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Abstract

The Tec family tyrosine kinase, Itk, regulates signaling downstream of the T cell receptor (TCR).
The absence of Itk in CD4* T cells results in impaired Th2 responses along with defects in
maturation, cytokine production and survival of NKT cells. Paradoxically, /tk~~ mice have
spontaneously elevated serum IgE levels, resulting from an expansion of the Vy1.1*V86.3* subset
of y& T cells, known as y& NKT cells. Comparisons between y& NKT cells and afp NKT cells
showed convergence in the pattern of cell surface marker expression, cytokine profiles, and gene
expression, suggesting that these two subsets of NKT cells undergo similar differentiation
programs. Hepatic y6 NKT cells have an invariant TCR and are derived predominantly from fetal
progenitors that expand in the thymus during the first weeks of life. The adult thymus contains
these invariant y8 NKT cells plus a heterogeneous population of Vy1.1*V86.3* T cells with
diverse CDR3 sequences. This latter population, normally excluded from the liver, escapes the
thymus and homes to the liver when Itk is absent. In addition, /tk7~y8 NKT cells persistently
express high levels of Zbtb16 (PLZF) and //4, genes that are normally down-regulated in the most
mature subsets of NKT cells. These data indicate that Itk signaling is required to prevent the
expansion of y& NKT cells in the adult thymus, to block their emigration, and to promote terminal
NKT cell maturation.

Introduction

The Tec family tyrosine kinase, Itk, regulates signal transduction in T cells via the T-cell
receptor (TCR). In the absence of Itk, T cells have defects in phospholipase C-y1 (PLCy1)
activation, calcium mobilization, mitogen-activated protein kinase (MAPK kinase)
phosphorylation, and AP-1 and nuclear factor of activated T cells (NFAT) activation
following stimulation (1). As a consequence, Itk plays a critical role in af T cell
development, influencing both positive and negative selection. During thymic development,
conventional CD4* and CD8" T cells are the predominant populations that arise. These cells
develop with a naive phenotype (CD62L"/CD44°) and require a lengthy process of
activation, proliferation, and differentiation prior to exhibiting effector cell characteristics
(2-5). In contrast, thymic development in /tk”~ mice produces populations of both CD4*
and CD8* T cells that resemble memory cells and exhibit innate effector functions (6-9).
Thus, TCR signaling via Itk does not simply regulate the efficiency of conventional CD4*
and CD8* T cell maturation, but also maintains the appropriate balance of naive versus
innate T cell subsets.
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One unexpected phenotype observed in /tk”~ mice was the spontaneous elevation in levels
of serum IgE (10, 11). Based on data that indicated that /¢x”~ conventional CD4* T cells
were unable to generate Th2 effector responses (12), and the fact that /7~ afp TCR* NKT
(ap NKT) cells were also defective in producing IL-4 (13, 14), the source of type 2
cytokines responsible for promoting B cell isotype switching to IgE was initially unclear.
However, recent studies showed that the hyper-IgE syndrome seen in /tk™~ mice was
dependent on y8 TCR* T cells (15). Subset analysis of y6 T cells in /tk~~ mice identified
the Vy1.1*V86.3" subset, expressing the transcription factor PLZF (hereafter referred to as
V6 or v8 NKT cells) (16-18), as greatly increased in number in /tk”~ mice. Functional
studies showed that these cells secreted high levels of Th2 cytokines (15). In addition to the
shared expression of PLZF linking 6 to ap NKT cells (19, 20), transcriptome analysis
substantiated a common molecular program among these two cell lineages (21).

Elegant studies have demonstrated that the adult thymus contains a mixed population of y6
NKT cells. One subpopulation originates from fetal progenitors, undergoes substantial
expansion in early neonatal life, and localizes to the liver; these cells predominantly express
an invariant TCR sequence that is characterized by the absence of junctional diversity,
consistent with their fetal/neonatal origin. In contrast, a second subpopulation is derived
from adult precursors, and remains as a largely thymic resident population (22-24).

ap NKT cells are an innate subset of ap T cells that reside in the thymus, spleen and liver,
are rapid producers of cytokines such as IFN-y, I1L-4, and IL-10 (25, 26), and predominantly
express an invariant TCR (27). ap NKT cells develop in the thymus from CD4*CD8*
double positive (DP) precursors, and are dependent on the presence of the nonclassical
MHC class | molecule, CD1d (28-30). Following their initial positive selection, ap NKT
cell precursors undergo additional stages of differentiation in the thymus. Starting with the
earliest detectable population (CD24 (HSA)*, TCR*CD44!°NK1.1!°; stage 0), ap ANKT
cells proceed to down-regulate CD24 (stage 1), and then up-regulate CD44
(CD24!°CD44hiNK1.1!°; stage 2). Finally, at the terminal maturation stage, the cells up-
regulate the IL-2/1L-15 receptor B-chain (CD122) and NK cell receptors, such as NK1.1
(CD24locD44hiNK 1.1 stage 3). Transition through these stages is also accompanied by a
change in cytokine profile. At the intermediate stage, ap NKT cells are potent producers of
IL-4, but make little IFN-y; this phenotype correlates with expression of high levels of
PLZF. As they transition to stage 3, afp NKT cells produce abundant amounts of IFNy, but
less IL-4, and PLZF expression decreases (31).

Previous studies have shown that /zk~~ mice have reduced numbers of af NKT cells, and
that those present have a defect in maturation (13, 14, 32). Although y6 T cells develop in
the thymus, they develop from CD4~CD8™ progenitors rather than from CD4*CD8* DP
thymocytes (22, 33, 34), and their thymic selection requirements are not known. Thus, the
exact extent of overlap in -y6 and ap NKT cell developmental programs, and the impact of
TCR signaling in -y6 NKT cell differentiation are unclear. Here we show that CcD24lo vo
NKT thymocytes follow a maturational sequence composed of the three stages ascribed to
ap NKT cells. /tk”~ 8 NKT cells are impaired in their maturation, leading to increased
export of PLZFN |L-4-producing & NKT cells from the thymus. TCR& sequence analysis
indicated that, unlike the y& NKT cells in livers of wild-type mice that are exclusively
derived from fetal progenitors, /tk”~ hepatic y8 NKT cells include a subset derived from
adult progenitors. These data indicate that Itk normally functions to prevent the expansion,
as well as the export, of adult-origin -y6 NKT cells, and that Itk plays a parallel role in the
functional and phenotypic maturation of ap and -y6 NKT cells.

