags (2). Positive
agonist selection of iNKT cell precursors in the thymus is associated with elevated levels of TCR signaling when compared with
conventional ab+ T lymphocytes (3, 4), and is characterized by
enhanced expression of the transcription factor Egr2 (5). Increased
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TCR signaling in iNKT precursors results in induction of the
promyelocytic leukemia zinc finger (PLZF) transcription factor
(5), which in turn promotes effector iNKT cell differentiation.
Initially, phenotypic and functional characterization of iNKT cell
differentiation described the presence of four developmental
stages in which effector differentiation was associated with upregulation of the surface Ags CD44 and NK1.1, production of
IFN-g and IL-4, and stable expression of the Th1-lineage transcription factor T-bet (2). More recent studies have, however,
shown that terminally differentiated iNKT thymocytes are composed of alternatively polarized Th1, Th2, and Th17 sublineages
characterized by expression of the transcription factors T-bet,
GATA-3, and RORgt, respectively (6). Whether iNKT polarization is a developmental consequence of lineage priming by
transcription factors such as PLZF is currently an active field
of research (7).
In this context, the physiological significance of thymic iNKT
cell trafficking during development is a comparatively unexplored area in the field. What has been examined are proposed
roles for sphingosine-1-phosphate receptor 1 (8) and neuropilin-1
(9) during thymic egress, and a requirement for CXCR3 during
thymic iNKT retention (10). In contrast, a large number of studies
have highlighted the importance of lymphocyte trafficking during
conventional thymocyte development. For example, guided entry
of T-progenitors into the thymus, positive selection in the thymic
cortex, migration of thymocytes into the thymic medulla, and
seeding of the peripheral compartment all require G protein–
coupled transmembrane receptors (11). Thus, thymocytes receive
distinct guidance cues from the thymic microenvironment, which
in turn serves to promote their development and maturation (12).
Similarly, a role for the thymic microenvironment in regulating
iNKT cell trafficking has been previously reported (13). More
specifically, thymic iNKT cell emigration was found to be impaired in animals deficient in either lymphotoxin (LT)ab or
lymphotoxin b receptor (LTbR), suggesting LTab-LTbR–dependent signaling in mouse thymus-regulated thymic iNKT cell
trafficking during development.
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The regulatory role of the thymic microenvironment during trafficking and differentiation of the invariant NKT (iNKT) cell lineage
remains poorly understood. In this study, we show that fractalkine receptor expression marks emigrating subpopulations of the
NKT1, NKT2, and NKT17 sublineages in the thymus and peripheral organs of naive mice. Moreover, NKT1 sublineage cells can be
subdivided into two subsets, namely NKT1a and NKT1b, which exhibit distinct developmental and tissue-specific distribution
profiles. More specifically, development and trafficking of the NKT1a subset are selectively dependent upon lymphotoxin
(LT)a1b2-LTb receptor–dependent differentiation of thymic stroma, whereas the NKT1b, NKT2, and NKT17 sublineages are
not. Furthermore, we identify a potential cellular source for LTa1b2 during thymic organogenesis, marked by expression of IL7Ra, which promotes differentiation of the NKT1a subset in a noncell-autonomous manner. Collectively, we propose a mechanism
by which thymic differentiation and retention of the NKT1 sublineage are developmentally coupled to LTa1b2-LTb receptor–
dependent thymic organogenesis. The Journal of Immunology, 2014, 193: 000–000.
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THYMIC ORGANOGENESIS PROMOTES NKT1 DIFFERENTIATION

Materials and Methods

RORgt-PE (B2D), PLZF-AlexaFluor 488 (Mags.21F7), epithelial cell
adhesion molecule (EpCAM) (G8.8) (eBioscience), CD117-PE (2B8),
bTCR-allophycocyanin (H57-597), pan-endothelial Ag (MECA-32) (BD
Biosciences), anti-CXCR3 (R&D Systems, Minneapolis, MN), anticollagen IV (ab19808), anti-cytokeratin 5 (ab24647), polyclonal IgG
(ab27478), anti-CX3CL1 (ab25088; Abcam), and anti–MOMA-1 (AbD
Serotec). iNKT cells were stained at room temperature using a-GalCer–
loaded CD1d tetramers (27). Stainings for intracellular Ags were performed using the Foxp3/transcription factor staining buffer set (eBioscience). Lineage-negative (Lin2) markers used were CD4, CD8, CD11b,
CD19, NK1.1, Gr-1, and Ter119.

Cell suspension preparations
Single-cell suspensions from the spleen and liver were layered over Ficoll
or 33% Percoll gradients, respectively, whereas PBMCs were isolated by
cardiac puncture in 20 U/ml PBS/heparin. iNKT thymocytes were enriched
for using mouse CD8-Dynabeads (Invitrogen), whereas peripheral recent
thymic emigrants (RTEs) were enriched for using CD5 (Ly-1) Microbeads
(Miltenyi Biotec) and collected using MS-MACS columns (Miltenyi
Biotec). Bone marrow mononuclear cells were flushed from the femur and
tibia of mice and resuspended in PBS containing 1 mM EDTA and 0.5%
BSA.

