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Abstract

Itk~/~ mice exhibit defects in activation, development and function of CD4* and CD8* T cells and
MNKT cells. These and other defects in these mice make it difficult to uncouple the developmental
versus functional requirement of Itk signaling. Here we report an allele sensitive mutant of Itk
(Itkas) whose catalytic activity can be selectively inhibited by analogs of the PP1 kinase inhibitor.
We show that Itkas behaves like WT Itk in the absence of the inhibitor and can rescue the
development of Itk/~ T cells in mice. Using this mutant, we show that Itk activity is required not
only for Th2, Th17 and NKT cell cytokine production, but also surprisingly, for Thl cytokine
production. This work has important implications for understanding the role of Itk signaling in
development vs. function of ANKT cells, Thl, Th2 and Th17.
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Introduction

Interleukin-2 inducible T cell kinase (Itk) is involved in T cell receptor (TCR) signaling (for
review see (1, 2)), and its absence results in select defects in T cell development, affecting
naive CD4* and CD8* T cells, NKT cells and y8 T cells (2-7). Itk~"~ mice preferentially
develop a population of CD4" and CD8* T cells with an innate memory phenotype (8-11).
The restricted expression of Itk along with the requirement for Itk signaling for T cell
activation makes it an attractive target for therapeutic intervention in T cell mediated
diseases. Indeed, Itk~~ mice exhibit reduced production of cytokines by NKT cells (4, 12—
14), reduced Th2 effector cytokines and IL-17A by T cells (2, 15, 16), and resistance to
developing allergic asthma (17, 18).
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While much has been uncovered regarding the function of Itk using Itk’~ mice, the
developmental defects could affect subsequent T cell functions. However these differences
are unclear. In addition, interpretations from cells lacking the expression of Itk are
confounded by possible functional compensation by related Tec kinases (19), and the
inability to temporally study the effects of loss of expression/function of Itk such as would
happen with a small molecule inhibitor. Despite much interest, small molecule inhibitors of
Itk to date either have poor pharmacodynamic properties or lack specificity for Itk. Here we
take advantage of a regulatory feature in kinases, the presence of unique gatekeeper residues
in the kinase domain, to develop an allele sensitive Itk (Itkas) that allows temporal inhibition
of the kinase activity of Itk using a small molecule inhibitor (20). Gatekeeper residues are
typically found within the hydrophobic ATP binding pocket of the kinase domain and hence
can regulate catalytic activity of the kinase. Substitution of this gatekeeper residue in
kinases, usually a bulky hydrophobic residue, with a smaller less hydrophobic residue can
allow for bulkier analogs of PP1 kinase inhibitors to efficiently compete for this pocket with
ATP thus preventing activation of the mutated kinase (21). The PP1 analogs include 1-NM-
PP1, 3-MB-PP1 and 3-1B-PP1 (21).

A gatekeeper residue, F434, has been identified in Itk, which we alter to generate the allele
sensitive Itk (Itkas) mutant. We also report the generation and characterization of Itk
deficient mice carrying this Itkas. Using these mice, we have identified a previously
unappreciated difference in sensitivity for Itk signaling in the proliferation of CD4" versus
CDS8™ T cells, as well as show that the kinase activity of Itk is critical for the production of
cytokines by not only Th2, Th17 and NKT cells as predicted by the analysis of I1tk'~ mice,
but also of Th1 cells.

