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Monoclonal Invariant NKT (iNKT) Cell Mice Reveal a Role
for Both Tissue of Origin and the TCR in Development of

INKT Functional Subsets

Eleanor Clancy-Thompson,* Gui Zhen Chen,* Paul M. Tyler,* Mariah M. Servos,*
Marta Barisa,” Patrick J. Brennan,” Hidde L. Ploegh,”' and Stephanie K. Dougan® ™!

Invariant NKT (iNKT) cell functional subsets are defined by key transcription factors and output of cytokines, such as IL-4, IFN-vy,
IL-17, and IL-10. To examine how TCR specificity determines iNKT function, we used somatic cell nuclear transfer to generate
three lines of mice cloned from iNKT nuclei. Each line uses the invariant Val4Ja18 TCRa paired with unique V37 or V38.2
subunits. We examined tissue homing, expression of PLZF, T-bet, and ROR+yt, and cytokine profiles and found that, although
monoclonal iNKT cells differentiated into all functional subsets, the NKT17 lineage was reduced or expanded depending on the
TCR expressed. We examined iNKT thymic development in limited-dilution bone marrow chimeras and show that higher TCR
avidity correlates with higher PLZF and reduced T-bet expression. iNKT functional subsets showed distinct tissue distribution
patterns. Although each individual monoclonal TCR showed an inherent subset distribution preference that was evident across all
tissues examined, the iNKT cytokine profile differed more by tissue of origin than by TCR specificity. The Journal of Immunology,

2017, 199: 159-171.

KT cells are a subset of T cells that primarily recognize
N lipid Ags in a complex with the class I MHC homolog

CD1d (1, 2). Type II NKT cells carry a diverse TCR
repertoire, recognize a variety of lipid Ags, such as sulfatides, and
will not be discussed further in this article. In mice, type I
NKT cells (invariant NKT [iNKT]) express an invariant
Val4Jal8 TCRa-chain, paired with a limited, but diverse, set of
TCRpB-chains. V(38.1, 8.2, 7, 8.3, and 2 are preferentially used, but
the CDR3 regions vary widely, such that iNKT cells form a
polyclonal pool (3). iNKT cells are activated by the ligand
a-galactosylceramide (a-GalCer) (1, 4). Other known Ags include
self- and microbial lipids (5). Under conditions of infection or

*Department of Cancer Immunology and Virology, Dana-Farber Cancer Institute,
Boston, MA 02215; "Whitehead Institute for Biomedical Research, Cambridge,
MA 02242; and *Division of Rheumatology, Immunology, and Allergy, Brigham
and Women’s Hospital, Boston, MA 02215

"H.L.P. and S.K.D. contributed equally to this work.
ORCIDs: 0000-0002-5483-7178 (G.Z.C.); 0000-0001-7846-6810 (M.B.).
Received for publication February 10, 2017. Accepted for publication May 2, 2017.

E.C.-T. was funded by National Institutes of Health Grant T32CA207021. P.J.B. was
funded by National Institutes of Health Grant AI102945. S.K.D. was funded by the
Bushrod H. Campbell and Adah F. Hall Charity Fund, the Harold Whitworth Pierce
Charitable Trust, the Melanoma Research Alliance, and the Claudia Adams Barr
Program in Cancer Research. S.K.D. and H.L.P. were funded by Janssen Pharma-
ceutical, Inc.

E.C.-T. designed and conducted experiments, analyzed data, and helped to write the
manuscript; G.Z.C., PM.T., M.M.S., and M.B. conducted experiments; P.J.B. sup-
plied a-glucosylceramide and OCH tetramers and contributed to data interpretation;
S.K.D. generated the mouse lines; and H.L.P. and S.K.D. designed experiments,
analyzed data, and wrote the manuscript.

Address correspondence and reprint requests to Dr. Stephanie K. Dougan, Dana-Farber
Cancer Institute, 450 Brookline Avenue, Sm770A, Boston, MA 02215. E-mail address:
Stephanie_dougan @dfci.harvard.edu

The online version of this article contains supplemental material.

Abbreviations used in this article: cat. no., catalog number; a-GalCer, a-galactosylcer-
amide; o-Glc, a-glucosylceramide; iNKT, invariant NKT; NIH, National Institutes of
Health; SCNT, somatic cell nuclear transfer; TN, transnuclear; Treg, regulatory T cell.

Copyright © 2017 by The American Association of Immunologists, Inc. 0022-1767/17/$30.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1700214

inflammation, iNKT cells can skew the ensuing immune response
by rapidly producing cytokines, such as IFN-vy, IL-13, and IL-4,
without an obligate need for proliferation (1).