J Immunol. Author manuscript; available in PMC 2014 March 15.
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Material and Methods

Mice

/tk™~ mice (35) are on the C57BL/6 strain. 4Get mice (36) were crossed to /zk~ mice to
obtain /tk”~-4Get mice. MHCZ2™~and B2m™~ mice were obtained from Jackson Labs or
Taconic labs and are on a C57BL/6 background.s C57BL/6 mice were used as controls.
Mice were used between 2—-3 months of age and were maintained at the University of
Massachusetts Medical School under specific pathogen-free conditions in accordance with
institutional animal care and use committee guidelines.

Cell Preparations, Antibodies, and Flow Cytometry

To isolate lymphocytes from the liver, livers were first perfused with 5 ml PBS through the
portal vein followed by collagenase digestion of minced liver. Lymphocytes were then
isolated by Percoll gradient centrifugation. The following antibodies were purchased from
BD Pharmingen: Rat anti-Mouse 1gG1-FITC, V86.2/6.3-PE, CD49a-AlexaFluor 647, IFN-y-
AlexaFluor 700, and Ly49F-biotin (bio). NKG2A/C/E-FITC, TCR&-PE-Cy5, TCR6-PerCp
eFluor 710, CD122-PerCp eFluor 710, IL-4-PE-Cy7, Streptavidin (Strep)-PE-Cy7, CD49a-
Alexa Fluor 647, CD244.2-Alexa Fluor 647, TCRp-allophycocyanin eFluor 780, CD24-
eFluor 450 were purchased from e-Bioscience. CD8a-PE-Texas Red was purchased from
Invitrogen Molecular Probes. CD1d-PBS57-PE and CD1d-PBS57 allophycocyanin
tetramers were provided by the National Institute of Allergy and Infectious Diseases
Tetramer Facility. V-y1.1 antibody was a gift from Lynn Puddington (University of
Connecticut Health Center, Farmington, CT) and conjugated to Alexa Fluor 647 with the
Invitrogen Molecular Probes Alexa Fluor 647 Protein Labeling kit, or to biotin with
FluoReporter Mini-Biotin-XX Protein Lableing kit also from Invitrogen Molecular Probes.
Vy1.1-FITC was purchased from BioLegend. The following antibodies were purchased
from Santa Cruz Biotechnologies: PLZF (D-9) and normal mouse 1gG. Cells (1 x 10°-4
%108 events) were collected on a LSRII (BD Biosciences) flow cytometer. Data were
analyzed using FlowJo software (Tree Star).

In vitro T cell activation

WT and /tk™~ thymocytes were stimulated as previously described (15). Cells were surface
stained for anti-TCRS, anti-Vy1.1%, anti-V86.3* or CD1d-PBS57 tetramer, fixed and
permeabilized using fixation/permeabilization kit (e-Bioscience) and stained for IL-4, IFN-y
and PLZF.

Sample Preparation for Microarray analysis

Samples were prepared for microarray analysis as described previously (21). Briefly,
thymocytes were pooled from 4-30 mice and enriched for y6 T cells by depletion of CD8*
cells with magnetic beads and an autoMACS. Cells were then stained and sorted with a
FACSAria (~2 x 10% to 3 x 104 cells; >99% pure) directly into TRIzol (Invitrogen).
Independent triplicates were sorted unless indicated otherwise (complete sorting details
available from the ImmGen Project). Population labels correlate with ImmGen
(immgen.org) populations as follows: mature WT thymic V6 (MatV6.WT),
T.gd.vgl+vd6+24alo.Th; total V6 cells from /tk™~ thymus (TotalV6. /tk™"),
T.gd.vgl+vd6+.Th.ITKko; mature WT CD4*CD8~ thymocytes (MatCD4), T.4SP24-.Th;
mature WT CD4~CD8* thymocytes (MatCD8), T.8SP24-.Th; WT thymic stage 0-1 NKT
cells (NKT.44”"NK1.1™ (sorted in duplicate)), NKT.44-NK1.1-.Th; WT thymic stage 2
NKT cells (NKT.44*NK1.17), NKT.44+NK1.1-.Th; WT thymic stage 3 NKT cells (NKT.
44*NK1.1%), NKT.44+NK1.1+.Th. Note that all V6 cells in /zk™~ mice are CD24'°,
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Microarray data are available on the GEO website (www.ncbi.nlm.nih.gov/geo), accession
#GSE15907.

Tcrd Cloning and Sequencing

Total RNA was isolated from WT and /tk7~ Vy1.1¥V86.3" liver 8 T cells. RNA was also
isolated from WT-4Get and /tk”~-4Get mature (HSAI?) Vy1.1*V66.3* thymic 8 T cells
that were GFP*CD122~, GFP*CD122* and GFP~CD122*. Reverse transcription (RT) of 0.2
ng RNA was performed with gScript DNA Supermix (Quanta™). TCR& V region sequences
were amplified from cDNA by PCR using published primers (37). Amplified sequences
were cloned into pCR2.1®-TOPO® TA vector by TOPO® TA cloning kit (Invitrogen), and
independent clones were subjected to DNA sequencing using both forward and reverse
primers. To reduce sequencing error, only sequences confirmed in both directions were
included in the alignment analysis. Additionally, rearrangements that resulted in out-of-
frame junctions were also excluded from the final data set.

