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Abstract

The Ag receptors on aff and y3 T cells differ not only in the nature of the ligands that they recognize
but also in their signaling potential. We hypothesized that the differences in af- and ydTCR signal
transduction were due to differences in the intracellular signaling pathways coupled to these two
TCRs. To investigate this, we employed transcriptional profiling to identify genes encoding signaling
molecules that are differentially expressed in mature aff and yd T cell populations. Unexpectedly,
we found that B lymphoid kinase (BIk), a Src family kinase expressed primarily in B cells, is
expressed in y8 T cells but not in af T cells. Analysis of Blk-deficient mice revealed that BIK is
required for the development of IL-17-producing yd T cells. Furthermore, Blk is expressed in
lymphoid precursors and, in this capacity, plays a role in regulating thymus cellularity during
ontogeny.

Introduction

The conservation, in all jawed vertebrates, of two T cell lineages suggests that off and yd T
cells have complementary and non-redundant roles in immunity. There is growing evidence
to support this idea. First, ap and y5 T cells have different antigen specificities, with y T cells
recognizing native, unprocessed antigens and a3 T cells recognizing peptides in association
with MHC molecules (1-3). Second, o3 and yd T cells localize to different peripheral tissues.
While most o3 T cells circulate through secondary lymphoid tissues, most y5 T cells reside in
epithelial tissues, such as skin, intestine, lung, tongue, and female reproductive tract (1-3).
Third, although o and y8 T cells share effector functions, epithelial resident y3 T cells display
specialized roles in immunity, as evidenced by their ability to mediate epithelial cell
homeostasis and wound healing (4-6). Fourth, a3 and y8 T cells respond at different stages
during the host immune response, with yd T cells often acquiring effector functions days before
af T cells (7-10).

The ability of y5 T cells to manifest their unique functions and their rapid effector response

during an immune response may be explained in part by the different signaling properties of
the ap- and ydTCRs. In a direct comparison of af- and ydTCR signal transduction, in assays
that measure calcium mobilization and ERK activation, the y5TCR signaled with faster kinetics
and greater magnitude than the aBTCR (11). Importantly, the enhanced signaling proficiency
of the y3TCR affected the kinetics of T cell activation, as evidenced by the ability of stimulated
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vo T cells to upregulate the expression of genes associated with T cell effector function faster
than stimulated of3 T cells (12) and to undergo more rounds of proliferation than stimulated
af T cells (11).

The molecular basis for the difference in off- and y8TCR signaling properties is currently
unknown. One explanation for this difference is that the signaling pathways triggered by the
ydTCR are distinct from those triggered by the o TCR. To test this, we employed global gene
expression profiling to identify signaling molecules that are differentially expressed between
mature of and y3 T cells. Using this strategy, we discovered B lymphoid kinase (BIk), which
encodes a B cell-specific member of the Src family of protein tyrosine kinases (SFKs) (13), to
be preferentially expressed in y3 but not of T cells. Interestingly, protein expression studies
showed that Bk is expressed in only a small subset of mature y3 T cells, indicating that BIk
cannot be responsible for the enhanced signaling ability of the ySTCR per se. To determine
the biological significance of Blk expression in yd lineage cells, we analyzed v3 T cell
development and function in BIk~ mice and found that BIk is required for the development
of IL-17-producing y3 T cells. Inaddition, we discovered that Blk, which is expressed in various
lymphoid precursor populations, regulates thymus cellularity by controlling the number of
early thymic progenitors and the proliferative capacity of immature thymocytes during
ontogeny.