Functional subsets of iNKT cells exist, and they are classified
according to the expression of signature transcription factors during
thymic development or by the production of signature cytokines.
T-bet, PLZF, and ROR~yt delineate NKT1, NKT2, and NKT17
subsets in the thymus; they produce IFN-vy, IL-4, or IL-17, re-
spectively (6-8). The three major iNKT cell subsets likely dif-
ferentiate during thymic development, as most convincingly
shown by single-cell transcriptional profiling of thymic NKT1,
NKT2, NKT17, and NKTO cells (9). Whether interconversions
among iNKT subsets can occur is not known. Production of
NKT17 cells appears to be driven by particular signaling path-
ways; ThPOK and PTEN expression inversely correlate with ac-
quisition of a RORyt" IL-17—producing phenotype (10, 11),
whereas mTORC?2 is required for NKT17 development (12).
Oxidized 5 methylcytosine in DNA suppresses NKT17 develop-
ment, as revealed by an overabundance of hyperactivated NKT17
cells in mice lacking the epigenetic regulators Tet2 and Tet3 (13).
Other subsets of iNKT cells, including IL-10-producing NKT10
cells (14), follicular helper-like iNKT cells (15), IL-9—producing
iNKT cells (16), and regulatory iNKT cells (11, 17) have been
described, but there is no evidence for thymic instruction of these
subsets. Certain iNKT subsets are enriched in particular tissues;
adipose tissue contains PLZF E4BP4* IL-10-producing
iNKT cells with a regulatory phenotype (18, 19), whereas skin-
draining lymph nodes are enriched in NKI1.17CD4 CD44*
NKT17 cells (20, 21). NKT2 cells are more frequently found in
mesenteric lymph nodes, at least in BALB/c mice (7). In a model
of tuberculosis infection, iNKT cells producing GM-CSF were
crucial for control of infection in the lung (22). Liver-resident and
spleen-resident iNKT cells differ in their ability to reject B16
melanoma lung metastases (23).

Recognition of a-GalCer occurs predominantly through the
TCRa-chain, with the TCRB-chain forming contacts only with
CD1d (24). Nevertheless, VB-chain usage may influence the
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spectrum of ligands recognized by iNKT cells (25). Cocrystal
structures of TCR, ligand, and CD1d, together with careful mea-
surements of binding kinetics, suggest that ligand merely deter-
mines the off-rate of TCR binding (26-29). Indeed, in contrast to
most class I MHC-restricted TCRs, the iNKT TCR adopts a
similar docking mode independent of the identity of the ligand
bound (30-33). In contrast, a library of recombinant iNKT TCRs
with different TCRB-chains showed differential recognition of
molecules such as iGb3, GSL-1, and other ligands thought to be
more physiologically relevant than a-GalCer (34). Similar effects
of TCRP mutations on ligand recognition were observed for hu-
man iNKT TCRs (35), and indeed, selective loss of high-affinity
iNKT cells has been observed in several human diseases (36, 37).
Retrogenic mice expressing several discrete, natural, or engi-
neered iNKT TCRs showed that positive selection of iNKT cells
correlated with TCR affinity, whereas lineage choice between
NKT1 versus NKT2 was more strongly correlated with the half-
life of TCR association (38). iNKT cell TCR fine specificity may
play a role in recognition of self-lipids, because VB7* iNKT cells
have a higher affinity for self-lipids and are preferentially selected
in the thymus (39) despite having a lower affinity for a-GalCer
than VB8" iNKT cells (40).

To examine the role of TCR specificity in iNKT cell effector
differentiation, we performed somatic cell nuclear transfer (SCNT)
using the nuclei of individual iNKT cells to generate three inde-
pendent lines of transnuclear (TN) mice, all of which use the
identical Val4Ja1l8 TCRa-chain but with three distinct TCRB
rearrangements. We show by differential staining with OCH,
a-GalCer, and a-glucosylceramide (a-Glc) tetramers that these
iNKT cells recognize different ligands. No comparable set of mice
producing distinct iNKT TCRs has been reported. Thus, these
unique strains of mice allowed us to definitively address the
contribution of TCR fine specificity to formation of functional
iNKT cell subsets and their presence across different tissues. The
VB7A and VB8.2 TCRs predisposed against NKT17 development
across every tissue examined, whereas the VB7C TCR displayed
increased NKT17 development. However, iNKT cells obtained
from different tissues showed strikingly disparate functions, irre-
spective of TCR usage. Therefore, TCR specificity plays a minor
role in iNKT cell lineage choice.

Materials and Methods

Animal care

Animals were housed at the Whitehead Institute for Biomedical Research
and at the Dana-Farber Cancer Institute and were maintained according to
the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and protocols approved by the MIT Committee on
Animal Care and the Dana-Farber Cancer Institute Institutional animal
Care and Use Committee, respectively. C57BL/6, BALB/c, and RAG2™'~
mice were purchased from The Jackson Laboratory. Ja18 '~ mice were
obtained from Dr. M. Brenner (Boston, MA).

TN mouse generation

TN mice were generated as previously described (41-43). Briefly, CD1d-
PBS57 tetramer"VB7" cells were sorted by FACS and used as a source of
donor nuclei for SCNT. The mitotic spindle was removed from mouse
oocytes and replaced with donor nuclei. The nucleus-transplanted oocytes
were then activated in medium containing strontium and Trichostatin A
and allowed to develop in culture to the blastocyst stage. SCNT blastocysts
were used to derive embryonic stem cell lines. These embryonic stem cell
lines were then injected into wild-type B6XDBA F1 blastocysts and
implanted into pseudopregnant females. The resulting chimeric pups were
mated to C57BL/6 females to establish the VB7A and VB7C lines. V38.2
mice were generated by intercrossing the VB7C and TRP1"€" mouse lines
(42) and selecting for founder progeny that received a single copy of the
Val4Jal8 TCR rearrangement and a single copy of the VB8.2 TCR
rearrangement. Mice were backcrossed for seven generations to C57BL/6
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mice (nine generations for RAG2 ™/~ crossed lines). F1 mice were gen-
erated by crossing seven-generation CS57BL/6-backcrossed males to
BALB/c females. Va14 mice used throughout the study were littermates of
the VB7A, VB7C, or VB8.2 mice used. Mice were used at 6-12 wk of age,
and both males and females were included. For each experiment, five mice
were included per group. A mix of ages and both sexes were included per
group, with age and sex matching among the groups as closely as possible.
No correlation was observed between age and any of the parameters ex-
amined or sex and any of the parameters examined.