Generation of transgenic mice expressing an allele sensitive Itk

To generate an allele sensitive mutant of Itk, we substituted the gatekeeper residue, F434 with
a glycine residue (Fig. 1), however, this resulted in the loss of greater than 95% of its kinase
activity, suggesting that Itk behaves differentially from the majority of other tyrosine kinases
in which this change has been tested (Fig. 2A)(22). Similar experiments with the kinase
GRK2 also revealed intolerance to changes in its gatekeeper residue, with significant loss of
activity, however compensating mutations were identified that partially rescued kinase
activity (23). We therefore tested a range of potential compensating mutants of Itk, and
found partial rescue of Itk kinase activity in the FA34G/E395P, F434G/A429R, FA434G/A429,
F434G/N384G mutants. These mutants displayed varying sensitivity to inhibition by 1-NM-
PP1 (A429R>A429>N384G>E395P). Based on stability of the variants, we chose the
F434G/A429 (cellular 1C5q for 1-NM-PP1 of ~50 nM) referred to as Itkas for the remainder
of our studies (Fig. 1A). By contrast, 1-NM-PP1 did not appreciably inhibit the activity of
the related Tec kinases expressed in T cells, Tec (as has been previously reported (24, 25),
and Txk (Fig. 2A). Furthermore, 1-NM-PP1 inhibited the ability of Itkas, but not WT Itk, to
phosphorylate PLC-y1 in co-transfected HEK 293T cells (Fig. 2B). We generated transgenic
mice expressing the Itkas using the T cell specific human CD2 promoter/enhancer regions
(26), and two founder lines that showed highest expression of the transgene were chosen for
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further breeding. Founders were backcrossed to Itk™/~ mice to generate 7g(CD2-
hitkas)Itk”'= mice, and offspring of both lines showed comparable expression of Itk
(confirmed by immunoblot (Fig. 2C), with approximately 60% of WT expression), isolated
CD4* and CD8* T cells from these mice did not exhibit any differences in Itkas mRNA
levels (Fig. 2C). Given the comparable expression of Itkas, we do not distinguish between
different founders in subsequent experiments.

Itkas rescues T cell development in the absence of Itk

Analysis of the Itkas transgenic mice revealed that Itkas rescues T cell development in Itk
mice to the levels seen in WT or Itk*/~ mice (percentage and number of both CD4SP and
CD8SP cells, and ratio of CD4SP to CD8SP cells in thymus) (Fig. 2D, E). Furthermore,
while Itk/~ mice exhibit increased proportion of PLZF* thymocytes, this was normalized to
WT levels by expression of the Itkas transgene (Fig. 2F). Thus the Itkas can function in the
place of WT Itk in allowing T cell development to occur, and normalizes gross T cell
developmental abnormalities seen in the absence of Itk. Analysis of peripheral T cells in the
spleen revealed similar rescue of the percentage and number of peripheral CD4* and CD8*
T cells, along with respective naive and memory populations back to levels in WT and Itk*/~
mice (Fig. 3). Along with the normalization of naive and memory T cell populations, the
Itkas transgene also rescued the elevated IgE observed in the absence of Itk (6, 18, 27). We
have shown that elevated serum IgE in Itk™'~ mice is reflected by the increased percentage of
B cells that carry surface IgE (6, 27). We found that B cells from the Itkas mice carried
similar levels of surface IgE to that seen in WT mice (Fig. 3B).

The expression of Itkas also rescued the development of NKT cells in I1tk~ mice. Both the
frequency, as well as the developmental stages in the thymus of Itkastglltk‘/‘ mice, were
comparable to levels in WT and Itk*/~ mice (Fig. 4A, B). The total number NKT cells were
also comparable (WT= 3.70e5+/-1.86e5; Itk /~=2.49e5+/-1.18e5; Itk*/~= 4.19e5+/-1.84e5;
Itkastglltk‘/‘:&1295+/—2.19e5, not statistically significant). Furthermore, unlike Itk™/~
NKT cells, Itkas NKT cells were functional, responding to in vivo stimulation by a-GalCer
with rapid production of both IFN+y and IL4 (Fig. 4C). These results suggest that expression
of the Itkas transgene completely rescues T and NKT cell development.

CD4* and CD8* T cell TCR-induced proliferation show differential sensitivity to inhibition