Materials and Methods

Mice

C57BL/6J (B6), B6.SJL-Ptprc? Pep3?/BoyJ (B6-CD45.1%), B6;129S7-Fynt™LSor/j (Fyn),
B6.129S2-LckiMIMak/j (Lck~") B6.129P2-Terbt™IMom/j (TCRB), and B6.129S2-
TeratmMom/3 (TCRo ™) mice were all purchased from the Jackson Laboratory (Bar Harbor,
ME). B6-BIk!™ (BIk~/~) mice (14) were provided by A. Tarakhovsky (Rockefeller University,
New York, NY), B6-IL-23R-GFP knock-in mice (IL-23R-GFP.KI) (15) were provided by M.
Oukka (Seattle Children’s Research Institute, Seattle, WA), and B6-Vy6/V51 ydTCR
transgenic (ydTCR Tg; line 134) (16) mice were provided by P. Love (NIH, Bethesda, MD).
All mice used in this study were bred and maintained in the Department of Laboratory Animal
Resources at SUNY Upstate Medical University in accordance with the specifications of the
Association for Assessment and Accreditation of Laboratory Animal Care. Mouse protocols
were approved by the SUNY Upstate Medical University Committee on the Humane Use of
Animals.

Abs and reagents

mAbs used for flow cytometric analysis and magnetic bead separation included anti-CD4
(RM4-5), anti-CD8a. (53-6.7), anti-TCRyd (UC7-13D5), anti-TCRp (H57-597), anti-CD3
(145-2C11), anti-CD11b (M1/70), anti-CD19 (6D5), anti-CD25 (PC61), anti-CD44 (IM7),
anti-NK1.1 (PK136), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD117 (2B8), anti-Ly6-G/
Ly6-C (RB6-8C5), anti-1-AP (AF6-120.1), anti-CCR6 (29-2L.17) and anti-TER-119
(TER-119), which were purchased from BioLegend (San Diego, CA), eBioscience (San Diego,
CA) and BD Pharmingen (San Jose, CA). mAbs against Vy1 (2.11), Vy4 (UC3-10A6) and
Vy5 (F536) were purified from their respective hybridoma supernatants using ImmunoPure®
(AJG) IgG Purification kit (Pierce, Rockford, IL) and then biotinylated using Pierce’s Sulfo-
NHS-LC-Biotin according to manufacturer’s instructions. PE-streptavidin was purchased from
BioLegend. Abs used in intracellular flow cytometric assays were anti-Blk (Cell Signaling
Technology, Danvers, MA), anti-Fyn (FYN-59; BioLegend), anti-Lck (3A5; Millipore,
Billerica, MA), Ki-67 (B56; BD Pharmingen), anti-IL-17A (TC11-18H10.1; BioLegend), anti-
IFNy (XMGL1.2; BD Pharmingen), anti-mouse 1gG,y, (R12-3; BioLegend) and donkey anti-
rabbit IgG (Invitrogen, Carlsbad, CA).
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Purification of lymphocyte subsets

CD4* o T cells, CD8* aff T cells, DN y& T cells and DN & thymocytes were purified by
negative selection using the magnetic bead separation system (Miltenyi, Auburn, CA) as
previously described (11,12).

B cells were purified by positive selection using magnetic bead separation. Briefly, spleen cells
from B6 mice were stained for 10 min with PE-conjugated anti-CD19 mAb, washed, and then
incubated with anti-PE beads (Miltenyi) for 15 min, with all steps at 4°C. The purity of the
resulting cell population was typically >95%.

Quantitative Western blot analysis

DN v4 thymocytes purified from ydTCR Tg mice were lysed in a buffer containing 20 mM
Tris, 150 mM NaCl, 1 mM EDTA, 1 mM Na3zVOy, protease inhibitors (Roche Laboratories,
Indianapolis, IN), and 1% NP-40 Alternative (Calbiochem, Gibbstown, NJ). Serial dilutions
of cleared lysates from a known number of DN & thymocytes were resolved by SDS-PAGE
in parallel with serial dilutions of known amounts of recombinant His-tagged Blk or Lck
(Millipore), transferred to a PVDF membrane, and immunoblotted with anti-Blk or Lck Abs.
Abs used for Western blot analysis were anti-Blk (Santa Cruz Biotechnology, Santa Cruz, CA),
anti-Lck (Millipore), and anti-p-actin (Sigma, St. Louis, MO). The volume (defined as intensity
x mm2) of each band was determined using densitometric analysis. A standard curve was
generated by plotting the concentration of Blk or Lck standard (in ng) versus the volume of
each corresponding band. The concentration per cell was then estimated based on this standard
curve.