Cell sorting and quantitative real-time RT-PCR
RTEs were cell sorted from the pooled livers of 10 C57BL/6J mice. Sorting
was performed on a FACSAria II (BD Biosciences), and RNA was isolated
from sorted populations with the miRNeasy mini kit (Qiagen, Valencia,
CA). Total RNA was analyzed using the Agilent 2100 Bioanalyzer and RNA
6000 LabChip kit (Agilent Technologies, Santa Clara, CA), and cDNA was
produced and amplified using the WT-Ovation RNA Amplification System
(NuGEN Technologies, San Carlos, CA). PCR products were amplified with
the Fast Start SYBR Green Master mix (Roche, Basel, Switzerland) and
detected with a LightCycler 480 System (Roche, Basel, Switzerland).
Samples were normalized using qBasePlus (Biogazelle NV) against at least
five of the following genes: Rpl13a; Atp5b; Eif4b; Cyc1; B2m; Ubc; Actb;
Gapdh; Sdha; or Tubb4a (Supplemental Table I).

Hierarchical clustering analysis
Differentially expressed genes were clustered (Pearson’s correlation and
average linking) with the HierarchicalClustering module of GenePattern.
Data were row centered and row normalized, and then visualized with the
HierarchicalClusteringViewer module of GenePattern.

Intrathymic FITC injection

Mice
tm1Litt

gfp/wt

tm1(cre)Ifo

B6.129P-Cx3cr1
/J (CX3CR1
), B6.129P2-Lyz2
/J
(Lyz2-cre), and B6.Cg-Tg(Cdh5-cre)7Mlia/J (Cdh5-cre) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). CD4-cre
(18), Cd79atm1(cre)Reth (CD79a-cre) (19), Tg(Itgax-cre)1-1Reiz (CD11c-cre)
(20), Tg(KRT1-5-cre)5132Jlj (Krt-5-cre) (21), Eportm1(EGFP/cre)Uk (Epo-iCre)
(22), Tg(CAG-Bgeo/GFP)21Lbe (Z/EG) (23), RORgt-cre (24), Tg(Foxl1-cre)
1Khk (25), and Il7rtm1.1(icre)Hrr (IL-7Ra-cre) (26) mouse strains were
provided by B. Lambrecht (Flanders Institute for Biotechnology, Ghent,
Belgium), J. Haigh (Flanders Institute for Biotechnology), G. Eberl
(Institut Pasteur, Paris, France), K. Kaestner (University of Pennsylvania,
Philadelphia, PA), and H.-R. Rodewald (German Cancer Research
Center, Heidelberg, Germany), respectively. Ltbtm1Avt (LTbF/F) mice
have been previously described (17). All mice were housed and bred
according to the guidelines of the Ghent University vivarium. All animal
procedures were approved by the Institutional Animal Care and Ethics
Committee.

Flow cytometry and Abs
Cells were analyzed on FACSCantoII (BD Biosciences) and FlowJo software (Tristar) and sorted on FACS Aria II (BD Biosciences). Abs used were
CD25-PE (PC61.5), CD27-allophycocyanin (LG.7F9), CD3ε-V500
(500A2), CD4-PE/allophycocyanin-eFluor 780 (RM4-5), CD8a-allophycocyanin (53-6.7), CD45-PerCP-Cy5.5 (30-F11), CD45R/B220allophycocyanin-eFluor 780 (RA3-6B2), CD11b-PE-Cy7 (M1/70),
CD11c-PE-Cy7 (N418), CD122 PerCP-eFluor 710 (TM-b1), Siglec-HAlexaFluor 647 (eBio440c), CD19-PerCP-Cy5.5 (eBio1D3), NK1.1-PECy7 (PK136), Gr-1-PerCP-Cy5.5/allophycocyanin-eFluor 780 (RB68C5), CD115-allophycocyanin (AFS98), Ter119-PerCP-Cy5.5 (TER-119),
CD44-FITC/allophycocyanin/allophycocyanin-eFluor 780 (IM7), CD62LFITC/allophycocyanin/PE-Cy7 (MEL-14), bTCR-allophycocyanin-eFluor
780 (H57-597), T-bet-PE (eBio4B10), Gata-3-AlexaFluor 488 (TWAJ),

Mice of varying age were anesthetized i.p. with a mixture of ketalar,
rompun, and PBS. Thymic lobes were subsequently injected with 10 ml
FITC (1 mg/ml) in PBS using a microinjection system (Harvard Apparatus,
Holliston, MA). RTEs were enumerated in peripheral organs at 36 h
postinjection.

In vitro expansion of iNKT cells
iNKT cells were isolated and FACS sorted from the pooled livers of five
C57BL/6J mice, as previously described (28). Briefly, iNKT cells were
resuspended in complete RPMI 1640 medium containing 10 ng/ml mouse
rIL-2, 1 ng/ml mouse rIL-12, and 1 mg/ml soluble anti-CD28 (all from
eBioscience) and plated in a-CD3ε–coated (3 mg/ml) 96-well flat-bottom
plates at 0.1 3 106 cells/well (BD Biosciences). Two days later, cells
were rested for 2 d in complete RPMI 1640 medium, resuspended, and
plated in complete RPMI 1640 medium containing 2 U/ml mouse rIL-7
(eBioscience) until day 8. iNKT cells were then resuspended in complete
RPMI 1640 and cultured in a-CD3ε–coated 96-well plates until day 11.
The latter two culture steps were repeated and, after 20–21 d, fully expanded iNKT cells were used for experiments. For restimulation experiments, iNKT cells were resuspended in RPMI 1640 medium containing
10% heat-inactivated FCS, 100 U/ml penicillin/streptomycin, 2 mM glutamine, 0.1 mM nonessential amino acids, and 5.5 3 102 mM m-ME (all
from Life Technologies). A total of 105 iNKT cells/well was added to 96well plates (BD Biosciences) that had been coated for 1 h with 10 mg/ml
murine CD1d (Sino Biological) loaded with 100 ng/ml a-GalCer. Supernatants were collected after 72 h of stimulation and used for cytokine
measurements by ELISA.