Data analysis and visualization

Results

Two-tailed nonparametric Mann-Whitney tests were performed using Prism (Graph Pad
software). Cell preparation and sorting for microarray analysis were performed as previously
described by ImmGen standard operating procedures; see (21), Supplementary Notes 1 and
2. RNA processing and microarray analysis with the Affymetrix MoGene 1.0 ST array was
performed at the ImmGen processing center (by ImmGen standard operating procedures;
http://www.immgen.org/Protocols/ImmGen). Microarray data were analyzed and visualized
as described previously (21). Briefly, data were analyzed with modules of the GenePattern
genomic analysis platform. ConsolidatedProbeSets, a custom GenePattern module written
by S. Davis (Harvard Medical School), was used for the consolidation of multiple probe sets
into a single mean probe-set value for each gene. Genes with differences in regulation were
identified with the Multiplot module of GenePattern through the use of the average of all
replicates. Genes were considered to be regulated differently if they differed in expression
by more than twofold, had a coefficient of variation among replicates of less than 0.5, had a
Student's #test Pvalue of less than 0.05, and had a mean expression value of more than 120
in at least one subset in the comparison. Heat maps were generated by hierarchical clustering
(HierarchicalClustering module of GenePattern) of data on the basis of gene (row) and
subset (column) with the Pearson correlation for distance measurement. Data were log
transformed and clustered with pairwise complete linkage. Data were centered on rows
before visualization with the HeatMapViewer module of GenePattern. KEGG pathway
analysis (Kyoto Encyclopedia of Genes and Genomes) was used for functional
classifications through the DAVID portal.

v3 NKT cells in the spleens of Itk =~ mice display an immature phenotype

We have previously shown that the absolute number and proportion of peripheral y8T cells
are increased in /tk”~ mice. This defect can be attributed to a specific subset of y8T cells
expressing the Vy1.1*V86.3* TCR (hereafter referred to as VV6) (15) (Figure 1A). As
numerous similarities between V6 cells and ap NKT cells have been observed, we
performed a side-by-side comparison of ap NKT cells and V6 cells in the spleens of both
WT and /tk”~ mice. Consistent with previous reports, ap ANKT cells from /tk~ mice were
reduced approximately two fold in both numbers and percentages (13, 14, 32). To focus on
the later stages of NKT cell maturation, we analyzed CD24° subsets of V6 cells and a.f
MNKT cells, and found that the majority of these cells expressed the maturation markers
CD44 and CD122. Furthermore, as described previously for ap NKT cells (19, 20),
maturation of WT V6 cells is associated with down-regulation of CD4 and PLZF (Figure
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1B). Examination of the CD24!° /6 population from /tk™~ mice revealed a drastically
altered phenotype when compared to WT controls. While the majority of /tk™~ V6 cells
expressed CD44 and CD122, similar to WT cells, they also aberrantly retained expression of
PLZF and CD4, indicating incomplete maturation (Figure 1B). A similar trend, although less
dramatic, was observed when comparing WT versus /tk~ NKT cells in the spleen, as
reported previously, including modestly impaired up-regulation of CD122 and down-
regulation of CD4 on /tk™~ NKT cells (14).

To address the potential of these cells to produce cytokine, we first utilized I1L-4 reporter
mice (4Get; (36)), which express GFP from a bicistronic IL-4 mRNA. For these
experiments, we compared the proportion of V6 and NKT cells expressing GFP in the
presence or absence of Itk. As shown in Figure 1C, the vast majority of V6 cells from the
spleens of /tk”~ mice were GFP*, compared to V6 cells from WT controls. Furthermore, the
cell surface phenotype of GFP* V6 cells from 4Get mice correlated with that of PLZF-
expressing V6 cells, in both WT and /tk”~ mice (Figures 1B and C). Interestingly, analysis
of 4Get mice showed that the /™~ INKT cell population included fewer cytokine-
producing cells than the WT NKT cell subset, again consistent with previous published data
(13, 14, 32). Taken together, these data indicate that majority of V6 cells from the spleens of
/tk~ mice display a more immature phenotype than their WT counterparts, a phenotype
shared with /tk”~ INKT cells.

Increased proportions of PLZF- and CD4-expressing y8 NKT cells in the livers of Itk ~/~

mice

Unlike conventional T cells, NKT cells preferentially home to the spleen and liver following
thymic egress; furthermore, ap ANKT cells continue to mature in the liver relative to their
phenotype in the spleen (38). To determine whether a similar change was occurring with V6
cells, and whether /tk™~ liver V6 cells were also impaired in this maturation, we examined
liver NKT cells. As shown in Figure 2, we found that fewer WT ap NKT cells and WT V6
cells in the liver expressed high levels of PLZF compared to these populations in the spleen
(Figures 1B and 2A). A comparison of WT liver cells with those from /tk~~ mice showed
that INKT cells were similar; in contrast, /zk™~ liver V6 cells had a substantial increase in
the proportion that expressed PLZF and CD4 (Figure 2A). Consistent with these data, an
increased proportion of /tk~ liver V6 cells also constitutively-expressed IL-4 mRNA
(Figure 2B).

These data suggested that peripheral y6 NKT cell maturation was impaired in /tk”~ mice.
Alternatively, we considered the possibility that adult /¢¢~~ mice might be generating
unusually large numbers of PLZF* V6 cells in the thymus, and that ongoing emigration of
these cells was contributing substantially to the V6 population in the liver. This is in contrast
to what is seen in WT mice, where the V6 cells found in the adult liver are predominantly
derived from fetal/neonatal progenitors (22, 39). To address this latter possibility, we first
examined the rearranged TCR$ gene sequences in V6 cells from the livers of WT and /tk™~
mice. As expected, liver V6 cells from WT mice exhibited extremely limited diversity in
their TCRS sequences, with 100% of the sequences identical to the canonical sequences
previously found in V6 cells isolated from the fetal thymus, and distinguished by their
absence of the D81 and N region nucleotides (22). In contrast, TCRS sequences from /tk™~
liver V6 cells included a fraction of sequences that were clearly of adult origin, in addition
to those with the canonical TCR& chain rearrangements (Figures 2C and S1). These data
indicate that, in the absence of Itk, adult-derived thymic V6 cells are able to emigrate to the
liver.

