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Abstract

iNKT cell functional subsets are defined by key transcription factors and output of cytokines such
as IL-4, IFNvy, 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 Va14Ja 18 TCRa, paired with unique VB7 or V8.2 subunits. We
examined tissue homing, expression of PLZF, T-bet, and RORyt, as well as 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 iINKT cytokine
profile differed more by tissue of origin than by TCR specificity.

Introduction

NKT cells are a subset of T cells that primarily recognize lipid antigens in a complex with
the Class | MHC homolog CD1d 1 2. Type Il NKT cells carry a diverse TCR repertoire,
recognize a variety of lipid antigens, such as sulfatides, and will not be discussed further
here. In mice, type | NKT cells (iNKT) express an invariant Va14Ja18 TCRa chain, paired
with a limited but diverse set of TCRp chains. V8.1, 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
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antigens include both self and microbial lipids ®. Under conditions of infection or
inflammation, iINKT cells can skew the ensuing immune response by rapidly producing
cytokines such as IFN'y, IL-13, and IL-4 without an obligate need for proliferation 1.

Functional subsets of iINKT 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 RORyt delineate NKT1, NKT2, and NKT17 subsets in the
thymus; they produce IFNy, I1L-4, or IL-17, respectively % 7- 8, The three major iNKT cell
subsets likely differentiate during thymic development, as most convincingly shown by
single cell transcriptional profiling of thymic NKT1, NKT2, NKT17, and NKTO cells °.
Whether interconversions amongst iNKT subsets can occur is not known. Production of
NKT17 cells appears to be driven by particular signaling pathways; ThPOK and PTEN
expression inversely correlate with acquisition of a RORyt* I1L-17-producing

phenotype 10: 11 while mTORC?2 is required for NKT17 development 12, Oxidized 5
methylcytosine in DNA suppresses NKT17 development, 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 1L-10-producing NKT10 cells 4, follicular helper-
like INK T4, cells 12, 1L-9 producing iNKT cells 16, and regulatory iNKT cells 11 17 have
been described, but there is currently no evidence for thymic instruction of these subsets.
Certain iNKT subsets are enriched in particular tissues; adipose tissue contains PLZF~
E4BP4* 1L-10-producing iNKT cells with a regulatory phenotype 18: 19, while skin-draining
lymph nodes are enriched in NK1.1"CD4~CD44* NKT17 cells 2% 21, NKT2 cells are more
frequently found in mesenteric lymph nodes, at least in Balb/c mice 7. In a model of
tuberculosis infection, iINKT 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 22.

Recognition of a-GalCer occurs predominantly through the TCRa chain, with the TCRp
chain forming contacts only with CD1d 24. Nevertheless, VB chain usage may influence the
spectrum of ligands recognized by iNKT cells 25. Co-crystal structures of TCR, ligand, and
CDA1d, together with careful measurements of binding kinetics, suggest that ligand merely
determines the off-rate of TCR binding 26: 27: 28: 29 |ndeed, in contrast to most Class |
MHC-restricted TCRs, the INKT TCR adopts a similar docking mode independent of the
identity of the ligand bound 30: 31 32:33 On the other hand, a library of recombinant INKT
TCRs with different TCRP 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 TCRB mutations on ligand recognition were observed for
human iNKT TCRs 3%, 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 engineered iINKT TCRs showed that positive selection of iNKT cells correlated
with TCR affinity, while 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, as 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,
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To examine the role of TCR specificity in INKT cell effector differentiation, we performed
somatic cell nuclear transfer using the nuclei of individual INKT cells to generate three
independent lines of transnuclear (TN) mice, all of which use the identical Va14Ja.18
TCRa chain, but with three distinct TCRp rearrangements. We show by differential staining
with OCH, a-GalCer, and a-glucosylceramide tetramers that these iNKT cells recognize
different ligands. No comparable set of mice producing distinct INKT TCRs has been
reported. These unique strains of mice thus allowed us to definitively address the
contribution of TCR fine specificity to formation of functional iINKT cell subsets, and their
presence across different tissues. The VB7A and V8.2 TCRs predisposed against NKT17
development across every tissue examined, while the VB7C TCR displayed increased
NKT17 development. However, iNKT cells obtained from different tissues showed
strikingly disparate functions irrespective of TCR usage. TCR specificity therefore plays a
minor role in INKT cell lineage choice.