Isolation of ilELs

ilELs were isolated as previously described (17).

Microarray analysis

The GeneChip® Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA) was used to
screen for genes encoding signaling molecules whose gene expression was significantly
different between DN y8 T cells and CD8* o T cells. Total RNA from both T cell populations
was extracted and processed for analysis as previously described (12). The labeled cRNA was
hybridized to the GeneChip® Mouse Genome 430 2.0 Array (containing 45,000 probe sets
that represent 39,000 transcripts and 34,000 mouse genes) at 45°C for 16 h with constant
rotation (60 rpm), washed and then stained on a Fluidics Station 400 (Affymetrix) according
to the EuKGE-WS2v4 protocol. GeneChips were scanned using the Agilent G2500A Gene
Array Scanner. After scanning, the Affymetrix GCOS Microarray Analysis Suite version 5.0
software was used to determine the presence (P) or absence (A) of a transcript, the differential
change in gene expression, and the magnitude of the change in gene expression. The complete
microarray data set can be found at the Gene Expression Omnibus (GEO) repository
(http://www.ncbi.nlm.nih.gov/projects/geo/); accession number, GSE24281.

Flow cytometric analysis

Flow cytometric analysis for both surface and intracellular Ags was performed as previously
described (18).

Real time RT-PCR analysis

RNA was extracted from B cells and T cell subsets using the RNeasy kit from Qiagen. cDNA
was then synthesized using Invitrogen’s SuperScript® First-Strand Synthesis System.
Quantitative real-time RT-PCR analysis was performed using a Bio-Rad iQ™5 Real-time PCR
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machine (Hercules, CA). All of the primer sets for the quantitative real-time RT-PCR analysis,
which include Gapdh, Blk, and Lyn, were purchased from SABiosciences (Frederick, MD).

Mixed bone marrow chimeras

Bone marrow (BM) cells from 6 to 8-wk-old B6-CD45.2* and Blk '~ mice (also CD45.2%)
were mixed in a 1:1 ratio with BM cells from age-matched B6-CD45.1* mice. 5 x 10° cells of
this cell mixture were then injected i.v. into the tail vein of lethally irradiated (1100 rads) 6-
wk-old B6-CD45.1* mice. Three weeks post injection, thymocytes were harvested and stained
with mADbs against various surface Ags as well as mAbs against CD45.1 and CD45.2 to
determine the degree of chimerism.

In vitro stimulation of y& T cells

¥ T cells from y8TCR Tg Blk/~ and ysTCR Tg BIk** mice were stimulated as previously
described (18).