J Immunol. Author manuscript; available in PMC 2014 March 15.
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Altered thymic development of y& NKT cells in Itk 7~ mice

To address the changes in V6 cell development that might account for the presence of adult-
derived y8 NKT cells in the liver of /tk~ mice, we examined thymocytes from WT and
/tk”~ mice, and characterized NKT cell and V6 cell populations. As observed previously,
the percentage of thymic NKT cells in /tk”~ mice was decreased compared to WT (Figure
3A) (13-15). In contrast, /tk~~ thymi contained a substantial increase in the proportion of
v8 T cells, an increase that was largely accounted for by expanded numbers of V6 cells
(Figure 3A).

Several stages of ap NKT cell differentiation have been characterized based on a variety of
cell surface markers, cytokines, and transcription factors. One notable example is the up-
regulation of CD44 and CD122, which indicate a transition to the terminal maturation stage
(40, 41). Similar to ap NKT cells, HSA° V6 cells up-regulate CD44 while concurrently
up-regulating CD122 (Figure 3B). Analysis of /tk™~ thymic V6 cells indicated modest
changes in the percentages of CD44* and CD122* cells compared to WT V6 cells, leading
to a reduction in the proportion of CD44* /tk™~ V6 cells that had up-regulated CD122. One
difference between ap NKT cells and V6 cells was the expression of CD4; whereas WT a8
MNKT cells remained largely CD4™* in the thymus as they mature, WT thymic V6 cells
down-regulated CD4 coincident with the up-regulation of CD44 and CD122. Strikingly, the
majority of V6 cells in the thymus of /tk~ mice remained CD4* (Figure 3B). Together,
these data suggest that y6 NKT cells in /tk~ mice have a modest defect in the transition to
terminal maturation, similar to the impaired maturation seen with thymic /tk”~ NKT cells
(Figure 3B and (14)).

A major transcription factor important in the development of ap NKT cells is PLZF (19,
20). As reported, PLZF levels decline as ap NKT cells mature; thus, the NKT cells
expressing the highest levels of CD44 or CD122 express less PLZF than their less mature
counterparts ((19, 20) and Figure 3B). A parallel pattern of expression was evident for
thymic V6 cells (Figure 3B), as has also recently been reported (42). For V6 cells, those
expressing the highest levels of PLZF expressed less CD44 and CD122 than the PLZFnt
subset. As shown, we observed an overall increase in the total numbers of both PLZF" and
PLZFint \/6 populations among /tk™~ thymocytes (Figure 3D).

Another feature of ap ANKT cell terminal maturation is a reduction in IL-4 production (32).
To determine whether a similar pattern is observed for V6 cells, we analyzed thymocytes
from WT- and /tk~-4Get mice. V6 cells from WT mice showed graded GFP expression,
such that the lowest levels of GFP correlated with the highest expression of maturation
markers, CD44 and CD122. In addition, GFP-negative WT thymic V6 cells were also CD4-
negative. /tk”~ thymic V6 cells showed a similar pattern; however, the proportion of cells
retaining high levels of GFP was dramatically increased compared to WT (Figure 3C, D).

Cytokine production by yd NKT cells correlates with PLZF expression

As ap INKT cells undergo terminal maturation, they switch from being single I1L-4-
producers to being dual producers of both IL-4 and IFN~y, a change that correlates with
reduced PLZF expression (19, 20, 43). To determine whether V6 cells expressing high
versus intermediate levels of PLZF showed a similar pattern of cytokine production, we
stimulated WT and /¢~ thymocytes with PMA and ionomycin and examined IFN+y and
IL-4 production. Similar to ap NKT cells, V6 cells were capable of producing both
cytokines upon stimulation, although the proportion of V6 cells producing IFNy and IL-4
simultaneously is less than seen for ap NKT cells. Surprisingly, there was little difference
in the frequency of total /tk”~ V6 cells capable of producing IFN+y and/or IL-4 compared to
WT V6 cells (Figure 4A).

J Immunol. Author manuscript; available in PMC 2014 March 15.
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We then examined cytokine production in cells stained for PLZF expression. As can be seen
in Figures 4B and 4C, only the PLZF' subset of NKT cells was capable of producing
IFNy, whereas both PLZF" and PLZFI"t ;NKT cells produced IL-4. A similar pattern was
seen for V6 cells, and was shared between WT and /tk™~ thymocytes. These results indicate
that PLZFNi cells in /tk~ mice are functionally competent, in spite of their delayed
progression towards terminal maturation.

The gene signature of Itk ~ y& NKT cells resembles immature WT iNKT cells

The data presented thus far suggest that the terminal maturation of V6 cells is impaired or
delayed in the absence of Itk. To examine this issue at a molecular level, we performed gene
expression microarray analysis. V6 cells were isolated from the thymus of /tk”~ mice, and
their gene expression profile was compared to that of multiple populations of WT
thymocytes. As shown in Figure 5, 71 genes were up-regulated by two-fold or more in /tk™~
V6 cells compared to WT CD24!° V6 cells, and 124 genes were down-regulated (Figure 5A,
Supp. Table 1). Using the Database for Annotation, Visualization and Integrated Discovery
(DAVID) analysis program, we identified several KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways that appeared to be dis-regulated in /tk”~ V6 cells (Figure 5B). These
pathways were involved in cytokine signaling, some of which are required for the
development of T cells, as well as effector functions, including molecules frequently
associated with ap NKT and NK cells. To confirm these findings at the protein level, we
examined the expression of several NK cell receptors that can mediate effector function in
ap ANKT cells. As shown, this analysis revealed that /tk~~ V6 cells have decreased or
absent expression of CD122, NK1.1, 2B4, Ly49E/F, NKG2A/C/E, and CD94 compared to
WT V6 cells (Figure 6A and B). As acquisition of NK cell receptors occurs at the final stage
of ap NKT cell maturation (30, 32, 44), these data suggest that this developmental program
is conserved for -y6 NKT cells as well.