Materials and Methdods

Animal care

Animals were housed at both the Whitehead Institute for Biomedical Research and the
Dana-Farber Cancer Institute and were maintained according to the NIH Guide for the Care
and Use of Laboratory Animals and protocols approved by the MIT Committee on Animal
Care and the DFCI IACUC, respectively. C57BL/6, Balb/c, and RAG2~/~ mice were
purchased from Jackson Labs. Ja 18/~ mice were obtained from Dr. Michael Brenner
(Boston, MA).

TN mouse generation

TN mice were generated as previously described 41 42 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 TSA, and
allowed to develop in culture to the blastocyst stage. SCNT blastocysts were used to derive
embryonic stem (ES) cell lines. These ES 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. V8.2 mice
were generated by intercrossing the VB7C and TRP1high mouse lines 42, and selecting for
founder progeny that received a single copy of the Va14Ja.18 TCR rearrangement and a
single copy of the Vp8.2 TCR rearrangement. Mice were backcrossed 7 generations to
C57BL/6 (9 generations for RAG2-/- crossed lines). F1 mice were generated by crossing 7-
generations C57BL/6 backcrossed males to Balb/c females. Va 14 mice used throughout the
study were littermates of the VB7A, VB7C or V8.2 mice used. Mice were used at 6-12
weeks of age, and both males and females were included. For each experiment, 5 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 examined or sex and any parameters examined.
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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 manufacturer’s protocol (GeneRacer,
#1.1502-01 Invitrogen). Gene sequences were searched against the IEDB database
(iedb.org).

Tissue preparation

Lymphocytes were harvested from spleen, thymus, and lymph nodes by crushing organs
through a 40 micron cell strainer. Adipose tissue was minced with a scalpel and digested in
5mg/mL collagenase 1l for 30 minutes at 37°C with rotation. Lung tissue was placed in a
gentleMACS C tube (Milltenyi 130-093-237) and digested using the lung dissociation kit
enzymes (Milltenyi 130-095-927) and the gentleMACS Dissociator (Milltenyi
130-093-235), as per the manufacturer’s recommendation. Liver was homogenized through
a 70 micron cell strainer and centrifuged at 1400rpm for 5 minutes. The organ pellet was
resuspended in 10mL of 35% Percoll (GE Healthcare 17-0891-01) in RPMI. A bottom layer
of 70% Percoll in PBS was added before centrifugation at 1700rpm for 15 minutes with no
brakes. The middle layer of lymphocytes was harvested into 20mL 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 Fortessa (BD). CD1d-PBS57 (CD1d-agal) tetramers were obtained from
the NIH Tetramer Core Facility. CD1d a-GlcCer, a-GalCer (24:1) and OCH tetramers were
generated as previously reported with minor modifications #4. Briefly, a-glucosylceramide
(phytosphingosine base, C26:0 A-acyl chain), a-galacytosylceramide (C24:1 A-acyl chain)
or OCH (both lipids kindly provided by Gurdyal Besra) were solubilized in PBS with 0.25%
sodium taurocholate (Sigma) then incubated at a 5:1 molar ratio with mouse CD1d (NIH
Tetramer Core Facility) for 16 hrs at 37°C before tetramer assembly with fluorophore-lined
streptavidin (Life Technologies). The following antibodies were from Biolegend: IFNy
(Clone XMG1.2, Cat 505830), IL-4 (Clone 11B11, Cat 504109), IL-17A (Clone
TC11-18H10.1, Cat 506916), Thet (Clone 4B10, Cat 644816), VB7 (Clone TR310, Cat
118306), CD3 (Clone 17A2, Cat 100236), CD3e (Clone 145-2C11, Cat 100330), and CD4
(Clone RM4-5, Cat 100531). The following antibodies are from eBioscience: RORyt (Clone
B2D, Cat 17-6981-80) and PLZF (Clone Mags.21F7, Cat 53-9320-82).