of Itk

CD4" and CD8™ T cells are known to have differences in the relationship between TCR
signal strength and activation of downstream signaling (28), and we hypothesized that they
would have differential sensitivity to signaling through Itk. We compared TcR induced
proliferation of CD4 and CD8 T cells in vitro for sensitivity to inhibition of Itk kinase
activity. We found that while a-CD3/CD28-induced the proliferation of both CD4* and
CD8™ T cells as expected, and that CD4* T cells was significantly more sensitive to
inhibition by both 1-NM-PP1 and the related analog 3-MB-PP1 compared to CD8" T cells
(Fig. 5A, B). Notably, the analog 3-1B-PP1 (29) had little effect on the proliferation of Itkas
T cells (Fig. 5A), suggesting that our system is highly selective and discriminative in terms
of inhibition with PP1 analogs. Note that there is no difference in expression of the Itkasin
CD4" and CD8™ T cells (Fig. 2C), and both CD4* and CD8" T cells express similar levels of
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both the transgene and the related Tec family kinase Txk, which can partially compensate
for the absence of Itk ((19, 30), (Fig. 5C)). Analysis of TcR induced activation of ERK, a
downstream target of Itk, revealed no difference in inhibition by 3-MB-PP1, suggesting that
differential sensitivity to ERK activation does not explain the differential sensitivity between
CD4" and CD8™ T cells (Fig. 5D). However, analysis of the proliferative patterns of CD4*
and CD8* T cells revealed that CD8" T cells proliferated more, based on dilution of CFSE
dye (Supplemental Fig. 1), suggesting that as a potential explanation for the differential
effect of inhibiting Itk on proliferation.

Itk kinase activity controls cytokine production by iNKT cells, Th1, Th2 and Th17 cells

The Itkas transgene rescued development of NKT cells, and the production of cytokines in
vivo by these cells (Fig. 4). Although Itk~= NKT cells exhibit defects in the production of
cytokines upon stimulation via the TcR with a-GalCer (4, 12-14), this could be secondary
to alterations in development. To determine whether cytokine production by NKT cells is
sensitive to inhibition of Itk kinase activity, we examined cytokine production in mice
injected with both a-GalCer and the allele sensitive kinase inhibitor 3-MB-PP1, or controls.
Splenocytes from injected mice were isolated 2 hours post a-GalCer injection and cultured
with BFA for 4 hours, followed by intracellular staining for ANKT cell cytokines as
previously described (13). We found that production of both IFNy and IL4 (as measured by
% cytokine positive NKT cells, Fig. 6A), as well as amount of cytokine/cell (as measured
by MFI if the cytokine positive cells, Fig. 6B), was sensitive to inhibition in the Itkas
expressing NKT cells, but not WT NKT. These results indicate that Itk activity is important
for production of cytokines by NKT cells. Itk has also been shown to be critical for the
generation of Th2 and Th17 cells (16, 31). In line with this we find that inhibition of the
kinase activity of the Itk resulted in a significant reduction in the ability of Thl, Th2 and
Th17 cells to produce IFNy, IL-4 or IL-17 (Fig. 6B). Since the effect on Th1 cells was
unexpected based on the precious reports that Itk does not affect Thl responses (2, 15, 16),
we explored this further and found that inhibiting Itk during Th1 differentiation dose
dependently inhibited Th1 differentiation, without significantly affecting proliferation (as
measured by Ki67 expression) (Fig. 6C). Thus while defects in Th2 and Th17 cytokine
production seen in Itk™'~ Th cells are likely due to the absence of Itk kinase activity, the lack
of effect of Itk deficiency on Th1l cytokine production we and others have previously differs
when the kinase activity of Itk is specifically inhibited.

Discussion

In this report, we show that an allele sensitive mutant of Itk whose catalytic activity can be
selectively inhibited by analogs of the PP1 kinase inhibitor. Our results show that this Itkas
behaves similar to the WT Itk in the absence of the inhibitor, rescuing T and NKT cells
development in the absence of Itk. Furthermore, we used this allele to show that Itk activity
is required for Thl, Th2, Th17 and NKT cell cytokine production in vitro. This novel
murine model will allow more subtle analysis of the function of Itk in T and NKT cell
development and function.
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The approach that we have taken here with Itk has been shown by others to be useful in the
analysis of the kinase activity of Itk, Lck, ZAP70 and most recently Csk in T cell function
(24, 32-34). In the work with Lck, ZAP70 and Csk, it was found that a simple alteration of
the gatekeeper residue allowed sensitivity to 1-NM-PP1 and/or 3-MB-PP1, similar to what
Shokat and colleagues had originally reported for the Src kinases (20, 21). However, in our
work, and that of Andreotti et al on Itk (32), who also recently reported a similar Itk allele
sensitive mutant, alteration of the gatekeeper residue resulted in a complete loss of kinase
activity, and we and Andreotti et al have had to generate compensating changes to rescue
this activity. In Andreotti et al’s work, changing Leucine 432 to Isoleucine on an F434A
gatekeeper mutant background resulted in ~74% rescue of kinase activity, likely by restoring
the regulatory spine in the kinase domain (32). Our A429R mutant on the F434G
background is in a similar location and likely also restores the regulatory spine in the kinase
domain, although this remains to be determined. Nevertheless, these results suggest that Itk
behaves differently from the other kinases with regards to the regulation of its kinase
activity, and tolerance for changes in the ATP binding pocket.