RESULTS

Blk is expressed in yd T cells but not aB T cells

To identify signaling molecules that are differentially expressed between of3 and y5 T cells, we
transcriptionally profiled mature CD4~ CD8™ (double negative; DN) v3 T cells and CD8" af
T cells. We reasoned that comparing the gene expression profiles of two T cell populations
that share functional properties, such as the propensity to produce IFNy following TCR
activation (19), would highlight any qualitative or quantitative differences in their gene
expression. To this end, we purified DN y6 T cells from the lymph nodes (LNs) of Vy6/V51
y8TCR transgenic (Tg) mice (hereafter referred to as yd TCR Tg) and CD8*af3 T cells from
the LNs of C57BL/6 (B6) mice, both by negative selection. Total RNA from the two T cell
populations was extracted and then processed for microarray analysis. This approach identified
many genes that are expressed at higher levels in DN y3 T cells than in CD8" o T cells. Table
I lists genes that exhibited the greatest difference in expression between DN yd T cells and
CD8" o T cells. Some of these genes, such as Rgs1, Rgs2 and Sox13, have been previously
reported to be preferentially expressed in yé lineage cells (20,21). Since our goal was to identify
signaling molecules that are differentially expressed in aff and yd T cells, we considered Blk
to be the most interesting in this list of genes, as it encodes a kinase known to be involved in
Ag receptor signal transduction (22—24). The differential expression of Blk was confirmed by
performing real time RT-PCR analysis on not only purified DN y3 T cells and CD8" o T cells
but also purified CD4" af T cells and B cells. Specifically, we observed a significant difference
inthe relative expression of Blk between y5 T cells and the two of3 T cell subsets but not between
vd T cells and B cells (Fig. 1A). Expression of Lyn, another SFK typically found in B cells,
was absent in the purified yd T cell population (Fig. 1A), indicating that the expression of
Blk by v5 T cells was not due to B cell contamination.

Next, we developed an intracellular (i.c.) flow cytometric assay to examine both the pattern
and level of Blk expression in various lymphocyte populations (Supplemental Fig. 1). Using
this technique, we found, in both ydTCR Tg and B6 mice, that Blk is expressed in all yd
thymocytes but only in a small percentage of mature v T cells (Fig. 1B). Notably, the
expression level of BIk in y5 thymocytes was lower than that in B cells, while its expression
level in matureyd T cells was comparable to that in B cells.

Many of the genes that are preferentially expressed in vy lineage cells require a thymic
microenvironment containing a quorum of lymphotoxin-producing CD4*CD8* (double
positive; DP) thymocytes for their proper expression (20,25). To determine whether Blk
expression by yé thymocytes is similarly regulated, we assayed vé lineage cells from
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TCRpB ™~ mice, which do not possess the appropriate DP thymocyte compartment to support

the expression of the y3-biased genes (25). As shown in Fig. 1B, we found that BIK is indeed
expressed in TCRB ™~ v thymocytes and at levels comparable to those observed in B6 mice.
These findings indicated that Blk expression in y5 lineage cells is not dependent on interactions
with immature of lineage cells.

Unlike ap T cell development, which is completely blocked in Lck/"Fyn™~ mice, v T cell
development is impaired but not abrogated (26). In fact, a small number of ySTCR™ cells are
detected in secondary lymphoid tissues, small intestine, and epidermis of Lck/"Fyn™~ mice
(26,27). The differential requirements for SFKs in aff and y8 T cell development may be
explained by the expression of another SFK, namely BIK, in y3 lineage cells. To test this, we
measured Blk expression levels in DN ydTCR* thymocytes and LN cells from Lck/~Fyn~
mice. Significantly, Blk expression was detected not only in y6 thymocytes but also in two-
thirds of theyd T cells present in the LNs of Lck/~Fyn~'~ mice (Fig. 1B). These data suggested
that y3 lineage cells that express Blk develop and survive in the absence of both Lck and Fyn.

Since murineyd T cells can be divided into subsets based on their Vy usage and their anatomical
location (1-3), it was of interest to determine which yd T cell subsets express BIKk. In the LNs
of B6 mice, only 14% of the yd T cells expressed Blk (Fig. 1B). Phenotypic analysis of these
BIk* 5 T cells, using Vy1- and Vy4-specific mAbs, demonstrated that they are restricted to
the Vy4*yd T cell subset (Fig. 1C). In fact, we noted that 50% of the BIk* y§ T cells in B6 LNs
were Vy4* (data not shown). Next, we assayed the y3 T cell populations that develop in the
fetal thymus for Blk expression. We found that, although all fetal y6 thymocytes expressed
Blk, the VY5~ subset, the vast majority of which represent Vy6*y3 T cells that home to lung,
tongue, and female reproductive tract, contained a small population of BIkMi cells, while the
Vy5* subset, which represents the skin-homing dendritic epidermal T cells (DETCs), did not
(1-3) (Fig. 1D). Last, we performed a phenotypic analysis of the yd T cells that reside in the
small intestine (intestinal intraepithelial lymphocytes or ilELs) and detected minimal Blk
expression in either the DN or CD8oa*yd ilEL subset (Fig. 1E). Together, these data indicated
that Blk expression in mature yd T cells is restricted to Vy4* and Vy6*yd T cell subsets.