Immunohistochemistry
The 7-mm organ cryosections were prepared using a CM1850 Cryostat
(Leica Microsystems), stained using anti-Col.IV, MOMA-1, MECA-32,
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LTab and LTbR are members of the TNF superfamily (14) and
are broadly implicated in primary and secondary lymphoid organ
formation in mice (15). LTab is predominantly expressed within
the hematopoietic lineage as a membrane-bound heterotrimeric
complex LTa1b2 (16), and engagement of LTbR by LTa1b2
results in the upregulation of cell adhesion molecules and chemokines required for the maturation and organization of stromal
organizer cells during lymphoid organ formation. In thymus,
LTa1b2-LTbR–dependent signaling has been shown to promote
differentiation of the thymic epithelial compartment (17) and to
facilitate positioning of mature T lymphocytes in the thymic
medulla. Based on such findings, it was postulated (13) that LTbR
signaling in thymus regulated the differentiation of the stromal
microenvironment in a manner that specifically promoted the
trafficking and emigration of iNKT thymocytes.
To determine whether LTbR-dependent iNKT cell emigration
was associated with the expression of a specific chemotactic
mRNA profile, we isolated mRNA from emigrating iNKT and
conventional ab+ T cells and analyzed differentially expressed
mRNA for genes previously associated with cellular chemotaxis.
In this study, we show that emigrating iNKT cells differentially
express fractalkine receptor and that mRNA for this receptor can
be detected within the NKT1, NKT2, and NKT17 sublineages in
steady-state mouse thymus. In addition, fractalkine ligand was
found to be expressed by endothelial cells within the thymus,
predominantly at the corticomedullary junction (CMJ). In the
context of iNKT cell development, we show that expression of the
fractalkine receptor is developmentally regulated within NKT1
thymocytes in a LTa1b2-LTbR–dependent manner and that
seeding of the peripheral compartment by NKT1 cells requires
LTa1b2-LTbR signaling. Furthermore, we show that the requirement for LTa1b2 during NKT1 development is not cell intrinsic
but depends on LTa1b2 expression within IL-7Ra–positive lymphoid precursors.

The Journal of Immunology
K5, and EpCAM Abs and detected with either AlexaFluor 488– or
AlexaFluor 546–conjugated Abs (Invitrogen). Purified anti-CX3CL1 or
rabbit polyclonal IgG was amplified with a TSA Kit and visualized with
streptavidin AlexaFluor 546. Sections were analyzed on a Leica TCS SP5
Confocal microscope (Leica Microsystems).

Chemotaxis assays
Approximately 1 3 106 CD8a-depleted thymocytes were added to the
upper wells of 5.0-mm polycarbonate membrane 24-well Transwell permeable supports (Costar, Corning, NY). Recombinant murine CXCL10
(PeproTech) was diluted in complete DMEM containing 10% FCS and
added to 24-well cell culture plates (Greiner Bio-one). Thymocytes were
harvested after 90 min and stained for flow cytometry. The 2-mm polystyrene beads (Polysciences) were used as an internal standard for absolute
counts in all chemotaxis assays performed. The ratio of chemokine-driven
versus spontaneous migration (migration index) was calculated as follows:
(absolute number of iNKT cells/absolute number of beads)chemokine /
(absolute number of iNKT cells/absolute number of beads)medium.

India ink injections and analysis of peripheral lymphoid
organs

LTbR-Ig and LFA3-Ig fusion protein treatments
Pregnant C57BL/6J mice were injected i.v. with 100 mg either LTbR-Ig or
LFA3-Ig on day 9 of gestation.

Statistical analysis
Unless stated otherwise, average data are expressed as means 6 SEM. The
p values were calculated using the unpaired t test, and p , 0.05 was
considered significant.

Results
Fractalkine receptor is expressed by iNKT RTEs, but does not
regulate iNKT thymic export
Emigrating and resident iNKT and conventional CD4+ T cell pools
were compared by analyzing the expression of a list of genes for
cell surface receptors broadly associated with cellular chemotaxis
(Supplemental Table I). For these experiments, C57BL/6 mice
were injected intrathymically with FITC, and resident or emigrating FITC+ CD4+ T and iNKT cells were FACS sorted from the
livers of 10 pooled mice (Supplemental Fig. 1A). Analysis of
differentially expressed mRNAs in emigrating iNKT lymphocytes
revealed a .10-fold upregulation in mRNA for fractalkine receptor (CX3CR1) in iNKT RTEs when compared with CD4+
T cell RTEs (Fig. 1A, Supplemental Table II). FACS phenotyping
of iNKT thymocytes isolated from thymi of CX3CR1gfp/wt reporter mice revealed steady-state expression of CX3CR1 mRNA
within the iNKT cell lineage (Fig. 1B); however, characterization
of iNKT thymocytes using CX3CR1 and CXCR3 (10) (subpopulations I–IV) did not significantly discriminate between developmental stages 1, 2, and 3 (Fig. 1B). A subsequent iNKT
sublineage analysis using the cell surface markers CD27 and IL2Rb (6) revealed that between 40 and 50% of thymic NKT1,
NKT2, and NKT17 sublineages express CX3CR1 mRNA (Fig. 1C),
that peripheral iNKT sublineages differentially express CX3CR1
mRNA in a tissue-specific manner (Fig. 1D, 1E), and that the
highest number of peripheral CX3CR1+ iNKT sublineages can be
found in the liver (Fig. 1F).
Interestingly, the NKT1 sublineage can be subdivided into two
subsets, termed NKT1a and NKT1b, based on expression of CD27
and CXCR3 (Fig. 1C–E, Supplemental Fig. 1B). In this work, the
highest frequencies of NKT1b subset cells were detected within
the liver when compared with thymus, blood, and spleen (Fig. 1C–
E, data not shown). Analysis of the transcription factor signature