We do note however, that Weiss and colleagues did report that the Zap70 allele sensitive
mutant they generated exhibited reduced kinase activity, but this was sufficient for further
experiments and rescue of T cell development and function (24). We also tested related the
1-NM-PP1 analog 3-1B-PP1, which differs from 3-MB-PP1 by the substitution of an lodo-
group instead of a methyl group at the 3 position of the benzyl ring (3-methylbenzyl vs. 3-
lodobenzyl, see Fig. 5 for structures, (21)). The fact that 3-1B-PP1 did not affect cells
expressing the Itkasand 3-MB-PP1 and 1-NM-PP1 do, suggests that the Itkas ATP binding
pocket can discriminate between these substitutions, and allows the use of a closely related
compound for subsequent inhibitor studies.

The loss of Itk results in altered T cell development, fewer CD4* and CD8" T cells and a
significant increase in the proportion of innate memory CD4* and CD8* T cells (8-11, 35).
Itk signaling also has different outcomes dependent on the cell type (3). The allele sensitive
system we report here has allowed us to isolate an apparent differential requirement for Itk
kinase activity during TCR induced proliferation of CD4* and CD8" T cells. However, while
proliferation of naive CD4* T cells may be more sensitive than CD8* T cells to deletion of
the adaptor protein Gads (36), a part of the signaling complex along with the Slp-76/1tk
complex, which is recruited to LAT during TCR signaling and upstream of the ERK
pathway (37, 38), our analysis of the sensitivity to ERK activation revealed no difference
between CD4" and CD8* T cells. Our data suggest that this apparent difference may be due
to the observation that CD8* T cells proliferate more in vitro in response to anti-CD3/CD28
stimulation compared to CD4* T cells.

Using transgenic mice carrying a kinase inactive mutant of Itk, we have previously shown
that development of ANKT cells is partially independent of kinase activity (14). Furthermore,
we and others have shown that like WT ANKT cells, Itk= NKT cells carry preformed
mRNA for both IFN-y and IL-4, yet show defects in production of these cytokines upon
stimulation with a-GalCer (3, 4, 12, 14). Our data here showing that Itk kinase activity is
required for ANKT production of IFN+y and IL-4 are in support of view that Kinase activity is
required for the production of these cytokines in NKT cells. While NKT cells carry
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preformed mRNA for these cytokines and can rapidly translate these messages for rapid
cytokine production, shown to be dependent on the p38 pathway ((39, 40)), production of
these cytokines is also dependent on transcriptional events (41). Itk is not required for the
production of the preformed mRNA for IFNy or IL-4 in NKT cells (3, 4, 12, 14), but its
activity is required for the combination of translation and transcriptional events required for
efficient production of these cytokines. Given that the absence of Itk, or the kinase domain,
does still allow for some cytokine production in NKT cells (3, 4, 12, 14), it will be
interesting to determine whether translation and/or transcriptional regulation of cytokine
production in NKT cells exhibit differential sensitivity, particularly since Itk regulates the
p38 pathway, involved in rapid translation of cytokine message in ANKT cells (40), as well as
the NFAT transcription factor, involved in transcriptional regulation of these cytokines (41).

We and others have previously shown that the absence of Itk affect the differentiation and/or
cytokine production of Th2 and Th17 cells, while Th1 differentiation and function was not
affected (16, 30, 31, 42, 43). However, our current studies show that Itk kinase activity is
required for the differentiation and cytokine production of Th1, Th2 and Th17 cells,
indicating that for Th2 and Th17 cells, the absence of Itk phenotypically mirrors the
inhibition of its kinase activity, while for Th1 cells this is not the case. The difference in the
Th1 response between Itk~~ T cells and inhibiting the kinase activity of Itk is likely due to
the fact that Itk/~ T cells exhibit elevated expression of the T-bet transcription factor and are
more likely to differentiate to the Th1l lineage upon activation (31, 43). Using T cells from
these Itk allele sensitive mice, we have also recently reported that kinase activity suppresses
the development of T regulatory cells (44). Thus our data suggest that Itk inhibitors may also
be useful for suppressing Thl, Th2 and Th17, while enhancing T regulatory cells and their
suppressive responses.