If Blk were to contribute to the signaling proficiency of the ydTCR, then we would expect the
expression level of Blk in v lineage cells to be comparable to that of the T cell-specific SFK
Lck. To test this, we measured the protein concentrations of Blk and Lck in purified yd
thymocytes by quantitative Western blot analysis using His-tagged Blk and Lck as protein
standards (Fig. 1F). We found that yo thymocytes expressed approximately 4-fold more Blk
(~80,000 molecules per cell) than Lck (~20,000 molecules per cell) (Fig. 1G). Because flow
cytometric analysis showed that the peripheral BIk* y8 T cell subset expresses 2.5-fold more
Blk than yd thymocytes (Fig. 1B), we estimate that these yo T cells express ~200,000 molecules
of Blk per cell. This amount is even more striking given that LN y3 T cells express significantly
less Lck and Fyn than 6 thymocytes (18). These data indicated that BIK is the predominant
SFK expressed in y8 thymocytes and in the mature Blk* y8 T cell subset.

Blk is expressed in thymic precursors

Given the relatively high expression levels of BIk in y3 thymocytes, we sought to determine
whether its expression is induced or upregulated as a consequence of commitment to the y3
lineage. Using the i.c. flow cytometric assay, we found that BIK is expressed in immature DN
thymocytes, which contain precursors with the potential to develop into off or y3 lineage cells
(28), but at lower levels than those detected in yd thymocytes (Fig. 1B and data not shown).
When the immature DN thymocyte population was subdivided into four populations based on
expression of CD44 and CD25 (29), we found that BIK is highly expressed in DN1 and DN2
thymocytes, slightly downregulated in DN3 thymocytes, and virtually absent in DN4
thymocytes (Fig. 2A). Notably, this expression pattern contrasted with those of Lck and Fyn,
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whose expression is maintained at relatively high levels throughout the DN4 stage (Fig. 2A).
Because the divergence of af and v lineages has been shown to occur at the DN2 stage and,
to a lesser extent, the DN3 stage (30) and because DN4 thymocytes represent immature of3
lineage cells transitioning to the DP stage (31), these findings demonstrated that BIK is
expressed in thymic progenitors, and following af/yd lineage choice, its expression is
upregulated in yd lineage cells but downregulated in of lineage cells.

Blk-deficiency affects the early stages of T cell development

The expression of Blk at the earliest DN1 stage prompted us to evaluate BIk expression in
defined precursor populations, such as early thymic progenitors (ETPs), common lymphoid
progenitors (CLPs), and lineage-negative Sca-1* c-Kit* cells (LSKs). Strikingly, all of these
precursor populations expressed Blk and at relatively high levels (Fig. 2B, 2C, 2D). To
determine the significance of BIk expression in T cell progenitors, we analyzed T cell
development in various aged BIk*/* (B6) and BIk~ mice. During ontogeny, we found that the
cellularity of the BIK™/~ thymus did not reach wild-type numbers until 4 wks of age, whereas
the cellularity of Blk/~ LNs did not reach wild-type numbers until 5 wks of age (Fig. 3A).
Since the most significant difference in thymus cellularity was observed between 3-wk-old
BIk** and BIk~ mice, we chose this age to perform a more detailed analysis of T cell
development.