for NKT1a and NKT1b subsets revealed that both NKT1a and
NKT1b cells express GATA-3, T-bet, and PLZF, but not RORgt
(Fig. 2A), and that ,10% of the NKT1b subset is positive for
either T-bet or GATA-3 only (Fig. 2A). When stimulated in vitro
with a-GalCer–loaded CD1d, hepatic NKT1a and NKT1b cells
produced equivalent amounts of IL-6, IL-4, IFN-g, and TNF-a,
but no IL-2 (Fig. 2B). Furthermore, the NKT1a subset comprises
the majority of iNKT sublineage RTEs detected in the blood,
spleen, and liver of C57BL/6 mice following intrathymic FITC
injection (Fig. 2C), and upregulation of NK1.1 within iNKT RTEs
occurs predominantly within the NKT1a and NKT1b subsets (Fig.
2C).
To assess whether CX3CR1 ligand was expressed in thymus,
we performed an immunohistochemical analysis of thymus sections from C57BL/6 mice (Fig. 3A–G). In this work, CX3CL1expressing cells could be detected within and at the edges of
EpCAM-positive medullary thymic epithelium (Fig. 3A, 3B), in
areas proximal to MECA-32–positive endothelium (Fig. 3C).
Colocalization of CX3CL1-expressing cells with MECA-32–
positive endothelium was subsequently confirmed by confocal
microscopy (Fig. 3D–G), proving that CX3CL1 ligand is expressed by vasculature within the thymic medulla, as well as at
the CMJ. Conversely, CX3CR1 deficiency did not significantly
affect the development (Fig. 3H) or peripheral distribution of
CX3CR1+ iNKT sublineage cells (Fig. 3I) when compared with
littermate controls. Thus, expression of CX3CR1 mRNA within
the iNKT cell lineage can be correlated with a RTE phenotype
in steady-state mice; however, the requirement for CX3CR1dependent trafficking during iNKT cell export is functionally
redundant.
Thymic LTa1b2-LTbR–dependent signaling regulates
development and emigration of NKT1a thymocytes
To begin assessing the requirement for LTa1b2-LTbR–dependent
signaling during thymic iNKT cell trafficking, we generated a
germline LTb-deficient mouse line (Krt-5-cre;LTbF/F) by intercrossing male floxed LTb mice (LTbF/F) with females expressing
a bovine cytokeratin 5 (Krt-5) cre-recombinase transgene. Previously, F2 generation litters have been described to exhibit constitutive recombination between homozygous loxP sites when the
Krt-5-cre transgene is expressed by the mother (21). Subsequent
macroscopic examination of F2 generation animals revealed defective secondary lymphoid organ formation in Krt-5-cre;LTbF/F
mice when compared with littermate controls (Fig. 4A–I), as is
seen in LTb2/2 mice (15). Furthermore, the percentage and absolute numbers of iNKT cells isolated from the thymi of Krt-5-cre;
LTbF/F mice were comparable to controls (Fig. 4J, 4L), whereas
all peripheral organs showed a reduction in iNKT counts when
compared with controls (Fig. 4K, 4L), suggesting a developmental
block in thymic export. Reduced thymic iNKT emigration in Krt5-cre;LTbF/F mice was subsequently shown for both young and
mature FITC-injected animals in all peripheral organs examined
(Fig. 4M–O). These results confirm that iNKT cell development
and export require LTa1b2-LTbR–dependent signaling (13) and
that the Krt-5-cre;LTbF/F mouse line accurately models such a
requirement.
To examine the role of LTa1b2-LTbR–dependent signaling
during trafficking of iNKT cells in vivo, we backcrossed Krt-5cre;LTbF/F mice onto a CX3CR1gfp/wt background and analyzed
iNKT sublineage development as a function of CX3CR1 and
CXCR3 expression. Analysis of the percentage and absolute
numbers of iNKT sublineage cells isolated from the thymi
of triple-transgenic germline LTb-deficient CX3CR1gfp/wt mice
(i.e., Krt-5-cre;LTbF/F;CX3CR1gfp/wt) was no different from iNKT
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A 1% India ink (Sigma-Aldrich) solution in PBS was injected s.c. into
footpads of anesthetized mice. Dye accumulation was evaluated 60 min
later using a stereomicroscope (Carl Zeiss).
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FIGURE 1. Fractalkine receptor is upregulated in iNKT RTEs and characterizes distinct subsets of iNKT sublineage cells in steady-state mice. (A) Heat
map of unbiased hierarchically clustered expression data for genes characteristic of emigrating and resident iNKT and CD4+ T cells. Data are representative
of two independent experiments (A and B) pooled. P4, Res, Resident. (B) Analysis of stage 1–3 iNKT subset distribution within CX3CR1+CXCR32 (I),
CX3CR1+CXCR3+ (II), CX3CR12CXCR32 (III), and CX3CR12CXCR3+ (IV) iNKT thymocytes. Data are one representative of three independent
experiments (n = 4). (C–E) Fractalkine receptor (CX3CR1) expression for the NKT2 (CD27+IL-2Rb2), NKT1a (CD27+IL-2Rb+), NKT17 (CD272IL-2Rb2),
and NKT1b (CD272IL-2Rb+) subsets present in the thymus, spleen, and livers of 8-wk-old CX3CR1gfp/wt mice, respectively. Dot blots are gated on
CD3ε+CD1d-aGC+ lymphocytes from each organ and represent one of two independent experiments (n = 6). (F) Absolute number of CX3CR1+ iNKT
lymphocytes in the thymus, blood, spleen, and liver of CX3CR1gfp/wt mice (n = 6).