Sequencing of the TCR genes

iNKT cells were sorted by FACS for CD1d-PBS57 tetramer® cells and used
as a source of RNA. 5'RACE was performed according to the manufac-
turer’s protocol (Number L1502-01, GeneRacer; Invitrogen). Gene se-
quences were searched against the IEDB database (http://www.iedb.org).

Tissue preparation

Lymphocytes were harvested from spleen, thymus, and lymph nodes by
crushing organs through a 40-pm cell strainer. Adipose tissue was minced
with a scalpel and digested in 5 mg/ml collagenase II for 30 min at 37°C
with rotation. Lung tissue was placed in gentleMACS C Tubes (130-093-
237) and digested using Lung Dissociation Kit enzymes (130-095-927)
and the gentleMACS Dissociator (130-093-235; all from Miltenyi Biotec),
as per the manufacturer’s recommendation. Liver was homogenized
through a 70-pm cell strainer and centrifuged at 1400 rpm for 5 min. The
organ pellet was resuspended in 10 ml of 35% Percoll (17-0891-01; GE
Healthcare) in RPMI 1640. A bottom layer of 70% Percoll in PBS was
added before centrifugation at 1700 rpm for 15 min with no brakes. The
middle layer of lymphocytes was harvested into 10 ml of PBS.

Flow cytometry

Cells were harvested from spleen, thymus, lymph nodes, liver, epididymal
fat pads, or lung. Cell preparations were subjected to hypotonic lysis to
remove erythrocytes, stained, and analyzed using a BD LSRFortessa. CD1d-
PBS57 (CD1d-agal) tetramers were obtained from the NIH Tetramer Core
Facility. CD1d «-GlcCer, a-GalCer (24:1), and OCH tetramers were
generated as previously reported with minor modifications (44). Briefly,
a-Glc (phytosphingosine base, C26:0 N-acyl chain), a-GalCer (C24:1
N-acyl chain), or OCH (both lipids kindly provided by Gurdyal Besra)
were solubilized in PBS with 0.25% sodium taurocholate (Sigma) and then
incubated at a 5:1 molar ratio with mouse CD1d (NIH Tetramer Core
Facility) for 16 h at 37°C before tetramer assembly with fluorophore-lined
streptavidin (Life Technologies). The following Abs were from Bio-
Legend: IFN-y (clone XMG1.2, catalog number [cat. no.] 505830), IL-4
(clone 11B11, cat. no. 504109), IL-17A (clone TC11-18H10.1, cat. no.
506916), Tbet (clone 4B10, cat. no. 644816), VR7 (clone TR310, cat. no.
118306), CD3 (clone 17A2, cat. no. 100236), CD3¢ (clone 145-2C11, cat.
no. 100330), and CD4 (clone RM4-5, cat. no. 100531). The following Abs
were from eBioscience: RORyt (clone B2D, cat. no. 17-6981-80) and
PLZF (clone Mags.21F7, cat. no. 53-9320-82).

Cell culturing

Cells were cultured in RPMI 1640 medium supplemented with 10% heat-
inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin G sodium, 100
rg/ml streptomycin sulfate, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, and 0.1 mM 2-ME. For stimulation cultures, total cell
preparations from the indicated organs were stimulated with PMA and
ionomycin for 4 h in the presence of GolgiStop (Invitrogen). Cells were
then fixed, permeabilized, and stained with Abs to IL-4, IFN-v, and IL-17.
Alternatively, total lymph node cells were stimulated with 100 ng/ml
a-GalCer (Avanti Polar Lipids), and production of IFN-y in 24-h culture
supernatants was measured by ELISA, as indicated (BD Pharmingen).

Results
Generation of iNKT TN mice

SCNT is a unique tool used to clone mice from Ag-specific
lymphocytes (41-43, 45, 46), including from iNKT cell nuclei
(47). A previous report of TN iNKT cell mice only used mice
that express the Val4-rearranged TCR and relied on polyclonal
VP expression (47). This yields a mouse model similar to the
Val4 TCR-transgenic line (4). To address the contribution of V3
usage to iINKT cell subset specification, we generated three
distinct mouse lines, cloned from the nuclei of individual
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iNKT cells (Fig. 1A). The subset identity of the original nuclei
donors was not determined; however, all epigenetic marks are
erased by nuclear reprogramming, such that only the DNA-
encoded TCR rearrangements are retained in the germline-
transmitting TN mouse lines. All three lines use the canonical
Val4Jal8 TCRa rearrangement; two lines express V(7 rear-
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rangements with unique CDR3 sequences (A and C), and the
remaining line uses V8.2 (Table I). When the V(8.2 line was
further crossed to a CD1d ™/~ background, iNKT cells failed to
develop, consistent with wild-type iNKT cells (data not shown).
Because the TCRa and TCRp loci map to different chromosomes,
backcrossing to C57BL/6 mice yielded mice that retained only the

A Va4 VB7A VB7C V8.2
'6 m‘-: 10
£ E —
9 ot 107 - . .
E 4 - « .‘ <
IS 1 o 9.6 : 16 | <+ S ,
@ | 3 =1 "3 :
o 0 = . i o . g
VB7 g
B
C57BL/6 VB7A;RAG2™ VB7C;RAG2" VB8.2;RAG2"
0.76 |196.5 173 |[“144.1 0.028 | ~18.28 21.1
GLJ |(l"; 10"‘ \04-
2 : : 3
S
E 3
LS 3 1o 3
Q £ g ,
= : 428 | 172 0.040 | 1559 |[802E-3 | 3179 52.7
1"; 1 Zw; i 4‘ "'""'5" mn't_'n_""l‘ﬂw_"_ﬂ’tm'_;’ 3 4 5 ‘on ] o .‘ -‘ o 2 ) 3 ) A et 5 ‘oﬂ 0 e A\l b 2 i 3 gl A s 5
OCH-tetramer gated on CD3*CD8 T ceIIs'
C,  cs7BUG VB7A VB7C Vp8.2

#1119 1.94

30.0

867

FIGURE 1.