Given the similarity between ap NKT cells and V6 cells, we then examined the relationship
between /tk”~ V6 cells and several isolated subsets of iNKT cells as well as conventional
CD4 and CD8 thymaocytes, using the app NKT gene signature list generated previously (21).
For this analysis, we compared the list of genes that were up-regulated in ap NKT cells
versus naive conventional CD4 and CD8 thymocytes, along with genes that were down-
regulated in ap NKT cells versus CD4 and CD8 thymocytes, to the 124 genes that were
down-regulated in /tk”~ V6 cells relative to WT V6 cells. Approximately 40% of the genes
(51 genes) that were decreased in /tk”~ versus WT V6 cells are shared with the subset of
genes normally up-regulated in ap NKT cells relative to conventional CD4 and CD8 T
cells (Figure 5C). In contrast, only ~5% of the genes (6 genes) that were decreased in /tk™~
V6 cells are common to the genes normally down-regulated in a.p NKT cells. These data
indicate that the WT V6 cells are similar to WT ap NKT cells, and further, that /tk”~ V6
cells are lacking a subset of the mature ap ANKT cell signature. Using cluster analysis and
comparing the 51 genes that WT af ANKT and /tk~ V6 cells share in Figure 5C, the heat
map shows that WT HSAI° V6 cells are similar to mature WT ap NKT cells while the
Itk™= V6 cells are most similar to immature (NK1.17) WT af NKT cells (Figure 5D and
Supp. Table 2). Together with the phenotypic analysis, these data confirm that /tk™~ V6
cells are impaired in their terminal maturation in the thymus.

Itk ~/~ thymic y& NKT cells are derived from both fetal and adult progenitors

Previous studies have demonstrated that peripheral V6 cells in WT mice arise from fetal
progenitors that expand in number in the neonatal thymus, and migrate out to populate
peripheral tissues (22, 24). In contrast, the V6 cells found in adult /¢c~~ liver included a
subset that was clearly derived from adult progenitors. These findings suggested that Itk
might be required to specifically limit the numbers of adult progenitor-derived V6 cells in
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the thymus; for example, Itk might be required to promote a TCR-dependent cell death
signal, akin to the negative selection of conventional T cells. If this were the case, we would
predict that thymic V6 cells in adult /4~ mice would be greatly enriched for the adult
progenitor-derived population. In addition, we considered the possibility that PLZF" versus
PLZFInYlo \/g cells might represent distinct V6 subsets. For instance, it was possible that
PLZFIntIo ce|ls represented the continued presence of fetal progenitor-derived V6 cells
expressing the invariant TCR delta sequence, whereas the PLZF" cells might represent \/6
cells developing in the adult thymus from adult progenitors.

To address these issues, we analyzed three populations of V6 cells from the thymus of WT
and /tk™~ mice. To facilitate the isolation of distinct subsets, we utilized WT-4Get and
Itk”~-4Get thymocytes, and sorted GFPNICD122~ (stage 1), GFPIN'CD122* (stage 2), and
GFP~CD122" (stage 3) populations, taking advantage of the fact that GFP expression is
correlated with PLZF expression in V6 cells (see Figure 3). TCR& sequence analysis
indicated the presence of a highly diverse repertoire in each of the subsets, and in both WT
and /tk”~ mice (Figure S1). Furthermore, a significant proportion of the sequences from
both WT and /tk~~ thymocytes of each subset utilized D51 and contained N region
additions, indicating that these adult thymic V6 cells were not derived from fetal
progenitors. Nonetheless, the invariant TCR& sequence found in WT liver V6 cells was
detected in each of the adult thymic V6 subsets, confirming the persistence of these fetal-
derived cells in the adult thymus, as previously reported (22).

A detailed inspection of the data from WT thymocytes showed that, among the more mature
V6 subsets (CD122" stages 2 and 3), there was a reduced proportion of these fetal
progenitor-derived sequences relative their abundance in the less mature GFPh CD122~
subset, stage 1 (p<0.0001 and p=0.002, respectively; Figure 7). This finding indicated
selection against this invariant TCR during the maturation of adult thymic V6 cells. While
overall the pattern of TCRS sequences among adult thymic /tk™~ V6 cells was similar to
that seen in the WT adult thymus, we did observe an apparent lack of selection against the
invariant fetal progenitor-derived sequence as /tk”~ V6 cells mature. These data indicated
that the numerical increase in V6 cells in the /tk~ thymus was not due to a preferential
expansion of adult progenitor-derived cells, but instead, was the result of expansion of both
fetal- and adult-derived V6 cell subsets. Furthermore, these data demonstrated that, in the
WT thymus, V6 subsets distinguished by high or low PLZF expression and/or CD122
expression were not derived from different progenitors; instead, each population contained a
mixture of cells of both origins. As a result, these data support the conclusion that V6 stages
1—2—3 represent a developmental lineage of y6 NKT cells.

Discussion

In order to understand the basis for the -y8 T cell-dependent hyper-1gE syndrome that
develops in the absence of Itk, we performed a detailed analysis y6 NKT cells in /tk~
mice. Our previous studies demonstrated that this -y6 T cell subset, expressing the Vy1.1/
V86.3 (V6) TCR and the transcription factor PLZF, was highly expanded in /tk~~ mice and
could secrete large amounts of Type Il cytokines, such as IL-4 and IL-13 (15). Using a
combination of phenotypic, functional, and molecular analysis of V6 cells in the thymus,
spleen, and liver, we have determined a number of important features of these cells. First,
we show that the increased V6 population in /tk~ mice is generally accounted for by cells
expressing high levels of PLZF and constitutively-expressing IL-4 mRNA. Second, based on
a comparison to NKT cells, we conclude that /¢~ V6 cells do not fully mature and cannot
transit to the stage associated with high level IFNy production. Third, we provide evidence
that /tk™~ V6 cells arising from adult progenitors are migrating to the liver, a process that is
not permitted for WT V6 cells. Together, these findings reveal alterations in the V6 y& NKT
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cell population present in /tk”~mice that could account for the hyper-IgE syndrome seen in
these mice.