The Journal of Immunology

5

Downloaded from http://www.jimmunol.org/ by guest on November 12, 2014

FIGURE 2. Characterization of NKT1a and NKT1b subsets. (A) Analysis of GATA-3, T-bet, PLZF, and RORgt expression within the NKT1a (CD27+IL2Rb+) and NKT1b (CD272IL-2Rb+) subsets isolated from the liver of C57BL/6J mice. Isotype controls (shaded histograms). Numbers in parentheses
represent mean fluorescence intensity for PLZF expression. Data represent one of two independent experiments (n = 5). (B) Sorted hepatic NKT1a and
NKT1b subsets were stimulated in vitro with aGalCer-loaded CD1d, and IL-2, TNF-a, IL-4, IL-6, and IFN-g were measured in the supernatants at 72 h
poststimulation. Data represent one of two independent experiments. (C) Analysis of the distribution of NKT1, NKT2, and NKT17 sublineages within
CD44highNK1.12 and CD44highNK1.1+ iNKT RTEs at 36 h postintrathymic FITC injection. Data represent one of two independent experiments of four
pooled C57BL/6J mice.

sublineage counts in littermate controls (Fig. 5A, 5E); however,
expression of CX3CR1 and CXCR3 within the NKT1a subset was
found to be dependent on LTb (Fig. 5A, 5B). Furthermore, up-

regulation of CXCR3 within LTb-deficient NKT1a thymocytes
resulted in an enhanced migration index toward the CXCR3 ligand
CXCL10 when compared with control migration indices (Fig. 5C),
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FIGURE 3. Thymic localization of fractalkine expression and requirement for CX3CR1 signaling during NKT sublineage development. (A) C57BL/6J
thymic sections show immunofluorescent staining for fractalkine (CX3CL1)-positive cells (red) and EpCAM-positive mTECs (blue). Dotted line denotes
CMJ. (B) Immunofluorescent staining for control polyclonal IgG (red) and EpCAM-positive mTECs (blue) in C57BL/6J thymus sections. (C) Anti–Krt-5
(blue) and anti–MECA-32 (green) staining mark thymic mTEC and endothelial cell compartments, respectively. Arrow indicates MECA-32–positive
endothelium at the CMJ. (D–G) Immunofluorescent staining shows colocalization of CX3CL1- and MECA-32–positive endothelium in thymus from 8-wkold C57BL/6J mice. (H) iNKT sublineage distribution in CX3CR1-deficient (CX3CR1gfp/gfp) mice compared with littermate controls (n = 8). (I) Absolute
number of CX3CR1-positive iNKT cells in thymus, blood, spleen, and livers of CX3CR1gfp/gfp mice compared with littermate controls (n = 5). Original
magnification 340 for (A)–(F) and 363 for (G).
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FIGURE 4. Generation and characterization of germline LTb-deficient mice using a maternally transmitted bovine Krt-5 cre-recombinase transgene.
Photographs show the presence or absence of axillary (A and F) and subiliac lymph nodes (B and G), Peyer’s patches (C, D, and H), and splenic MOMA-1+
marginal zone macrophages (yellow; E and I) in control (Krt-5-cre;LTbF/wt) and germline LTb-deficient (Krt-5-cre;LTbF/F) mice 60 min after injection of
India ink, respectively. (A, B, F, and G) Injected India ink appears blue. Original magnification 330 for (A), (B), (D), (F), and (G). Immunofluorescent images
(E and I) represent splenic MOMA-11 marginal zone macrophages (yellow) and collagen type IV–positive (green) glomerular basement membrane.
Original magnification 340. Results are representative of .25 mice examined macroscopically. (J and K) Percentage of iNKT cells isolated from the thymi
and livers of Krt-5-cre;LTbWT/F (n = 11) and Krt-5-cre;LTbF/F (n = 12) mice, respectively. (L) Reduced absolute numbers of iNKT cells in peripheral organs
of Krt-5-cre;LTbF/F mice compared with littermate controls (n = 11). Absolute numbers of FITC+ iNKT RTEs in the blood (M), spleen (N), and livers (O) of
Krt-5-cre;LTbF/F and control mice at 3, 4, 5, 6, and 8 wk of age. Absolute iNKT cell counts represent two pooled mice per strain per time point and are
representative data of two pooled experiments. *p , 0.05, **p , 0.005.

suggesting that LTa1b2-LTbR–dependent signaling regulates the
CXCR3-dependent trafficking of NKT1a thymocytes (10). In addition, increased intrathymic trafficking of CXCR3-expressing
NKT1a thymocytes is associated with the selective reduction of
NKT1a lymphocytes in the blood, spleen, and livers of Krt-5-cre;