@
4.47 1.61
& T P o i
b 0’ 10 10 i) "
Qo OCH-tetramer . .
Z | Val4OCHonly Vol4 aGal only gated on CD3"CD8" T cells
(o] 1 ]
@ |03 0.66 1344 0.48 D OCH Tetramer*
o 1 j ; aE:-1ou- -
] - ®
@ £ T 801
&
o o 8 60
2 e
1649 0.28 5 404
’ PRI i P S P P £
0 10 16 10 10 0 > : 20-
OCH-tetramer X
< o
=

o
<

iNKT TN mice have monoclonal iNKT cells with distinct antigenic specificities. (A) Splenocytes were isolated from the indicated TN mouse

lines and stained with anti-VB7, CD1d (PBS57) tetramer, and anti-CD4. Results are representative of >50 mice per group. (B) Splenocytes were isolated
from the indicated C57BL/6 or TN mouse lines and stained with anti-CD3, anti-CD8, OCH tetramer, and a-Glc tetramer. Both tetramers were added
simultaneously. Plots are gated on CD3*CD8™ T cells. (C) Thymocytes from C57BL/6 or TN mouse lines were isolated and stained with anti-CD3 and
OCH tetramer. Cells were washed before being stained with CD1d (PBS57) tetramers to assess displacement. (D) Quantification of OCH staining across

multiple independent experiments. **p < 0.01 versus C57BL/6.
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Table I. TCR sequences from iNKT TN mouse lines

MONOCLONAL iNKT CELLS SHOW SUBSET PREFERENCE

Variable CDR3 Joining
VB7A TRBV29 CASSPPGQGGRVFF Trbj 1-7
VR7C TRBV29 CASSLPGHNERLFF Trbj 24
V8.2 TRBV13-3 CASSDRGYEQYF Trbj 2-7
FR1-IMGT CDR1-IMGT FR2-IMGT
(1-26) (27-38) (39-55)
1 10 20 30 40 50
VB7A DMKVTQMPRYLIKRMGENVLLECGQD MSH....... ET MYWYRQDPGLGLQLIYI
VB7C DMKVTQMPRYLIKRMGENVLLECGQD MSH....... ET MYWYRQDPGLGLQLIYI
Vp8.2 EAAVTQSPRSKVAVTGGKVTLSCHQT NNH....... DY MYWYRQDTGHGLRLIHY
CDR2-IMGT FR3-IMGT CDR3 D-J
(56-65) (66-104)
60 70 80 90 100

SYD....VDS NSEGDIP.KGYRVSRK.KREHFSLILDSAKTNQTSVYFC ASSPPGQGGRVFFGKGTRLTVV
SYD....VDS NSEGDIP.KGYRVSRK.KREHFSLILDSAKTNQTSVYFC ASSLPGHNERLFFGHGTKLSVL
SYV....ADS TEKGDIP.DGYKASRP.SQENFSLILELASLSQTAVYFC ASSDRGYEQYFGPGTRLTVL

TCRa TN locus (Val4 line). These mice have an increased fre-
quency of polyclonal iNKT cells that use the same restricted V3
pattern seen in C57BL/6 mice.

Monoclonal iNKT cells have different ligand specificities

The three INKT TCRs differ in their ligand specificities. Although
all three bind a-GalCer tetramers, VB7A iNKT cells stain ex-
clusively with a-Glc tetramers, VB7C iNKT cells stain dimly
with a-Glc tetramers, and V8.2 iNKT cells stain brightly with
OCH tetramers, when the two tetramers are added simulta-
neously in a competitive binding assay (Fig. 1B). Single staining
with a-Glc and OCH tetramers revealed that, even without
competition, VB7A and VB7C iNKT cells stain dimly with
OCH, whereas V8.2 iNKT cells (like C57BL/6 mice) can bind
a-Glc and OCH tetramers equally well (Supplemental Fig. 1A).
OCH tetramers also stained V38.2 cells, even in the presence of
equimolar a-GalCer—CD1d (PBS57) tetramers (Supplemental
Fig. 1B). In addition, each of the monoclonal lines was stained
first with excess OCH tetramer, washed, and then stained with
CD1d (PBS57) tetramer; we find very little OCH staining of
VB7A and VB7C iNKT cells compared with V(38.2 iNKT cells
(Fig. 1C). Compared over multiple experiments, V(8.2
iNKT cells are consistently more positive for OCH compared
with the other monoclonal iNKT cells (Fig. 1D). As would be
expected from monoclonal lines, the staining patterns of OCH
tetramer binding were similar, regardless of whether cells were
isolated from thymus, spleen, or skin-draining lymph node, al-
though the intensity of tetramer staining varied by organ
(Supplemental Fig. 1B). Competition between OCH and a ver-
sion of a-GalCer with a naturally occurring lipid tail length (24.1)
shows exclusive staining with a-GalCer 24.1 for VB7A and VR7C
iNKT cells, whereas V8.2 and Va14 iNKT cells stain a-GalCer
24.1 and OCH (Supplemental Fig. 1C). Altogether, these results
confirm differential ligand recognition among our three monoclonal
iNKT TN mouse lines, and they are similar to those found by
Cameron et al. (34).