Cell culturing

Cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS,
2mM L-glutamine, 100 U/ml penicillin G sodium, 100 pg/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 hours in the presence of GolgiStop (Invitrogen). Cells were then fixed,
permeablilized, and stained with antibodies to IL-4, IFN-y, and IL-17. Alternatively, total
lymph node cells were stimulated with 100ng/mL a.-galcer (Avanti Lipids), and production
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of IFNy of 24 hour culture supernatants was measured by ELISA as indicated (BD
Pharmingen).

Results

Generation of iNKT transnuclear mice

Somatic cell nuclear transfer is a unique tool used to clone mice from antigen-specific
lymphocytes 41 42 43: 4546 including from iNKT cell nuclei 47. A previous report of
transnuclear iINKT cell mice only used mice that express the Va 14 rearranged TCR and
relied on polyclonal VB expression 47. This yields a mouse model similar to the Va 14 TCR
transgenic line 4. To address the contribution of VB usage to iNKT cell subset specification,
we generated three distinct mouse lines, cloned from the nuclei of individual INKT cells
(Figure 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 Va14Ja18 TCRa rearrangement; two lines express V7
rearrangements with unique CDR3 sequences (A and C), while the remaining line uses
V8.2 (Table 1). When the V8.2 line was further crossed to a CD1d ™/~ background, iNKT
cells failed to develop, consistent with wild type iNKT cells (data not shown). Since the
TCRa and TCRp loci map to different chromosomes, backcrossing to C57BL/6 mice
yielded mice that retained only the TCRa transnuclear locus (Va14 line). These mice have
an increased frequency of polyclonal iNKT cells that use the same restricted Vf pattern as
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 exclusively 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 simultaneously in a competitive binding assay (Figure 1B).
Single staining with a—Glc and OCH tetramers revealed that even without competition,
VB7A and VB7C iNKT cells stain dimly with OCH, while V8.2 iNKT cells (like C57BL/6
mice) can bind aGlc and OCH tetramers equally well (Supplemental Figure 1A). OCH
tetramers also stained V8.2 cells even in the presence of equimolar aGalCer-CD1d
(PBS57) tetramers (Supplemental Figure 1B). In addition, each of the monoclonal lines were
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 to
VB8.2 iINKT cells (Figure 1C). Compared over multiple experiments, V8.2 iNKT cells are
consistently more positive for OCH compared to the other monoclonal iNKT cells (Figure
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, although the intensity of tetramer staining varied somewhat by organ
(Supplemental Figure 1B). Competition between OCH and a version of aGalCer with a
naturally occurring lipid tail length (24.1) shows exclusive staining with aGalCer 24.1 for
VB7A and VB7C iNKT cells, while VB8.2 and Va.14 iNKT cells stain both aGalCer 24.1
and OCH (Supplemental Figure 1C). All together, these results confirm differential ligand
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recognition among our three monoclonal INKT TN mouse lines, and are similar to those
found by Cameron et al. 3.

Transnuclear 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 iINKT cells. CD44 and NK1.1 expression patterns were similar
to polyclonal iNKT cells and varied more by tissue of origin than by TCR (Supplemental
Figure 2A-B). Monoclonal iNKT cells expressed CD4 at similar frequencies to iNKT cells
from C57BL/6 mice (Supplemental Figure 2C).