LTbF/F;CX3CR1gfp/wt mice relative to controls (Fig. 5D, 5E). Thus,
the expression of CX3CR1 and CXCR3 within thymic NKT1a cells
is regulated by thymic LTa1b2-LTbR–dependent signaling, which
in turn regulates seeding of the peripheral compartment by NKT1a
lymphocytes.
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FIGURE 5. LTb regulates intrathymic development and trafficking of the NKT1a subset. (A) Analysis of iNKT sublineage development in control and
Krt-5-cre;LTbF/F;Cx3cr1gfp/wt mice (n = 13, four independent experiments). (B) Median CXCR3 expression on FACS-gated iNKT sublineages isolated
from thymi of control (LTbF/wt) and Krt-5-cre;LTbF/F;Cx3cr1gfp/wt (LTbF/F) mice (n = 13, four independent experiments). Numbers in parentheses denote
CXCR3 median expression. (C) CXCL0-dependent migration index for iNKT thymocytes isolated from control (LTbF/wt) and Krt5-cre;LTbF/F;Cx3cr1gfp/wt
(LTbF/F) mice (n = 2, two independent experiments). Percentages are expressed as mean 6 SEM. (D) Peripheral distribution of iNKT cell sublineages in
control and Krt-5-cre;LTbF/F;Cx3cr1gfp/wt mice (n = 13, four independent experiments). (E) Absolute number of iNKT lineage cells in thymus, blood,
spleen, and livers of control and Krt-5-cre;LTbF/F;Cx3cr1gfp/wt mice (n = 13). *p , 0.05.

Noncell-autonomous requirement for LTb during NKT1a
development
It has been previously demonstrated that thymocytes undergoing
positive selection upregulate mRNA for LTa and LTb (29, 30) and
that positively selected thymocytes can promote differentiation of
the thymic epithelial compartment (12, 30, 31). To investigate
whether positively selected thymocytes served as a cellular source
for LTb during NKT1a development, we generated mice lacking
LTb within the CD4 T cell compartment (CD4-cre;LTbF/F). Un-

expectedly, the distribution of NKT1a lymphocytes in thymus and
peripheral organs of CD4-cre;LTbF/F mice was comparable to
littermate controls (Fig. 6A, 6B), suggesting that LTb functions
during NKT1 a subset development in a noncell-autonomous
manner. We subsequently generated mice lacking LTb within
the B lymphocyte (CD79a-cre;LTbF/F), lymphoid tissue inducer
(LTi, RORgt-cre;LTbF/F), and dendritic cell (CD11c-cre;LTbF/F)
compartments, as previous studies have identified roles for
these cellular lineages in secondary lymphoid organ formation
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and lymphocyte homeostasis (32–34). However, analysis of NKT1a
development in CD79a-cre;LTbF/F (Fig. 6C, 6D), RORgt-cre;LTbF/F
(Fig. 6E, 6F), or CD11c-cre;LTbF/F (Fig. 6G, 6H) mice showed
no significant differences when compared with littermate controls, suggesting that LTb expression within the B lymphocyte,
LTi, or dendritic cell lineages is not involved in regulating
intrathymic NKT1a development and trafficking. In addition,
we found no significant differences in iNKT cell development
in mice lacking LTb within the monocytic (Lyz2-cre;LTbF/F),
epithelial (Krt-5♂-cre;LTbF/F), endothelial (Cdh5-cre;LTbF/F),
mesenchymal (FoxL1-cre;LTbF/F), or erythroid precursor (Epoicre;LTbF/F) lineages (data not shown), negating a role for LTb
expression within these lineages (35–37) in our model. Furthermore, we performed fate-mapping experiments to verify that all
cre-recombinase strains tested in this work deleted efficiently
within the cellular compartment being investigated (data not
shown). Thus, we exclude a role for several distinct cellular
lineages as a source for LTb during NKT1 sublineage development and propose that LTa1b2-LTbR–dependent patterning
of thymic stroma regulates NKT1a subset development in a noncell-autonomous manner.
Lymph node aplasia in germline LTb-deficient mice does not
indirectly regulate thymic iNKT cell development and
trafficking
Due to the absence of an iNKT cell developmental defect in the
cell-specific LTb-deficient strains analyzed in this work (Fig. 6),
we sought to exclude any indirect role lymph node aplasia may
have on thymic iNKT development and trafficking in germline
LTb-deficient mice (Figs. 4, 5). To address this, we injected
pregnant C57BL/6 mice at gestational day 9 (E9) with a LTbR
antagonist (LTbR-Ig) fusion protein, as this treatment regimen has
been previously shown to disrupt lymph node development in
mice (38). In this study, macroscopic analysis of adult mice