TN iNKT cells are similar to C57BL/6 iNKT cells but with
increased abundance

We examined expression of CD4, CD44, and NK1.1, which are
commonly used to distinguish subpopulations of iNKT cells. CD44
and NKI1.1 expression patterns were similar to polyclonal

iNKT cells and varied more by tissue of origin than by TCR
(Supplemental Fig. 2A, 2B). Monoclonal iNKT cells expressed
CD4 at similar frequencies to iNKT cells from C57BL/6 mice
(Supplemental Fig. 2C).

Although C57BL/6 mice have few iNKT cells in most organs except
liver, Va14 TN mice have abundant iNKT cells in all tissues exam-
ined, including lung and adipose tissue, making them a useful source
of polyclonal iNKT cells (Fig. 2A). We next examined iNKT cell
tissue distribution in each of the iNKT TN mouse lines. Num-
bers of iNKT cells were determined for each organ analyzed and
added to estimate the total number of iNKT cells per mouse.
From each of the monoclonal mouse lines (VB7A, VRB7C, and
Vp8.2), we recovered 29-35 million iNKT cells per animal
compared with 25 million for the Va14 line and <4 million for
C57BL/6 mice (Fig. 2B). Compared with C57BL/6 mice, all
iNKT TN lines have increased numbers of iNKT cells in lymph
nodes, as expected, given that iNKT cells represent the majority
of T cells in these lines. None of the monoclonal iNKT lines
showed obvious differences in relative tissue distribution of
iNKT cells compared with the polyclonal iNKT cells in Va14
mice (Fig. 2B). When stimulated in vitro with PMA and ion-
omycin, TN Va14 iNKT cells produced IL-17, IFN-y, and 1L-4 at
similar levels and frequencies as those seen from B6 iNKT cells
(Fig. 2C).

iNKT cells contribute to pathology in several autoimmune
diseases, yet all iNKT TN lines are fertile, remain healthy, and
showed no evidence of morbidity up to 1 y of age. The TN mice
used were hemizygous for the TN TCR genes to allow for de-
velopment of conventional CD4" and CD8" T cells (Fig. 3A), as
well as Foxp3™ regulatory T cells (Tregs) (Fig. 3B). Thymic de-
velopment was mostly normal in TN mice, albeit with reduced
populations of CD4*CD8" cells, indicating a more rapid transit of
T cells with rearranged TCRa- and TCRB-chains (Fig. 3A, 3C),
as also seen for conventional TCR-transgenic mice and mice
expressing a Val4Jal8-transgenic TCRa (4). To determine
whether potentially autoreactive iNKT cells were constrained by
Foxp3™* Tregs, we crossed each iNKT TN line to RAG2 ™/~ mice.
All iNKT TN;RAG2™'~ mice are similarly viable and remain
healthy with normal lifespans, despite having exclusively CD1d
tetramer™ T cells that were not obviously anergic, as evidenced by
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FIGURE 2. iNKT TN mice have increased frequencies of iNKT cells. (A) iNKT cells were harvested from the spleen, mesenteric lymph nodes

(mLN), skin-draining lymph nodes (sdLN), liver, adipose tissue, lungs, and thymus of C57BL/6 and Va14 mice and stained with anti-CD3 and CD1d
(PBS57) tetramer. Results are representative of five mice per group; averaged in (B). (B) Lymphocytes were harvested from the spleen, mesenteric
lymph nodes (mLN), skin-draining lymph nodes (sdLN), liver, adipose tissue, lungs, and thymus of the indicated mice and counted. Cells were stained
with anti-CD3 and CD1d (PBS57) tetramer and analyzed by flow cytometry. The percentage of iNKT cells from each organ was multiplied by the
cell count and added to obtain an estimated frequency of total iNKT cells in the body. Results shown are the average of five to eight mice per group.
(C) Splenocytes from C57BL/6 and Va14 mice were stimulated in vitro with PMA/ionomycin for 4 h in the presence of GolgiStop. Cells were stained
with anti-CD3 and CD1d (PBS57) tetramer before they were fixed, permeabilized, and stained with anti—-IFN-v, anti-IL-4, and anti—IL-17. Results
shown are gated on CD3*CD1d-tetramer™ cells. Results shown are representative of three independent experiments with n = 3 biological replicates.

(D) Quantification of the MFI of cytokine-positive iNKT cells.

their capacity to produce IFN-y upon stimulation with a-GalCer
(Fig. 3D-F). These data suggest that factors other than the presence
of iNKT cells are required for pathologies in which iNKT cells have
been implicated.