This Itkas mouse model will be very useful in unraveling how Itk signaling fine-tunes the
differentiation and effector function of the different T helper cell subsets as well as its role in
the generation of effector and memory CD8* T cells. It would be interesting to determine
whether the level of sensitivity to Itk inhibition is different among the different T helper cell
subsets and between effector and memory CD8* T cells, as well as in mouse models of T
cell mediated disease.

Materials and Methods

Mice

All mice were on the C57BI/6 background. 7g(CD2-hltkas) mice were generated by cloning
the cDNA of human Itkas into a transgenic expression cassette driven by the CD2 promoter
and CD2 enhancer as described (8). Founder lines were backcrossed to /tk™/~ mice to
generate the 7g(CD2-hitkas)ltk™'~ mice. These, along with Itk*/~ and WT mice were housed
in specific pathogen free environment and used between 6- to 12- weeks of age. All
experiments were performed in accordance with the IACUC at Cornell University.
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Transfection, western blotting and analysis of kinase activity

HEK 293T cells were transfected as previously described (45), with plasmids encoding
GFP-tagged human WT Itk or mutants, HA-tagged Txk or Flag-tagged Tec. In some cases
cells were transfected with GFP-tagged WT Itk or F434G/A429 mutant with or without
PLC+y1 plasmid as indicated. 48 hrs after transfection, cells were treated with 1-NM-PP1 or
vehicle for 1 hr prior to harvest and analysis with antibodies against HA (clone HA-7,
Sigma). Kinase activity in cells was determined by analysis of phosphotyrosine content of
Itk or the substrate PLC-y1, which correlates with kinase activity of Itk (46). 1Csq values
were determined by treating similar transfectants with varying concentrations of 1-NM-PP1
and analysis of phosphotyrosine content in Itk.

Analysis of T cell proliferation and T helper cell cytokine production

To determine proliferation of T cells, splenocytes were loaded with CFSE (Molecular
Probes), washed and stimulated with 1ug/ml anti-CD3e (BD Biosciences) and 3 pg/ml anti-
CD28 (BD Biosciences).

For Th polarizing conditions, naive CD4* T cells were isolated using the naive CD4* T cell
isolation kit (Miltenyi Biotec) and antigen-presenting cells (APCs) were isolated by
depletion of CD3* T cells from spleens of C57BI/6 mice using biotin-anti-CD3
(eBioscience) and Miltenyi anti-biotin microbead kit (Miltenyi Biotec). T cells were cultured
at a ratio of 1:5 with mitomycin C treated antigen-presenting cells (APCs) in complete
RPMI 1640. Th1 polarizing conditions included 1 pg/mL anti-CD3 (BD Biosciences), 3
pg/ml anti-CD28 (BD Biosciences), and 40 ng/mL IL4 (Peprotech). Th2 polarizing
conditions included 1 pg/mL anti-CD3 (BD Biosciences) and 3 pg/ml anti-CD28 (BD
Biosciences), 40 ng/mL 1L12 (Peprotech) and 10 ug/mL of anti-IFNy and anti-1L12
(Biolegend). Th17 polarizing conditions included 1 pg/mL anti-CD3 and 1 pg/mL anti-
CD28 (BD Biosciences), 20 ng/mL of IL6 (Peprotech), 5 ng/ml TGFf and 10 pug/mL anti-
IFN-y and anti-1L12 (Biolegend). Related analogs that inhibit allele sensitive kinases 1-NM-
PP1, 3-MB-PP1 and 3-1-PP1 (21, 29) were used at the indicated concentrations.

a-GalCer stimulation

Mice were treated (i.p.) with vehicle (DMSO) or 3-MB-PP1 2 hours prior to i.p. injection
with 2 ug a-GalCer or vehicle. Splenocytes were isolated 2 hours post a-GalCer injection
and cultured with BFA for 4 hours, followed by intracellular staining for NKT cell
cytokines as previously described (13).