treated in utero with LTbR-Ig revealed defective anterior and
posterior lymph node organogenesis (Supplemental Fig. 1C–F),
whereas total iNKT cell counts in the thymus, blood, spleen, and
livers of young and mature mice treated with LTbR-Ig showed no
significant difference when compared with LFA3-Ig–treated littermate controls (Supplemental Fig. 1G–J). Based on these results,
we conclude that perturbed peripheral lymphocyte homeostasis in
the absence of lymph nodes has a negligible effect on iNKT cell
development and trafficking in the thymus and that the requirement for LTb during NKT1a development reflects a role for
LTbR-dependent signaling during development of the thymus
itself.
IL-7Ra–expressing hematopoietic cells regulate thymic NKT1a
development in a LTa1b2-LTbR–dependent manner
Based on published results (13) as well as data presented in this
study, the requirement for LTb during differentiation of the
NKT1a subset must fulfill a number of criteria, as follows. First,
the cellular source for LTb must be present within the thymic
anlage during, or prior to, E15 (13). Second, the cellular lineage(s)
expressing LTb should potentially exclude those already investigated in this study. Three, potential cellular lineage(s)-expressing
LTb should presumably have a nonredundant role during thymic
organogenesis. Based on these criteria, we postulated that hematopoietic and/or lymphoid precursors to the T lymphocyte lineage
may be viable candidates as they can be detected within the
thymic anlage from E11.5 onward (39, 40) and are reported to
promote differentiation of thymic stromal tissue (12, 41). Thus, to
assess the role of hematopoietic and/or lymphoid progenitors as
a cellular source for LTb during NKT1a development, we selected
a mouse line expressing cre-recombinase under the control of the
IL-7Ra promoter (26). Importantly, IL-7Ra–expressing cells can
be detected within the thymic anlage at E11.5 (39, 40), IL-7Ra
expression marks promoter activity within common lymphoid
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FIGURE 6. Cellular requirement for LTb during NKT1a development. iNKT sublineage frequency in thymus and liver for control and CD4-cre;LTbF/F
(A; n = 8), CD79a-cre;LTbF/F (C; n = 7), RORgt-cre;LTbF/F (E; n = 10), and CD11c-cre;LTbF/F (G; n = 7) mice, respectively. (B, D, F, and H) Absolute
iNKT cell counts for thymus, blood, spleen, and livers within each strain at 8–10 wk of age. Control mice are represented by hatched bars and knockout
mice by filled black bars. FACS dot blots are gated on CD3ε+CD1d-aGC+ lymphocytes from each organ and represent data from three independent
experiments. B, peripheral blood; L, liver; S, spleen; T, thymus.
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progenitors and pro-T cells in adult animals (26), and stimulation
of IL-7Ra induces expression of LTa1b2 in IL-7Ra+ c-Kit+
progenitors (42). In this study, the generation and macroscopic
analysis of IL-7Ra-cre;LTbF/F mice found them to phenocopy
Krt-5-cre;LTbF/F mice (Fig. 4A–I) in that they lacked anterior and
posterior lymph node structures (Fig. 7A, 7B, 7F, 7G), Peyer’s
patches (Fig. 7C, 7D, 7H), and MOMA-1+ marginal zone macrophages in the spleen (Fig. 7E, 7I). Analysis of iNKT sublineage
development in IL-7Ra-cre;LTbF/F mice revealed a selective reduction in peripheral NKT1a lymphocytes (Fig. 8A, 8B), as was
observed for Krt-5-cre;LTbF/F;CX3CR1gfp/wt mice (Fig. 5D, 5E),
and thymic iNKT cell export to the blood, spleen, and liver was
impaired when compared with littermate controls (Fig. 8C, 8D).
In addition, thymic NKT1a development was assessed by backcrossing IL-7Ra-cre;LTbF/F mice onto a CX3CR1gfp/wt background, as was done for Krt-5-cre;LTbF/F;CX3CR1gfp/wt mice
(Fig. 5). Subsequent analysis of thymic NKT1a cell development
in wild-type controls (IL-7Ra-cre;LTbF/wt;CX3CR1gfp/wt) revealed
that the NKT1a subset can be subdivided into three subpopulations, namely CX3CR1+CXCR32 (I), CX3CR1+CXCR3+ (II),
and CX3CR12 CXCR3+ (III), respectively (Fig. 8E). Importantly, IL-7Ra-cre;LTbF/F;CX3CR1gfp/wt mice exhibited a selective reduction in the frequency and absolute cell counts of
subpopulations I and II relative to controls (Fig. 8E, 8F), whereas
subpopulation III was selectively enriched for in IL-7Ra-cre;LTbF/F;
CX3CR1gfp/wt thymi (Fig. 8E, 8F). Furthermore, NKT1a thymocytes isolated from the thymi IL-7Ra-cre;LTbF/F;CX3CR1gfp/wt
mice expressed double the amount of cell surface CXCR3 when

compared with littermate controls (Fig. 8G), which coincided with
a selective reduction in NKT1a lymphocytes in all peripheral
organs examined, including the liver (Fig. 8H, data not shown).
Based on these findings, we conclude that an IL-7Ra–expressing
hematopoietic and/or lymphoid precursor regulates the differentiation of NKT1a thymocytes in a noncell-autonomous manner. In
the absence of LTa1b2-LTbR–dependent signaling, NKT1a thymocytes fail to upregulate mRNA for CX3CR1 and are induced to
overexpress CXCR3. We propose that this phenotypic change is
associated with retention of stage III NKT1a thymocytes within
the thymic microenvironment, with concomitant reduced export of
the NKT1a subset.