NKTI, NKT2, and NKTI17 functional subsets are detectable in
all monoclonal TN lines

To address the role of TCR fine specificity in iNKT subset spec-
ification, we stimulated iNKT cells from Va14, VB7A, VB7C, and
VB8.2 mice with PMA/ionomycin and measured production of
signature cytokines by intracellular staining. NKT1, NKT2, and
NKT17 cells were clearly detectable in all monoclonal mouse
lines (Supplemental Fig. 3); however, the frequency of NKT17
cells in VB7A and V38.2 mice trended toward lower abundance
(Supplemental Fig. 3A). NKT1 cells are the predominant subset
in C57BL/6 mice and in our iNKT TN lines, which are on a

C57BL/6 background. To determine whether TCR specificity might
influence iNKT subset differentiation in backgrounds other than
C57BL/6, we generated F1 crosses of each iNKT TN line to
BALB/c. The resulting F1 mice showed a higher frequency of
NKT2 cells, as expected. Val4 thymi had higher frequencies
of IL-4—producing cells than did any of the monoclonal lines,
although this difference disappeared in the periphery (Fig. 4).
Again, all three functional subsets were present in monoclonal
VB7A, VBTC, and VB8.2 mice, with VB7A and VB8.2 TCRs
skewing slightly away from the NKT17 lineage (Fig. 4). These
results also argue against potential artifacts induced by insuffi-
cient backcrossing of the original founding TN chimeras to
C57BL/6.

NKT17 cells are a small population, representing only 1-3%
of total iNKT cells in C57BL/6 or BALB/c mice. The greatest
populations of IL-17-producing iNKT cells are found in the
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FIGURE 3. Conventional CD4, CD8, and Foxp3™* Tregs develop in hemizygous RAG-proficient iNKT TN mice. (A) Thymocytes from C57BL/6 and all TN
lines were stained with anti-CD3, CD1d (PBS57) tetramer, anti-CD4, and anti-CDS. Results shown are gated on non-iNKT cells (CD3*CDI1d-tetramer ™). (B)
Thymocytes from C57BL/6 and all TN lines were stained with anti-CD3 and CD1d (PBS57) tetramer before being fixed, permeabilized, and stained with anti-
Foxp3. Results shown are gated on non-iNKT cells. (C) Quantification of (A) and (B), n = 3 mice per group. (D) Lymph node cells from V(8.2 and V(8.2;
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tetramer and anti-CD3. (F) Quantification of (E) averaged over five mice per group.

skin-draining lymph nodes, as previously reported (21). To better
visualize NKT17 cells, we examined skin-draining lymph node
cells from each monoclonal TN line on RAG-sufficient and RAG-
deficient backgrounds. VB7A and V[38.2 mice had fewer NKT17

cells, whereas the V37C TCR favored NKT17 development (Fig. 5).
These trends were evident, even when the TN genes were crossed
onto a RAG-deficient background to prevent further V(D)J rear-
rangements (Fig. 5).
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Lineage development in the thymus correlates with
iNKT TCR avidity

iNKT cells are selected in the thymus on CDl1d-expressing
double-positive thymocytes (48). As a surrogate for TCR sig-
naling, we examined Nur77 expression in the thymus of Val4
TN mice. Similarly to wild-type iNKT cells (49), Val4 iNKT

cells that are stage O (CD44"’NK1.17CD24+ iNKT cells)
showed increased levels of TCR stimulation in the thymus, by
Nur77 positivity (data not shown). We did not see significant
levels of Nur77 in any peripheral tissues; however, iNKT cells in
peripheral tissues could be induced to express Nur77 upon i.v.
delivery of a-GalCer (data not shown).
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RAG proficient (upper panels) or RAG deficient (lower panels). (C) Quantification of (A) and (B), n = 4 mice per RAG2™* group and n = 3 mice per RAG2™"~
group. Mice were 5-6 wk of age, and both sexes were included in each group. *p < 0.05.

TN mice have greatly increased frequencies of iNKT cells in the
thymus, demonstrating that positively selecting ligands are not
limiting. However, increased numbers of iNKT cells may affect the
development of iNKT cell functional subsets. Therefore, we
generated mixed bone marrow chimeras consisting of 95% Ja18 ™/~
bone marrow mixed with 5% iNKT TN bone marrow. In this
setting, iNKT cells represent ~1% of total thymocytes, similar to
the level seen in C57BL/6 mice (Figs. 2A, 6A).

We examined thymic iNKT cells from the 95:5 bone marrow
chimeric mice. Among the monoclonal TN lines, the iNKT TCR
affinity for CD1d (PBS57) tetramer differs, with VB37A having
the lowest affinity and V(8.2 having the highest affinity
(Fig. 6A, 6C). However, tetramer” cells appear in a Gaussian dis-
tribution with respect to tetramer staining and CD3 expression
(Fig. 6A). Because all of the iNKT cells in any given monoclonal
line have identical affinities, differences in tetramer staining must be
related to avidity. Indeed, the positive correlation between CD3
expression and tetramer staining suggests that surface TCR expres-
sion is a major contributor, although other factors that affect TCR
avidity, such as expression of SLAM family members (50, 51), may
be important. We looked at bright versus dim tetramer-stained cells
with respect to their transcription factor profiles. Within each
monoclonal line, we noticed that thymic iNKT cells with higher
CD3 expression stained more brightly with tetramer and tended to

be PLZF*8" NKT2 cells, whereas lower avidity corresponded with
T-bet" NKT1 development (Fig. 6B, 6D). These results are consis-
tent with previous findings showing that Nur77 expression was
positively correlated with IL-4 production in thymic iNKT cells (6)
and with more recent findings showing that TCR half-life of binding
to CD1d-lipid complexes correlates with NKT2 development (38).