Although C57BL/6 mice have few iNKT cells in most organs except liver, Va14 TN mice
have abundant iNKT cells in all tissues examined, including lung and adipose tissue, making
them a useful source of polyclonal iNKT cells (Figure 2A). We next examined iNKT cell
tissue distribution in each of the INKT TN mouse lines. Numbers 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, VB7C, and V8.2) we
recovered 29-35 million iINKT cells per animal, as compared to 25 million for the Va 14 line
and less than 4 million for C57BL/6 mice (Figure 2B). Compared to 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 iINKT cells
compared to the polyclonal iNKT cells in the Va14 mice (Figure 2B). When stimulated /in
vitro with PMA and ionomycin, transnuclear Va 14 iNKT cells produced IL-17, IFN~y, and
IL-4 at similar levels and frequencies as those seen from B6 iNKT cells (Figure 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 year of age. The TN
mice used here were hemizygous for the TN TCR genes to allow for development of
conventional CD4* and CD8* T cells (Figure 3A), as well as Foxp3* Tregs (Figure 3B).
Thymic development 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 (Figure 3A and C), as seen also for conventional TCR transgenic mice and
mice expressing a Va14Ja 18 transgenic TCRa #. 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 their capacity to produce IFN-y upon stimulation with a-GalCer
(Figure 3D-F). These data suggest that other factors besides the presence of iINKT cells are
required for pathologies where iINKT cells have been implicated.

NKT1, NKT2 and NKT17 functional subsets are detectable in all monoclonal TN lines

To address the role of TCR fine specificity in iINKT subset specification, we stimulated

iNKT cells from Va 14, VB7A, VB7C, and V8.2 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 Figure 3); however the
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frequency of NKT17 cells in both VB7A and V8.2 mice trended toward lower abundance
(Supplemental Figure 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 iINKT TN line to Balb/c. The resulting F1 mice showed a
higher frequency of NKT2 cells, as expected. Va.14 thymii had higher frequencies of 1L-4
producing cells than any of the monoclonal lines, although this difference disappeared in the
periphery (Figure 4). Again, all three functional subsets were present in monoclonal VB7A,
VB7C and V8.2 mice, with both VB7A and V8.2 TCRs skewing slightly away from the
NKT17 lineage (Figure 4). These results also argue against potential artifacts induced by
insufficient 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 1L-17 producing iNKT cells are found in the
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 both RAG-
sufficient and RAG-deficient backgrounds. Both VB7A and V8.2 mice had fewer NKT17
cells, while the VB7C TCR favored NKT17 development (Figure 5). These trends were
evident even when the TN genes were crossed onto a RAG-deficient background to prevent
further VV(D)J rearrangements (Figure 5).

Lineage development in the thymus correlates with iINKT TCR avidity

iNKT cells are selected in the thymus on CD1d-expressing double positive thymocytes 48.
As a surrogate for TCR signaling, we examined Nur77 expression in the thymus of Va 14
TN mice. Similarly to wild-type iNKT cells 4%, Va14 iNKT cells that are stage 0 (CD44°
NK1.1~ CD24* 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 intravenous delivery of a-GalCer (data not shown).

Transnuclear mice have greatly increased frequencies of iNKT cells in the thymus,
demonstrating that positively selecting ligands are not limiting. However, increased numbers
of iINKT cells may affect the development of iNKT cell functional subsets. We therefore
generated mixed bone marrow chimeras consisting of 95% Ja.18~/~ bone marrow mixed
with 5% iINKT TN bone marrow. In this setting, INKT cells represent approximately 1% of
total thymocytes, similar to the level seen in C57BL/6 mice (Figure 6A and 2A).