We found a number of striking parallels between V6 cells and NKT cells that suggest a
common developmental program shared between these two cell lineages. Recently, we
found that mature WT thymic V6 cells and thymic NKT cells express a common NKT cell
gene expression signature (21). By examining changes in cell surface marker expression,
PLZF levels, and cytokine profiles, we now show that y& NKT cells can be subdivided into
populations nearly identical to the Stage1-3 subsets of NKT cells (27, 41, 46). This
comparison indicates that the most mature subset of V6 cells in the thymus are PLZFIt,
express markers of activation (CD44, CD122, and a host of NK receptors), down-regulate
CD4, and are dual producers of IFNy and IL-4. Furthermore, our TCR& sequence analysis
showed that both IL-4* PLZF" and IL-4/IFNy* PLZF" subsets contain a mixture of
invariant fetal-derived and heterogeneous adult-derived TCR& gene rearrangements. This
result supports a model of a common developmental program for these two y6 NKT cell
subpopulations.

A major unresolved issue is the underlying cause of increased numbers of more immature
PLZFNi V6 cells in /tk~ mice. One possibility is that competition exists between y8 NKT
cells and ap NKT cells, and /¢~ /6 cell numbers are increased due to a reduction in aff
NKT cells in these mice. However, a recent study showed that this competition was acting
on the most mature NK1.1* PLZF'° subset of each NKT cell population (14). As our data
indicate that it is predominantly the NK receptor negative PLZF population of y6 NKT
cells that is increased in /™~ mice, it seems unlikely that the observed expansion is caused
by a reduced number of /tk™~ a NKT cells.

Instead, we suggest that the increased number of /tk™~y6 NKT cells, as well as their
impaired terminal maturation, is due to defective TCR signaling in the absence of Itk. For
ap NKT cells, TCR signaling has been shown to be essential for their maturation to the
NK1.1* stage, as this developmental progression fails to occur in the absence of Zap-70
(45). For V6 cells, enforced Vy1.1/V86.3 TCR transgene enhanced the generation of PLZF*
NKT cells, indicating that TCR signaling provides a selective cue (16). While
comprehensive analysis of progressive -y6 NKT cell maturation in mice with mutations in
TCR signaling components has not been performed, our data demonstrate that stage 1 V6
cells do not efficiently mature when Itk signaling is impaired. In aggregate, these findings
support the hypothesis that qualitatively distinct TCR signaling occurs at multiple
maturation checkpoints for both ap and y& NKT cells.

For -y8 T cells, TCR-dependent maturation processes are not restricted to the NKT subset, as
the maturation of other -y6 T cell subsets has been shown to be modulated by TCR signaling.
Studies of a natural population of nonclassical MHC class | T10/22-specific y& T cells have
revealed several interesting features of y8TCR signaling-mediated thymic selection
processes. First, the presence of the cognate ligand for this y6 subset in WT C57BI/6 mice
reduces the numbers of T22 tetramer-binding cells, indicative of a negative selection
process. Second, mice lacking T10/22 still generate the tetramer* y& T cells, but these cells
are deficient in IFNy production, whereas the tetramer* cells found in WT mice are
primarily IFNvy-producers. These data indicate that intrathymic TCR signaling promotes the
generation of -y effector cells fated for IFNy production (46). Third, examination of the
cell surface phenotype of v6 TCR* thymocytes shows an inverse correlation between
CD122 expression and expression of the gut-homing chemokine receptor, CCR9, such that
cells expressing high levels of CD122 express little CCR9. Importantly, in mice lacking
T10/T22, all T22 tetramer* y& TCR* thymocytes express high levels of CCR9, whereas in
WT mice expressing the self-ligand, a majority of these cells are CCR9™ and CD122*. These
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findings provide a clear precedent for intrathymic TCR signaling-mediated maturation of 6
T effector subsets, and support our conclusion that /tk”~y8 NKT cells escape negative
selection, do not efficiently up-regulate CD122 and fail to down-regulate CCR9, due to
impaired TCR signaling. Our efforts to define a potential TCR-dependent ligand for V6 cells
in the thymus have, to date, been largely unsuccessful. We find that V6 cells are not
dependent on classical or nonclassical MHC Class | or Class Il molecules for their
development (Figure S2). Nonetheless, additional studies of genetically-modified mice
support the conclusion that V6 cell development is strongly influenced by TCR signaling.
Specifically, mice deficient for Kruppel-like factor 2 (KLF2) (47) or inhibitor of DNA
binding 3 (1d3) (17, 48), as well as mice expressing a mutant form of the SLP-76 adapter
protein (SLP76-Y145F) that is unable to bind to ITK (17, 49), have been analyzed. In each
of these cases, the mice exhibit a similar phenotype to /¢~ mice, characterized by a
dramatic increase in the numbers of thymic V6 cells. Together, these data are consistent
with the model that -y6 NKT cells normally undergo negative selection due to robust TCR
signaling in the thymus.

In the absence of Itk, adult thymic y& NKT cells are able to emigrate from the thymus. It is
also possible that the invariant fetal-derived V6 cells also continue to emigrate from the
thymus in adult /2~ mice (Figure 8), although we cannot resolve this issue based on our
current analysis. One possible explanation for the deregulation of V6 cell migration in the
absence of Itk is a failure of /tk~ V6 cells to down-regulate chemokine receptors that may
promote T cell trafficking to peripheral organs. Consistent with this notion, our microarray
data indicate that, in addition to CCR9, CCR2 is more highly expressed in /tk™~ V6 cells
compared to WT controls. While CCR9 is one of the receptors that can induce homing to the
gut as well as to other peripheral tissues, it is only modestly expressed on NKT cells in the
liver. In contrast, CCR2 is highly expressed in NKT cells isolated from the liver, and
interestingly, is most abundant in the CD4" fraction of this population (www.immgen.org).
These findings suggest that a failure to down-regulate CCR2 as adult thymic y8 NKT cells
mature could account for their continued ability to emigrate from the thymus and home to
the liver.