Limited-dilution bone marrow chimeras reveal a role for the
iNKT TCR in development of NKT17 cells

The 95:5 Ja18'~ to TN iNKT bone marrow chimera setting rep-
resents a more physiologic thymic development, and we examined
whether monoclonal iNKT cells would display subset preferences in
this setting. Cells were harvested from thymus, spleen, liver, and skin-
draining lymph nodes and analyzed by intracellular cytokine staining
(Fig. 7) and transcription factor staining (Fig. 8, Supplemental
Fig. 4). We could detect NKT1, NKT2, and NKT17 cells in all
organs and among all monoclonal lines using both methods. The
subset distribution was dramatically different in different tissues,
as reported previously (7, 19, 21). NKT1 cells were much more
abundant in liver, whereas NKT17 cells were more abundant in
skin-draining lymph nodes. However, within each organ, differ-
ences in cytokine production based on TCR were observed (Fig. 7,
data not shown).
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FIGURE 6. TCR avidity correlates with PLZF expression during thymic development of monoclonal iNKT cells. Ja18 ™/~ mice were lethally irradiated,
reconstituted with 95% Ja18 ™'~ bone marrow and 5% bone marrow of the indicated TN lines, and analyzed 8 wk later. (A) Thymocytes from C57BL/6 mice
and all TN lines were stained with anti-CD3 and CD1d (PBS57) tetramer and analyzed by flow cytometry. Mean fluorescence intensities (MFI) of tetramer
staining for gated populations are shown within the plots. (B) Thymocytes from C57BL/6 mice and all TN lines were stained with anti-CD3 and CD1d
(PBS57) tetramer before being fixed, permeabilized, and stained with Abs to PLZF, T-bet, and RORyt. Results shown are gated on CD1d (PBS57) tetramer™
iNKT cells. Tet bright = top 20% of iNKT cells; Tet dim = bottom 20% of iNKT cells as defined by intensity of PE signal. (C) Quantification of mice shown in
(A). *p < 0.05. (D) Quantification of mice shown in (B). n = 4 mice per group. *p < 0.05, **p < 0.01. Error bars are SD. ns, not significant.

To better profile the effect of a given TCR, independent of tissue
of origin, we used intracellular cytokine data and normalized each
data point to the average value for Va14 polyclonal cells from the
same organ (Fig. 7B). In this meta-analysis, VB7A iNKT cells
showed significantly less IL-17 and less IL-4 production (Fig. 7),
as well as reduced RORyt expression (Fig. 8), suggesting a de-
crease in NKT17 development in this monoclonal line. V[38.2
iNKT cells were also significantly less likely to become NKT17
cells (Figs. 7, 8) and trended toward increased IL-4 production and
increased PLZF positivity (Figs. 7, 8), suggesting a propensity to
become NKT?2 cells. VB7C iNKT cells were significantly more
likely to become NKT17 cells (Figs. 7, 8). All iNKT cells were
similarly capable of IFN-y production, demonstrating that the
reduction in IL-17 production from VB7A and V8.2 iNKT cells

is not because the cells are intrinsically refractory to stimulation
but that they are skewed away from the NKT17 lineage.

Tissue of origin is a stronger predictor of iNKT function than
TCR specificity

Although TCR specificity can influence NKT effector functions,
particularly in settings of low precursor frequency (Fig. 6) (38), the
largest determinant of iNKT effector function appeared to be tissue
of origin. Indeed, when we categorized iNKT cells into NKTI,
NKT2, and NKT17 based on their transcription factor profiles, we
observed dramatically more NKT17 cells in skin-draining lymph
nodes than in other tissues, regardless of TCR specificity (Fig. 8).
Similarly, NKT1 cells were more prevalent in liver (Supplemental
Fig. 4), and NKT2 cells were found more frequently in spleen and
thymus (Supplemental Fig. 4). To determine the degree of influence
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FIGURE 7. Limited-dilution bone marrow chimeras reveal a minor role for TCR specificity in lineage preference of iNKT cells. Ja18 '~ mice were
lethally irradiated, reconstituted with 95% Ja18 ™'~ bone marrow and 5% bone marrow of the indicated TN lines, and analyzed 8 wk later. n = 4 mice per
group. (A) Skin-draining lymph node (sdLN) cells from all TN mice were stimulated in vitro with PMA/ionomycin for 4 h in the presence of GolgiStop.
Cells were stained with anti-CD3 and CD1d (PBS57) tetramer before being fixed, permeabilized, and stained with Abs to IFN-vy, IL-4, and IL-17. Results
shown are gated on CD3*CD1d-tetramer™ cells. (B) Quantification of intracellular cytokine staining data from thymus, spleen, skin-draining lymph nodes,

and liver normalized to Va14 values for the same organ. *p < 0.05, **p < 0.01. Error bars are SD.

of TCR specificity versus tissue of origin, we performed an ANOVA
and revealed that, although TCR and tissue contribute to iNKT cell
effector functions, tissue of origin accounts for a larger fraction of
the observed variation (Fig. 8B).

Discussion

In this article, we unequivocally show that monoclonal iNKT cells
with different ligand specificities differentiate in vivo into all iNKT
subsets, albeit at altered frequencies. As is also the case for CD4"
Tregs (46, 52), in the setting of limited precursor frequency,
iNKT cell lineage choice preferences become more apparent. CD1d-
presented ligands are not limiting in the thymus, as shown in this
article and by other investigators (38); however, particular ligands
that might instruct development into NKT1, NKT2, or NKT17
lineages may be less abundant. Despite the subtle influence of TCR
on NKT17 frequencies, tissue of origin had a more dominant role in
predicting iNKT cell function, with iNKT cells from liver, skin-
draining lymph nodes, and spleen having distinct cytokine and
transcription factor profiles.