Notably, we observed significant decreases in both the percentage and number of DP
thymocytes in 3-wk-old BIk/~ mice compared to age-matched BlIk*/* mice (Fig. 3B and data
not shown). This phenotype contrasts with the one observed at 6 wks of age, when T cell
development has reached steady state levels, in that we did not detect any differences in the
percentage and number of DN, DP and SP thymocytes between Blk** and BIk/~ mice (data
not shown). The reduction in the number of DP thymocytes in young BIk/~ mice was not to
due to a defect in the maturation of the DN subsets, as no appreciable difference was observed
between the two genotypes in the relative frequency of each DN subset (Fig. 3B). However,
when we compared the proliferation status of the DN subsets in Blk** and BIk~/~ thymuses
by measuring expression of the Ki-67 proliferation marker, we found that all Bk~ DN subsets
underwent significantly less proliferation than their wild-type counterparts (Fig. 3C). In
addition, there was a significant reduction in the percentage and number of ETPs (c-Kithi DN1
thymocytes) in BIk~/~ mice relative to BIk*'* mice (Fig. 3D, 3E). It is interesting to note that
we detected a significant population of cells in the BIk = DN1 subset that were c-Kit'° (Fig.
3D). The surface phenotype of these cells is similar to that of DN1c cells, which have been
shown to have T lineage potential but to exhibit a low proliferative capacity (32). Together,
these data demonstrated that Blk controls the frequency of the different thymic progenitors as
well as the proliferative capacity of immature DN thymocytes.

To determine whether the defects in the early stages of T cell development that were observed
in young BIk™/~ mice are due to the loss of BIk in thymic precursors, we generated BM
chimeras, in which BM from BIk ™~ (CD45.2*) or BIk*/* (CD45.2*) mice were mixed ina 1:1
ratio with B6-CD45.1* BM and then injected into lethally irradiated B6-CD45.1" hosts. Three
weeks after transplantation, we found that, in comparison to Blk*/*-origin precursors, BIk/—-
origin precursors did not compete as well against B6-CD45.1-origin precursors in repopulating
the thymus (Fig. 4A). In addition, the CD4 versus CD8 staining profile of the BIk~-origin
thymocytes in the chimeras mirrored that of 3-wk-old intact BIk~ mice (Fig. 3B, 4C).
Together, these findings indicated that the T cell developmental defects observed in BIk 7/~
mice are cell intrinsic.

J Immunol. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

Blk is not required for commitment to the y& T cell lineage

The differential expression of Blk between committed o and yd lineage cells in the thymus
suggested that it plays arole in y3 T cell commitment and/or development. To investigate this,
we assessed y5 T cell development in various aged Blk*/* and BIk/~ mice. At 3 wks of age,
we found that the percentages of DN TCRy&™* cells in the thymus and periphery are comparable
between BIk*/* and BIk '~ mice, but their absolute numbers are decreased due to the reduction
in thymus and LN cellularity (Fig. 5A, 5C). By 6 wks of age, however, no differences were
observed between Blk*/* and BIk~ mice in the percentage or number of thymic and LN y8 T
cells (data not shown). Even though these data suggested that BIk is not required for
commitment to the v lineage, we took another approach, by mating a ydTCR transgene onto
the Bk~ background, to determine whether fixing the specificity of the ySTCR uncovered a
requirement for BIk in y6 lineage commitment. Using the ydTCR Tg system, we found that
loss of Bk has no effect on af3/yd lineage choice nor on the generation of mature y5 T cells
(Fig. 6A, 6B and 6C). Interestingly, despite the presence of wild-type numbers of thymic and
peripheral v T cells in ySTCR Tg Blk 7/~ mice, the phenotype of these cells was altered
compared to v T cells from ySTCR Tg BIk** mice, in that their CD5 levels were significantly
increased while their CD3 levels were significantly decreased (Fig. 6D). Because CD5 levels
directly correlate with TCR signal strength (33), these results suggested that, in the absence of
BIKk, ydTCR signal strength is augmented.