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 VB7A
having the lowest affinity and V8.2 having the highest affinity (Figure 6A and 6C).
However, tetramer™ cells appear in a Gaussian distribution with respect to both tetramer
staining and CD3 expression (Figure 6A). Since all of the iINKT 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 expression is a major contributor, although other factors that
affect TCR avidity, such as expression of SLAM family members 50: 51 may be important.
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We looked at bright versus dim tetramer stained cells with respect to their transcription
factor profiles. Within each monoclonal line, we noticed that thymic iINKT cells with higher
CD3 expression stained more brightly with tetramer and tended to be PLZFPright NKT2
cells, while lower avidity corresponded with T-bet* NKT1 development (Figure 6B and 6D).
These results are consistent with previous findings showing that Nur77 expression was
positively correlated with IL-4 production in thymic iNKT cells 8 and 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 of the iNKT TCR in development of

NKT17 cells

The 95:5 Ja18~/~ to TN iNKT bone marrow chimera setting represents a more physiologic
thymic development, and we examined whether monoclonal iINKT cells would display
subset preferences in this setting. Cells were harvested from thymus, spleen, liver, and skin
draining lymph nodes, and analyzed by both ICCS (Figure 7) and transcription factor
staining (Figure 8 and Supplemental Figure 4). By both methods, we could detect NKT1,
NKT2, and NKT17 cells in all organs and among all monoclonal lines. The subset
distribution was dramatically different in different tissues, as has been reported by

others 7: 1921 NKT1 cells were much more abundant in liver, while NKT17 cells were more
abundant in skin-draining lymph nodes. However, within each organ, differences in cytokine
production based on TCR were observed (Figure 7 and data not shown).

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 Va 14
polyclonal cells from the same organ (Figure 7B). In this meta-analysis, VB7A iNKT cells
showed significantly less IL-17 and less IL-4 production (Figure 7A and 7B), as well as
reduced RORyt expression (Figure 8A and 8B), suggesting a decrease in NKT17
development in this monoclonal line. V8.2 iNKT cells were also significantly less likely to
become NKT17 cells (Figure 7 and Figure 8), and trended toward increased IL-4 production
and increased PLZF positivity (Figure 7 and Figure 8), suggesting a propensity to become
NKT2 cells. VB7C iNKT cells were significantly more likely to become NKT17 cells
(Figure 7 and Figure 8). All iNKT cells were similarly capable of IFN-y production,
demonstrating that the reduction of 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 in a stronger predictor of iINKT function than TCR specificity

Although TCR specificity can influence NKT effector functions, particularly in settings of
low precursor frequency (Figure 6 and ref 38), the largest determinant of INKT effector
function appeared to be tissue of origin. Indeed, when we categorized iNKT cells into
NKT1, NKT2, and NKT17 based on their transcription factor profiles, we observed
dramatically more NKT17 cells in skin-draining lymph nodes than other tissues, regardless
of TCR specificity (Figure 8). Similarly, NKT1 cells were more prevalent in liver
(Supplemental Figure 4), and NKT2 cells were found more frequently in spleen and thymus
(Supplemental Figure 4). To determine the degree of influence of TCR specificity versus
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tissue of origin, we performed an ANOVA and revealed that while both TCR and tissue
contribute to iINKT cell effector functions, that tissue of origin accounts for a larger fraction
of the observed variation (Figure 8B).