Analysis of iNKT cell development

Thymus and spleens were collected and T cells analyzed by staining for the indicated
markers. iINKT cells were characterized using Allophycocyanin-Cy7-TCRp were from BD
Biosciences (San Jose, CA), V500-CD44, Allophycocyanin-NK1.1 BioLegend (San Diego,
CA), and PE-PBS57 loaded CD1d tetramer from the National Institute of Allergy and
Infectious Diseases Tetramer Facility. IgE positive B cells were determined by staining with
Alexa Fluor 647-B220 and PE-IgE from eBioscience (San Diego, CA).
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T cell stimulation and pERK staining

Freshly isolated splenocytes were pre-incubated with 5ug/ml hamster anti-CD3e
(eBioscience) and 10 pg/ml hamster anti-CD28 (eBioscience) at 2 x 107 cells/ml, on ice for
30 mins, followed by cross-linking with 20 pg/ml goat anti-hamster 1gG (855387, MP
Biomedicals) for the indicated time points. Stimulation was terminated by adding pre-chilled
4 volume 5% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA). Cells were
then fixed, permeabilized, then stained with PE-CF594-CD8a (BD Biosciences), PE-Cy7-
CD4 (BioLegend) and Alexa Fluor 488- Phospho-p44/42 (Erk1/2) (Cell Signaling, E10). All
flow cytometry data were acquired on LSRII (BD Biosciences), and analyzed in FlowJo
(Tree Star, Ashland, OR).

Reverse transcription/ Quantitative PCR

cDNA was synthesized using You Prime First-Strand beads kit (GE Healthcare) on RNA
that was extracted using RNAeasy kit (Invitrogen). gPCR was performed using 7500 Fast
Real-Time PCR instrument (Applied Biosystems). Ct values was normalized to respective
GAPDH values and analyzed using the 2722CT method as described in the figure legend.

Statistical analysis

Un-paired two-tailed Student’s ftest was performed using GraphPad Prism v5.00
(GraphPad, San Diego, CA), with p < 0.05 considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Location of gatekeeper and allele sensitive residuesin kinase domain of Itk
A) Ribbon structure of the kinase domain of Itk with F435 indicated in black pointing into

the ATP binding pocket (left), and mutation of F435 to G435 and site of the A429 in the loop
of the upper lobe of the kinase domain (right). B) Residues lining the binding pocket and
location of F435 (green reside in left panel), and alteration of the binding pocket in the
F435G mutant (right panel).
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Figure 2. Generation of transgenic mice expressing an allele sensitive mutant of 1tk
A) Analysis of tyrosine phosphorylation of immunoprecipitated WT Itk, Itk F434G or Itk

F434G/A429 (Itkas) following transfection into HEK293T cells (left panels). Effect of
indicated concentrations of 1-NM-PP1 on tyrosine phosphorylation of WT Itk, Itkas or
related kinases Tec and TxKk or in transfected cells (right panel), representative of at-least 2
independent experiments. B) Effect of increasing concentrations of 1-NM-PP1 (1 nM to 10
uM) on tyrosine phosphorylation of PLCy1 by WT Itk or Itkas. Total cell lysates probed
with phospho- and total PLC-y1. Expression of Itk was confirmed, representative of at-least
2 independent experiments. C) Quantification of western analysis of Itk expression in
thymocytes from WT or Tg(CD2-hltkas)ltk™'~ mice (left panel). Quantification of Itkas
mRNA in purified CD4* and CD8* T cells from Tg(CD2-hitkas)/tk”'~ mice, expression
level in CD4* T cells set as 1 (right panel), Values are means + SEMs of n=3. D)
Thymocytes were analyzed for CD4 and CD8 SP cells by FACS and E) percentages
determined by gating on TCRB*CD4*CD8~ (CD4SP) TCRB*CD4~CD8* (CD8SP) cells. F)
Percentage of PLZF* thymocytes. Values are means + SEMs of n=5, *p < .05 by unpaired
student #test.
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Figure 3. Itkas rescues peripheral CD4* and CD8* T cells and nor malizes memory phenotype T
cells