Blk is required for the development of IL-17-producing y8 T cell effectors

Although the total numbers of peripheral y5 T cells in BIk~/~and BIk*/* mice were comparable,
it is conceivable that the relative percentages of specific yd T cell subsets, such as those
expressing high levels of Blk, are reduced in BIk~'~ mice. To test this, we examined the Viy
usage of DN y8TCR™ cells from the fetal thymus and adult LNs by flow cytometric analysis
using various Vy-specific mAbs. We found that the number of Vy5~ v thymocytes are
significantly reduced in BIK™/~ E17 fetuses compared to BIk** E17 fetuses (Fig. 5A, 5B).
Likewise, there were significantly fewer Viy4*y3 T cells in the LNs of BIk~/~ mice than in the
LNs of Blk** mice (Fig. 5D, 5E). Together, these findings demonstrated that Blk-deficiency
results in a selective loss of cells within the Vy4* and Vy6*y3 T cell subsets.

We reasoned that the changes in ySTCR repertoire observed in BIk~/~ mice may affect y& T
cell effector function. Because vy T cells from the Vy6/V31 ydTCR Tg mouse have the ability
to acquire different effector fates (18), which match those reported for this yd T subset following
activation in vivo (34), we used our ydTCR Tg system to assess the effects of Blk-deficiency
on yd T cell effector function. To this end, we examined cytokine production by vy T cells
following TCR activation and found that the percentage of stimulated yd T cells producing
IL-17 is drastically reduced in ySTCR Tg Blk~ mice compared to ySTCR Tg BIk*/* mice
(Fig. 7A). In contrast, the percentages of stimulated BIk /= y5 T cells producing IFNy and/or
TNFa were comparable to those of stimulated BIk*/* y& T cells (Fig. 7A), suggesting that there
is a selective loss of 1L-17-producing 5 effectors in ydTCR Tg BIk/~ mice.

To investigate this further, we first determined whether Blk is differentially expressed in IL-17-
producing and IFNy-producing yd T cells. It has recently been shown that expression of CCR6
and IL-23R marks yd T cells of the IL-17 effector fate (15,35-37) and expression of CD27 and
CD122 marks those of the IFNy effector fate (38,39). Using our i.c. flow cytometric assay, we
found that CCR6* DN y§TCR™ cells, in both the thymus and LN, express relatively high levels
of BIk, whereas thymic and peripheral CD27* DN y§TCR* cells express relatively low levels
of Blk (Fig. 7B). These data demonstrated that Blk is preferentially expressed in IL-17-
producing vé T cells.
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We next quantified potential IL-17-producing y5 effectors in yd TCR Tg Blk ™/~ mice and found
a significant decrease (5 to 8-fold) in the number of CCR6* y§ T cells in both the thymus and
LN of y8TCR Tg BIk '~ mice relative to ydTCR Tg BIk** mice (Fig. 7C). These findings
indicated that, in the absence of BIk, Vy6* y6TCR Tg IL-17 effectors fail to develop. Moreover,
because Vy6™" fetal thymocytes in non-ydTCR Tg mice are monoclonal (3) and because we
observed a loss in the number of VY5~ fetal thymocytes in non-ydTCR Tg BIk '~ mice, our
results suggested that Blk is required for the generation of \Vy6* fetal thymocytes developing
along the IL-17 effector fate pathway.