Discussion

Here we unequivocally show that monoclonal iNKT cells with different ligand specificities
differentiate /7 vivointo all INKT subsets, albeit at altered frequencies. As is also the case
for CD4* Tregs 46: 52 in the setting of limited precursor frequency, iINKT cell lineage choice
preferences become more apparent. CD1d-presented ligands are not limiting in the thymus,
as shown here and by others 38; however particular ligands which 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 iINKT 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 versus 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 93, A recent report by
the Mallevaey group correlated CD1d tetramer dissociation rates with NKT1 versus NKT2
thymic development, although no clear relationship between TCR binding kinetics and
NKT17 development was determined 38. 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
periphery due to 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 post-immunization 15, IL-9 producing iNKT cells 16, or NKT10
cells which may undergo further differentiation after seeding the adipose tissue 1819, Qur
observation that a given TCR influences subset choice suggests that iINKT subset formation
may occur as early as the positive selection event in the thymus. However, since tissues also
contain CD1d" cells presenting a variety of lipid antigens, 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 described for both macrophages and
Foxp3* Tregs. Macrophage subsets include alveolar macrophages in the lung, microglia in
the brain, and Kupffer cells in the liver, all of which display unique transcriptional profiles.
Macrophages are fairly plastic and can adapt to a new environment 4. Likewise, tissue-
resident Tregs are present in adipose tissue, muscle, eye, and other sites, where they exert
similar regulatory functions, but express transcriptional profiles distinct from lymphoid-
resident Tregs 5% 96, 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 occur, at least
for adipose-resident iNKT that express a transcriptional profile distinct from their spleen or
liver counterparts 18: 58,
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Here we report four lines of transnuclear mice with individual monoclonal populations of
VB7 or VB8.2 INKT cells. Although all three lines recognized a-GalCer, they showed
differential recognition of a-Glc and OCH, confirming different CD1d-lipid binding
properties. These mice may be of great utility in addressing reactivity to particular gut
microbial ligands or endogenous ligands. Furthermore, Va 14 transnuclear 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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Figure 1. INKT transnuclear mice have monoclonal iNKT cells with distinct antigenic
specificities
(A) Splenocytes were isolated from the indicated TN mouse lines and stained with anti-Vp7,
CD1d (PBS57) tetramer, and anti-CD4. Results are representative of >50 mice per group.
(B) Splenocytes were isolated from 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
compared to C57BL/6.
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Figure 2. INKT transnuclear 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
Val14 mice and stained with anti-CD3 and CD1d (PBS57) tetramer. Results are
representative of 5 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 average of 5-8 mice
per group. (C) Splenocytes from C57BL/6 and Va 14 mice were stimulated in vitro with
PMA/lonomycin for 4 hours in the presence of GolgiStop. Cells were stained with anti-CD3
and CD1d (PBS57) tetramer, before they were fixed, permeabilized, and stained with anti-
IFNy, anti-IL-4, and anti-IL-17. Results shown are gated on CD3+CD1d-tetramer+ cells.
Results shown are representative of three independent experiments where n=3 biological
replicates.
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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-CD8. Results shown are gated on non-iNKT cells
(CD3* CD1d-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—B where
n=3 mice per group. (D) Lymph node cells from V8.2 and V[58.2;RAGZ‘/‘ mice were
stimulated with the indicated concentrations of a-GalCer. IFNy was measured by ELISA of
24 hour culture supernatants. Error bars are SD. (E) Each monoclonal TN line was crossed
to RAG2™/~ background. Peripheral blood of mice of the indicated genotypes was stained
with CD1d (PBS57) tetramer and anti-CD3. (F) Quantification of (E) averaged over 5 mice
per group.
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Figure 4. Monoclonal iNKT cells can produce all major cytokines
Cells from thymus (A) or spleen (B) of B6xBalb/c F1 mice of all TN lines were stimulated

in vitrowith PMA/lonomyecin for 4 hours, in the presence of GolgiStop. Cells were stained
with anti-CD3 and CD1d (PBS57) tetramer, before being fixed, permeabilized, and stained
with antibodies to IFNvy, IL-4, and IL-17. Results shown are gated on CD3*CD1d-tetramer*
cells. n=4 mice per group. Error bars are SD.
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Figure 5. NKT1, NKT2 and NKT17 subsets are present in rigorously monoclonal mice
(A-B) Skin draining lymph node cells from all TN mice were stimulated /n vitro with PMA/

lonomycin for 4 hours, in the presence of GolgiStop. Cells were stained with anti-CD3 and
CD1d (PBS57) tetramer, before being fixed, permeabilized, and stained with antibodies to
IFN7, IL-4, and IL-17. Results shown are gated on CD3*CD1d-tetramer* cells. TN mice are
either RAG-proficient (top panels) or RAG-deficient (bottom panels). (C) Quantification of
panels A-B, n=4 mice per RAG2** group and n=3 mice per RAG2~/~ group. Mice were 5—
6 weeks of age and both sexes were included in each group.
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Figure 6. TCR avidity correlates with PLZF expression during thymic development of
monoclonal iNKT cells
Ja187/~ mice were lethally irradiated, reconstituted with 95% Ja.18~/~ bone marrow and 5%