Our findings also clarify some of the inconsistent data regarding the development of V6
cells in /37~ and /tk”~ mice. Previous reports demonstrated that similar to /tk~ mice,
/a3~ mice had an increase in V6 cells (17, 48). We previously showed that reconstitution
of WT mice with /tk”~ bone marrow cells resulted in donor-specific generation of the
expanded V6 population (15), whereas reconstitution of WT mice with /37~ bone marrow
failed to do so (18). This difference might arise if the 1d3-deficiency selectively affected the
expansion of the fetal progenitor-derived V6 cell population, whereas the lack of Itk led to
an expansion of both V6 cell populations. In support of this interpretation, analysis of TCR&
sequences among adult thymic V6 cells from /@37~ mice indicates that 84% of the cells are
derived from fetal progenitors, a substantially higher proportion than seen in the adult /tk™~
thymus (18).

Recently, L/n28b has been found to play an essential role in programming fetal liver and
fetal thymic hematopoietic progenitor cells to generate unique subsets of innate-like B and T
lymphocytes (50). In particular, mice transplanted with L/n28b-transduced adult bone
marrow stem cells developed a greater than ten-fold increase in the numbers of PLZF* a8
and y& NKT cells relative to mice reconstituted with WT bone marrow cells. These
important findings raise the formal possibility that Lin28b expression is dis-regulated in
mice that show expanded populations of PLZF* innate T cells, such as /d37~ mice. In the
case of /tk™~ mice, altered regulation of the Lin28b pathway is unlikely to fully account for
the increased number of /6 cells in the adult /zc~ thymus, as we see a concomitant
decrease in the numbers of ap ANKT cells. Thus, while there are likely distinct progenitor-
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specific programs controlling fetal versus adult NKT cell differentiation, Itk-dependent TCR
signaling is an arbiter of the size of NKT cell populations and is required for their terminal
maturation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel1. Splenicy8 NKT cellsin Itk mice have incr eased expression of PLZF and IL-4

MRNA

Splenocytes from WT and /¢~ mice, or WT-4Get and /tk™/~-4Get mice were stained and
analyzed by flow cytometry.

(A) Total splenocytes were analyzed for TCR6 (left panels), and positive cells were gated on

and examined for Vy1.1 and V&6.3 expression (second panels). V6 cells were further
examined for HSA expression (third panels). NKT cells were identified by staining with
CDA1d tetramer and anti-TCR (fourth panels). NKT cells further examined for HSA
expression (right panels).
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(B) HSA™ V6 6 T cells and ANKT cells in the spleen were analyzed for expression of
CD44, CD122, CD4 and intracellular PLZF. The mean fluorescent intensity of total PLZF in
V6 cells is 395+41 for WT and 73324 for /tk”~. Dot-plots show representative data;
compilations of data from of all experiments are shown in the graphs below. Each data point
represents one mouse and the black bars indicate the means. Statistically significant
differences are shown with p values.

(C) HSA™ V6 8 T cells and ANKT cells from WT-4Get and /tk”~-4Get mice were stained
and analyzed for CD44 vs GFP, CD122 vs GFP and CD4 vs GFP expression. Data are
representative of at least two independent experiments.

(D) Compilations of data show absolute numbers of PLZF* cells, and percentages and
absolute numbers of GFP* cells within the HSA™ V6 y& T cell or NKT cell population.
Statistically significant differences are shown with p values.
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Figure2. y& NKT cellsin thelivers of Itk™/~ haveincreased PLZF and IL -4 mRNA expression
Lymphocytes were isolated from livers of WT and /tk~ mice or WT-4Get and /tk”~-4Get
mice and were analyzed by flow cytometry.

(A) WT and /tk”~HSA™ V6 8 T cells and ANKT cells were examined for CD4 versus
PLZF expression. Dot-plots show representative data, and the graphs show a compilation of
data from all experiments. Statistically significant differences are shown with p values.

(B) WT-4Get and /tk”~-4Get HSA™ V6 v6 T cells and ANKT cells were analyzed for
expression of CD4 and GFP. Dot-plots show representative data, and the graphs show
compilations of data from all experiments. Statistically significant differences are shown
with p values.
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(C) Sorted V6 y& T cells from WT and /tk™~ livers were analyzed for in-frame sequences of
V&6 and J&81 junctions. The graph indicates the percentage of sequences corresponding to
fetal-derived rearrangements or adult-derived rearrangements. The total number of
sequences included in the analysis is indicated above each bar. Actual sequences are shown
in Figure S1.
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Figure 3. y86 NKT cellsin the thymus of Itk™/~ mice have char acteristics of less mature af iNKT
cells

Thymocytes from WT and /tk™~ mice, or WT-4Get and /tk”~-4Get mice were stained and
analyzed by flow cytometry.

(A) Total thymocytes were analyzed for TCR versus TCRS (left panels), and TCR&-positive
cells were gated on and examined for Vy1.1 and VV66.3 expression (second panels). V6 cells
were further gated on HSA (third panels). NKT cells were identified by staining with CD1d
tetramer and anti-TCR? (fourth panels). NKT cells were further gated on HSA expression
(right panels).
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(B) HSA™ V6 6 T cells and ANKT cells in the thymus were analyzed for expression of
CD44, CD122, CD4 and intracellular PLZF. Dot-plots show representative data;
compilations of data from of all experiments are shown in the graphs below. Statistically
significant differences are shown with p values.

(C) HSA™ V6 8 T cells and ANKT cells from WT-4Get and /tk”~-4Get mice were stained
and analyzed for CD44 vs GFP, CD122 vs GFP and CD4 vs GFP expression. Data are
representative of at least two independent experiments.