Whether iNKT lineage choice is determined in the thymus or the
tissues is a subject of some debate. Several reports, including this
one, have identified clear populations of NKT1, NKT2, and NKT17
cells in the thymus, which would suggest that lineage commitment

occurs in the thymus and that differential chemokine receptor expression
explains the differences in accumulation of iNKT subsets in different
tissues (7, 9, 53). A recent report by the Mallevaey group (38) corre-
lated CD1d tetramer dissociation rates with NKT1 versus NKT2 thy-
mic development, although no clear relationship between TCR binding
kinetics and NKT17 development was determined. In the same study,
cytokine production by acutely stimulated peripheral iNKT cells was
similar across a range of TCR affinities and half-lives (38), suggesting
that NKT subset imprinting in the thymus may be altered in the pe-
riphery as the result of differential accumulation of particular subsets or
further differentiation upon arrival in tissues. The thymic imprinting
model does not account for follicular helper iNKT cells, which arise
postimmunization (15), IL-9—producing iNKT cells (16), or NKT10
cells, which may undergo further differentiation after seeding the
adipose tissue (18, 19). Our observation that a given TCR influences
subset choice suggests that iNKT subset formation may occur as
early as the positive selection event in the thymus. However, because
tissues also contain CD1d* cells presenting a variety of lipid Ags, the
TCR specificity may continue to have an instructive role in subset
formation outside of the thymus as well.

Tissue-specific programming of immune cells has been de-
scribed for macrophages and Foxp3* Tregs. Macrophage subsets
include alveolar macrophages in the lung, microglia in the brain,
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FIGURE 8. Tissue of origin plays a dominant role in cytokine profiles of monoclonal iNKT cells. Ja18 '~ mice were lethally irradiated, reconstituted with
95% Ja18 ™'~ bone marrow and 5% bone marrow of the indicated TN lines, and analyzed 8 wk later. n = 4 mice per group. (A) Skin-draining lymph node (sdLN)
cells from all TN mice were stained with anti-CD3 and CD1d (PBS57) tetramer before being fixed, permeabilized, and stained with Abs to PLZF, T-bet, and
RORt. Results shown are gated on CD3*CDI1d-tetramer” cells. (B) Quantification of transcription factor expression as shown in (A). n = 4 mice per group.
ANOVA was used to determine the relative contribution of TCR versus tissue of origin to explain the variation in transcription factor expression.

and Kupffer cells in the liver, all of which display unique transcrip-
tional profiles. Macrophages are fairly plastic and can adapt to a new
environment (54). Likewise, tissue-resident Tregs are present in adi-
pose tissue, muscle, eye, and other sites, where they exert similar
regulatory functions but express transcriptional profiles distinct from
lymphoid-resident Tregs (55, 56). In an interesting analogy to
iNKT cells, Tregs appear to seed tissues early in life (57). The factors
that cause neonatal seeding of iNKT and Tregs into tissues remain to be
identified. For iNKT cells, tissue-dependent reprogramming may oc-
cur, at least for adipose-resident iNKT cells that express a transcrip-
tional profile distinct from their spleen or liver counterparts (18, 58).
In this article, we report four lines of TN mice with individual
monoclonal populations of VB7 or V8.2 iNKT cells. Although all
three lines recognized a-GalCer, they showed differential recognition

of a-Glc and OCH, confirming different CD1d-lipid binding prop-
erties. These mice may be of great usefulness in addressing reactivity
to particular gut microbial ligands or endogenous ligands. Further-
more, Val4 TN mice are an excellent source of polyclonal
iNKT cells, especially from tissues such as adipose or lung where
infiltrating iNKT cells are in low abundance.
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Supplemental Figure 1. Monoclonal iNKT cell mice have differing antigen preference. (A) Splenocytes
from Ja187, C57BL/6, and indicated TN lines were harvested and stained with anti-CD3, anti-CD8, and
either OCH tetramer or a-GlcCer tetramer, as indicated. (B) Thymus, spleen, and sdLN were harvested from
C57BL/6 and indicated TN lines and stained with anti-CD3, anti-CD8, OCH, and PBS57 tetramers simulta-
neously. (C) Thymii from C57BL/6, Va14, and monoclonal TN lines crossed onto a RAG2" background were
harvested and stained with TCRp, B220, OCH tetramer, and a-GalCer (24.1) simultaneously. 24.1

represents a naturally occurring lipid tail length. _
Supplemental Figure 1
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from each of the indicated mouse strains were stained with CD1d (PBS57) tetramer and antibodies to NK1.1,
CD44, and CD4, and analyzed by flow cytometry. Representative flow plots are shown. n=3 mice per group.
(B) INKT cells from the indicated tissues analyzed as in (A) were quantified. Graph shows the percent iINKT
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mouse strains were stained with CD1d (PBS57) tetramer and antibodies to CD3 and CD4, and analyzed by
flow cytometry. Shown is the percent of INKT cells that are CD4*, averaged over 5 mice per group. Error bars
are SD.
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major cytokines. Cells from (A) spleen or (B) thymus of all TN lines were stimulated in vitro
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Supplemental Figure 4. Distribution of iNKT cell subsets in liver of limited dilution bone marrow
chimeras (BMC). Ja18" mice were lethally irradiated, reconstituted with 95% Ja18” bone marrow and 5%
bone marrow of the indicated TN lines, and analyzed 8 weeks later. n=4 mice per group. Liver, spleen, and
thymus cells from all BMC mice were stained with anti-CD3 and CD1d (PBS57) tetramer, before being fixed,
permeabilized, and stained with antibodies to PLZF, Tbet, and RORyt. Results shown are gated on
CD3*CD1d-tetramer* cells.
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