bone marrow of the indicated TN lines, and analyzed 8 weeks later. (A) Thymocytes from
C57BL/6 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 on plots. (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 antibodies to PLZF, T-bet, and RORyt. Results shown are gated on CD1d
(PBS57) tetramer* iNKT cells. Tetramer bright = top 20% of iNKT cells; tetramer dim =
bottom 20% of iINKT cells as defined by intensity of PE signal. (C) Quantification of mice
shown in panel A. (D) Quantification of mice shown in panel B. n=4 mice per group. Error
bars are SD.

J Immunol. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Clancy-Thompson et al.

Page 20

A Bone marrow chimeras Ja.187:TN (95:5)
Unstimulated Stimulated
pooled Val4 VB7A Vp7C
‘1041 0.1 "1 11 8.3
h ! y
2y ;W !
> 02 3.3 "1
= - B —
H]
0 117
~
24 % 1"
| 02 : 1"
B IFNy L4
200- 250-

over Val4

50

38
Percentage change
a 8

Percentage change
over Va4
H
Percentage change
over Val4

Figure 7. Limited dilution bone marrow chimeras reveal a minor role for TCR specificity in
lineage preference of iNKT cells

Ja187/~ mice were lethally irradiated, reconstituted with 95% Ja.18~/~ bone marrow and 5%
bone marrow of the indicated TN lines, and analyzed 8 weeks later. n=4 mice per group. (A)
Skin draining lymph node cells from all TN mice were stimulated /in vitro with PMA/
lonomycin for 4 hours, in the presence of GolgiStop. Cells were stained with anti-CD3 and
CD1d (PBS57) tetramer, before being fixed, permeabilized, and stained with antibodies to
IFN7y, IL-4, and IL-17. Results shown are gated on CD3*CD1d-tetramer™ cells. (B)
Quantification of ICCS data from thymus, spleen, skin-draining lymph nodes and liver,
normalized to Va 14 values for the same organ. Error bars are SD.

J Immunol. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Clancy-Thompson et al.

sdLN

Percentage of NKT cells

PLZF

Tbet

Page 21

Bone marrow chimeras Ja.18”:TN (95:5)
Vald VB7A

Vp7C Vp8.2

80

60

40

that are PLZF+

20

PLZF

Percentage of NKT cells

RORyt

25 )
. Liver

M sdLN
mm Spleen
= Thymus

" ROR yt+

that are PLZF

Source of Variation = % of total variation | P value

Interaction 06782 ns Interaction 19.49 <0.0001 ****
TCR 18.07 0.0085 ** TCR 9.705 <0.0001  ****
Organ 20.14 0.0050 ** Organ 55.58 <0.0001  ****

Source of Variation | % of total variation | P value

Figure 8. Tissue of origin plays a dominant role in cytokine profiles of monoclonal iNKT cells
Ja187~ mice were lethally irradiated, reconstituted with 95% Ja.18~/~ bone marrow and 5%

bone marrow of the indicated TN lines, and analyzed 8 weeks later. n=4 mice per group. (A)
Skin draining lymph node cells from all TN mice were stained with anti-CD3 and CD1d
(PBS57) tetramer, before being fixed, permeabilized, and stained with antibodies to PLZF,
T-bet, and RORyt. Results shown are gated on CD3*CD1d-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.
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TCR sequences from iNKT TN mouse lines

Variable CDR3 Joining
VB7A | TRBV29 CASSPPGQGGRVFF | Trbj 1-7
VB7C | TRBV29 CASSLPGHNERLFF | Trbj2-4
VB8.2 | TRBV13-3 | CASSDRGYEQYF Trbj 2-7

Table 1
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