(D) PLZF"i and PLZFM \/6 8 T cell and ANKT cell populations were gated as shown in
panel B and absolute numbers were calculated (left two panels). The percentages and
absolute numbers of GFP* cells in the HSA™ V6 v& T cell and NKT cell populations are
shown (right two panels). Statistically significant differences are shown with p values.
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Figure 4. Levelsof PLZF expression correlate with |FNvy production by y& NKT cells
Thymocytes from WT or /tk”~ mice were stimulated with10ng/ml PMA and 2 pg/ml
lonomycin for 5 hours, and then stained for intracellular IL-4, IFN+y and PLZF. Dot-plots
show gated HSA™ V6 thymocytes or CD1d tetramer positive cells.
(A) Non-stimulated (top) and stimulated (middle) cells were analyzed for IFN-y versus IL-4
production. The graph (bottom) shows a compilation of data indicating the percentage of
double IL-4* IFNy*-producing cells among WT V6 compared to NKT cells. Statistical

significance is shown with p value.

(B, C) Stimulated cells were analyzed for IL-4 versus PLZF expression (B) or IFNy versus

PLZF expression (C).
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Figure 5. Gene expression microarray analysisindicatesimpaired ter minal maturation of Itk™/~
v8 NKT cells
(A\) Scatter plot showing expression of consolidated probe sets by CD24(HSA)!° V6 v& T
cells in thymocytes from adult WT and /¢~ mice. Nomenclature is according to ImmGen
(immgen.org): MatV6.WT= CD24(HSA)!° V6 & T cells from adult WT thymus;
TotalV6.1tk™'~, total V6 & T cells from adult /zk~~ thymus, which are 95-98% CD24'°.
Each dot represents one gene (mean of all probe sets and mean of replicates); red and blue
indicate genes with expression increased or decreased, respectively, by more than twofold (P
< 0.05 (Student's #test); coefficient of variation < 0.5; mean expression value (MEV) > 120
in one subset); numbers in parentheses above plot indicates total number of these genes. The
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numbers within the plot indicate the number of up-regulated (red) or down-regulated (blue)
genes in the comparison. Data are from three independent experiments with 4-30 mice each.
(B) The 124 genes increased in MatV6.WT versus TotalV6.1tk™/~ cells were classified into
functional pathways using the KEGG analysis program (DAVID). The top five pathways
enriched in the dataset are shown along with the number of genes, the gene names, the ~-
value, and the Benjamini P-value for each pathway.

(C) Venn diagram comparing the list of genes that were increased or decreased in NKT
(NKT.44*NK1.1%) cells versus MatCD4 (CD24'°) and MatCD8 (CD24'°) single positive
thymocytes (identified previously in (21)) with the list of 124 genes down-regulated in
TotalV6.1tk™~ versus MatV6.WT cells. Roughly 40% of the genes decreased in
TotalV6.1tk™~ versus MatV6.WT cells are normally increased in NKT.44*NK1.1* cells
versus mature single-positives.

(D) Heat map showing relative expression of the 51 genes identified in Figure 5C that were
decreased in TotalV6./tk”~ versus MatV6.WT cells and increased in NKT.44*NK1.1* cells
versus MatCD4 and MatCD8 single positive thymoctyes in populations of NKT and
MatCD4 cells from WT mice and V6 cells from WT or /tk™~ mice. Data were log
transformed, centered by gene row and hierarchically clustered by gene and subset. The
clustering dendrogram for samples is shown. Color coding reflects relative expression levels
of a given gene in each subset, and does not provide information about absolute expression
levels of each gene.
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Figure 6. Decreased surface expression of NK cell markerson Itk™'~ V6 cells

(A) Thymocytes from WT and /tk~ mice were stained for expression of NK1.1 along with
CD122, CD44 and CD4. (B) Thymocytes from WT and /tk~~ mice were stained for

expression of NK cell markers CD49a (ITGA1), 2B4 (CD244), Ly49E/F (KLRA5/6),
NKG2A/C/E (KLRC1/2/3), CD94 (KLRD1) and CD122. Dot-plots show gated CD24/0 6+

cells. Results are representative of 2 experiments with at least 3 mice per group.
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Figure 7. The expanded population of y6 NKT cellsin the thymus of Itk™~ miceinclude cells
derived from both fetal and adult progenitors

The graph shows the relative proportions of in-frame TCR V&6 and J&1 junctions in three
subsets of sorted thymocytes from WT-4Get and /tk~~-4Get mice that derive from fetal
versus adult progenitors. Populations analyzed were: CD122~GFP™* (Stage 1), CD122*GFP*
(Stage 2), and CD122*GFP~ (Stage 3). The total number of sequences included in the
analysis is indicated above each bar. Statistically significant differences were determined
using the exact binomial test of goodness-of-fit, and p values are shown. At the right, the
gating strategy for isolation of each thymocyte subset is shown.
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Figure 8. A model of V6 development in wild type and Itk™'~ mice

In wild-type (WT) mice (left), V6 cells initially develop from fetal precursors (pink) and
expand in the thymus during the first two weeks after birth (22). These cells undergo a
maturation program similar to ap iNKT cells before emigrating to the periphery, with a
preference for homing to the liver (bold pink). As WT mice age, a second wave of V6 cells
develops from adult precursors (blue) and matures prior to emigrating to peripheral
lymphoid organs. A small number of fetal-derived and adult-derived V6 cells are present
and continuously maturing in the thymus of adult mice. Similar to WT V6 cells, /tk”~ V6
cells (right) also initially develop from fetal precursors (pink) and preferentially home to the
liver; however increased numbers of V6 cells are found in the absence of Itk. A second wave
of adult precursor-derived /tk7~ V6 cells also develops in increased numbers (blue). /tk”~
V6 cells have a defect in terminal maturation and retain high expression of PLZF and IL-4
relative to WT V6 cells. In addition, /¢~ V6 cells arising from adult precursors are able to
emigrate to the liver (green). E20, embryonic day 20.
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