A) Splenocytes were analyzed for CD4* and CD8* T cells (top), or gated on CD4*TCRp™ or
CD8*TCRB* (middle panels), percentages and numbers of CD4*TCRB*CD44lowCDg2L high
(naive) and CD4*TCRB*CD44MINCDE2L'W (memory), or CD8*TCRB*CD44loWC D122~
(naive) and CD8*TCRB*CD44MINCD122 (memory) cells (bottom panels). Values are
means + SEMs of n=5, *p < .05 by unpaired student ¢test. B) Splenic B cells were analyzed
for percentage of cells IgE* cells (percentage, left panel) or MFI (right panel). Values are
means + SEMs of n=4, *p < .05 by unpaired student ¢test.
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Figure4. ItkasrescuesiNKT cell development
A) Thymocytes from the indicated mice were analyzed for percent of NKT cells by gating

on CD1d tetramer*TCRB™ cells. (B) Thymic ANKT-cells were analyzed for expression of
CD44 and NK1.1 and divided into Stage 1, Stage 2, and Stage 3 according to CD44 and
NKZ1.1 expression. Data are shown as mean + SEM of n=5 mice/group, representative of at-
least two independent experiments. *p < 0.05 by unpaired Student t-test. (C) WT, Itk/~ and
Itkastglltk"‘ mice were injected with 2 ug of a-GalCer. Two hours later, spleens were
isolated and analyzed for production of IFN-y and IL-4 by ANKT cells using flow cytometry.
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Figure 5. TCR induced proliferation of CD4* and CD8* T cells show differential sensitivity to

inhibition of Itk

Splenocytes from 7g(CD2-hitkas)Itk”~ mice were loaded with CFSE and stimulated with
a-CD3/CD28 for 72 hrs in the presence of varying concentrations of (A) 1-NM-PP1 (Top),
3-MB-PP1 (middle) or 3-1B-BPP1 (bottom) and CFSE dilution of CD4*TCRB* and
CDB8*TCRp* cells determined. Percent inhibition of proliferation was calculated by
normalizing to respective vehicle control. Values are means + SEMs of n=3, representative
of at-least 3 independent experiments, *p < .05 by 2-way ANOVA. B) ICsgq values for
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inhibition of proliferation of CD4* and CD8* T cells by 1-NM-PP1 and 3-MB-PP1
determined from the data shown in (A). C) Quantification of Txk mRNA in purified CD4*
and CD8* T cells from Tg(CD2-hitkas)ltk”~ mice, expression level in CD4* T cells set as
1, values are means + SEMs of n=3. D) Splenocytes from 7g(CD2-hitkas)ltk™'~ mice were
stimulated with anti-CD3 and crosslinking antibody, and CD4 and CD8 T cells analyzed for
phospho-ERK by flow cytometry. Fold change in MFI is plotted with non-stimulated cells
set as 1. Values are means + SEMs, of 2 experiments.
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Figure6. Itk catalytic activity iscritical for INKT cell, Th1, Th2 and Th17 cytokine production
A) IFN+y and IL-4 production by ANKT cells from indicated mice 2 hours post injection with

2 ug of a-GalCer with vehicle or 3-MB-PP1. Percentage (top panels) and mean fluorescence
intensity (bottom panels) of the cytokine. C= vehicle (DMSO), M= 3-MB-PP1. Values are
means + SEMs of n=5, representative of at-least 2 independent experiments, *p < .05 by
unpaired student t test. B) Naive CD4" T cells were differentiated into Th1 (left panel), Th2
(middle panel) or Th17 cells (right panel) in the presence of vehicle (DMSO) or 3-MB-PP1,
then restimulated for analysis of cytokine production. B) Naive CD4* T cells were cultured
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under Th1 conditions with the indicated concentrations of 3-MB-PP1, then analyzed for
expression of IFN-y and T-bet. Cells cultured in the presence of vehicle were set at 100% and
differentiation compared to the indicated concentrations of compound. Values are means +
SEMs of n=5, representative of at-least 3 independent experiments, *p < .05 by unpaired
student ¢test.
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