Discussion
The current study shows that CX3CR1 expression can be used to
define subpopulations of iNKT sublineages present in the thymus
and peripheral organs of naive mice. We propose that upregulation
of CX3CR1 within thymic iNKT sublineages can be correlated
with cells destined for export; however, our results argue against
a functional requirement for CX3CR1-dependent trafficking during active iNKT cell export. In addition, we characterize two new
NKT1 sublineage subsets, termed NKT1a and NKT1b, which have
distinct developmental as well as tissue distribution profiles. More
specifically, the development and trafficking of the NKT1a subset
are dependent upon noncanonical signaling regulated by LTbR,
whereas the NKT1b, NKT2, or NKT17 sublineages are not. Furthermore, the data imply that CXCR3-dependent trafficking of
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FIGURE 7. Disrupted secondary lymphoid organ formation in IL-7Ra-cre;LTbF/F mice. Photographs show axillary (A and F) and subiliac lymph nodes
(B and G), Peyer’s patches (C, D, and H), and splenic MOMA-1+ marginal zone macrophages (yellow; E and I) in control (IL-7Ra-cre;LTbF/wt) and
IL-7Ra-cre;LTbF/F mice at 60 min after India ink injection, respectively. (A, B, F, and G) Injected India ink appears blue. Original magnification 330 for
(A), (B), (D), (F), and (G). Immunofluorescent images (E and I) represent splenic MOMA-11 marginal zone macrophages (yellow) and collagen Type
IV–positive (green) glomerular basement membrane, original magnification 340. Results are representative of .10 mice examined macroscopically per strain.
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NKT1a thymocytes is regulated by thymic LTa1b2-LTbR–dependent organogenesis. More specifically, we propose that deleting membrane-bound LTa1b2 within hematopoietic precursors to
the T lymphocyte compartment disrupts thymic organogenesis in
a manner that directly perturbs intrathymic development, trafficking, and retention of NKT1a thymocytes.
The requirement for LTbR-dependent signaling during thymic
organogenesis has been investigated by a number of groups. For
example, differentiation of medullary thymic epithelial cells
(mTECs) has been shown to require LTa1b2 expression within
positively selected thymocytes (30, 31), which constitutes a continuous process that can be disrupted in adult animals. Our results,
however, argue against a role for the adult program of mTEC
differentiation during iNKT development, as treatment of adult
C57BL/6 mice with LTbR-Fc fusion protein (13) or deletion of
LTb in positively selected thymocytes, B cells, or dendritic cells

failed to regulate trafficking and export of NKT sublineages
(Fig. 6). Moreover, we have assessed, and can exclude, a functional requirement for LTb expression within the RORgt+ LTi
compartment during development of the NKT1a subset (Fig. 6D).
Based on these findings, we conclude that the fetal role of LTi
during mTEC differentiation (43) serves a limited role in our
model. We do, however, provide data that support a role for
LTa1b2 expression within IL-7Ra–positive hematopoietic cells
during NKT1a subset development (Fig. 8). Collectively, the
results presented in this work suggest that seeding of the
thymic anlage by IL-7Ra–positive progenitors facilitates LTbRdependent differentiation of the thymic stromal compartment. In
this context, it has been shown that hematopoietic progenitors
regulate differentiation of cortical thymic epithelium in a manner
analogous to the role of post–b-selected thymocytes in mTEC
differentiation (44); however, it remains to be determined whether
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FIGURE 8. Defective NKT1 sublineage development in IL-7Ra-cre;LTbF/F mice. (A and B) iNKT sublineage frequency and absolute counts in the
thymus, blood, spleen, and liver of control and IL-7Ra-cre;LTbF/F mice, respectively (n = 8; three independent experiments). Dot blots are gated on CD3ε+
CD1d-aGC+ lymphocytes. (C and D) Frequency and absolute counts of FITC+ iNKT RTEs in the blood, spleen, and liver of control and IL-7Ra-cre;LTbF/F
mice at 5 wk of age. Percentage of iNKT RTEs constitutes two pooled mice per strain and is representative data of two independent experiments. (E)
Analysis of CX3CR1 and CXCR3 expression within NKT1a thymocytes isolated from control and IL-7Ra-cre;LTbF/F;Cx3cr1gfp/wt and thymi. In this figure,
NKT1a thymocytes are divided into CX3CR1+CXCR32 (I), CX3CR1+CXCR3+ (II), and CX3CR12CXCR32 (III) subsets. (F) Quantification of the absolute numbers of NKT1a subsets I, II, and III in control (LTbF/wt) and IL-7Ra-cre;LTbF/F;Cx3cr1gfp/wt (LTbF/F) and thymi. Data are representative of three
pooled experiments (n = 9 and 6, respectively). (G) Histogram of median CXCR3 expression on NKT1a thymocytes in control (F/wt) and IL-7Ra-cre;LTbF/F;
Cx3cr1gfp/wt (F/F) thymi. Numbers in parentheses denote CXCR3 median expression (n = 8; three independent experiments). (H) Distribution of hepatic
iNKT sublineages in control and IL-7Ra-cre;LTbF/F;Cx3cr1gfp/wt mice (n = 8; three independent experiments). *p , 0.05.
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ditions of inflammation, the requirement for a CX3CL1/CX3CR1
migratory axis may have a more pronounced role during trafficking
of iNKT cells in the thymus and peripheral compartment. For example, CX3CR1-dependent lymphocyte chemotaxis and iNKT cells
have both been implicated in the augmentation of inflammatory
diseases such as atherosclerosis (48, 49).
To summarize, we show that the trafficking and development of
NKT sublineages in the murine postnatal thymus can be characterized by G protein–coupled transmembrane receptors distinct
from those described for development of the conventional T cell
lineage. In addition, fractalkine receptor expression can be used
to specifically identify RTEs for the NKT1, NKT2, and NKT17
sublineages. Importantly, the development and trafficking of the
NKT1 sublineage require LTa1b2-LTbR–dependent differentiation of the thymic microenvironment. More specifically, seeding
of the thymic anlage by IL-7Ra+ hematopoietic precursors promotes differentiation of thymic stroma in a manner that promotes
development of the NKT1 sublineage. Collectively, we propose
that differentiation of the NKT1 sublineage is intrinsically linked
to development of the thymus organ.
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