In wild-type mice, IL-17-producers are found primarily within the Vy6* and Vy4* y3 T cell
subsets (40-42). Notably, while Vy6™ T cells are only generated in the fetal thymus, Vy4*y§
T cells are generated in the late fetal and adult thymus (3). Because of this difference in the
timing of their development, we sought to determine whether loss of Blk affects the
development of IL-17-producing y8 T cells that arise in the postnatal thymus. Analysis of 4-
wk-old BIk*"* and BIk ™/~ I1L-23R-GFP.KI mice revealed a significant decrease in both the
percentage and number of IL-23R* y5 thymocytes (which are GFP* in IL-23R-GFP.KI mice)
in Blk~~ mice compared to BIk*/* mice (Fig. 7D). Accordingly, significantly fewer IL-23R*
v T cells were detected in the LNs of BIk 7/~ IL-23R-GFP.KI mice than in the LNs of
BIk*/* IL-23R-GFP.KI mice (Fig. 7D). These findings indicated that the IL-17 v5 effectors
that are generated postnatally require Blk for their development. However, because a small
population of IL-23R*y5 T cells can still be detected in BIk '~ mice, these results also suggested
that there are differences between subsets of IL-17 y3 effectors in the molecular requirements
for their development.

DISCUSSION

Many groups have used transcriptional profiling to gain a better understanding of the genetic
programs involved in yd T cell development and function. Likewise, we have used a genetic
approach to identify signaling molecules that are expressed in yd T cells but not af T cells as
ameansto elucidate the molecular basis for the enhanced signaling ability of the ydTCR. Global
gene expression analysis identified Blk as a signaling molecule preferentially expressed in
vd T cells; however, subsequent analysis demonstrated that its expression in yd T lineage cells
does not provide a molecular mechanism by which the ydTCR can signal better than the
aBfTCR. Instead, this study revealed that Blk plays unanticipated roles in T lymphopoiesis and
in the development of I1L-17-producing yd T cell effectors.

It is not surprising that we identified a gene involved in the generation of IL-17 producing vy
T cells, as our strategy was to compare the transcriptional profile of yd T cells with that of
CD8*af T cells, which are programmed to produce IFNy during an immune response. What
is surprising is that we identified Blk, an SFK whose expression was reported to be restricted
to B lineage cells (13). It is interesting to note that, in humans, BIk is expressed in thymocytes,
indicating that its expression is not limited to B cells (43). In this study, we show that murine
Blk is expressed in progenitor populations from both the BM and thymus, in immature DN
thymocytes, in yd thymocytes, and in a small subset of mature y3 T cells that have the potential
to produce IL-17. Therefore, Blk has a much broader expression pattern than previously
reported.

BIk, because of its expression in T cell precursors, plays arole in controlling thymus cellularity.
Remarkably, this requirement for BIk activity is most evident when T cell development has
not reached equilibrium, such as during the postnatal period or during thymic reconstitution
following BM transfer into irradiated recipients. Notably, in young (2 to 4-wk-old) BIk '~ mice,
the decrease in thymus cellularity results in lower thymic output, as evidenced by the reduction
in the number of mature T cells in BIk /- mice compared to age-matched BIk*/* mice. However,
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by 6 wks of age, we observed no difference between BIk*/* and BIk '~ mice in the total numbers
of thymocytes or mature T cells. As this is the age at which BIk 7/~ mice were initially analyzed
(14), this may explain why these authors did not observe any defects in T cell development.

One way that Blk regulates thymus cellularity is by controlling proliferation. Notably, we found
that, in the absence of Blk, all DN thymocytes exhibited reduced proliferation, with those in
the DN4 subset displaying the greatest reduction. Remarkably, in wild-type mice, this is the
only DN subset that does not express BIk. To explain this apparent paradox, we propose that
Blk acts in a signaling pathway that not only induces proliferation but also regulates the cell’s
fitness to respond to proliferative stimuli. Candidate receptor signaling pathways include those
of IL-7R, c-Kit and Hedgehog, all of which have been shown to activate SFKs (44-47) and to
be involved in thymocyte proliferation (48-51).

TCR signal strength plays a role in determining whether an immature thymocyte chooses the
af or yd lineage fate. Specifically, it has been shown, using ydTCR Tg mice, that a strong
yOTCR signal favors commitment to the yd lineage, while a weak ydTCR signal favors
commitment to the of3 lineage (52,53). Paradoxically, although the thymic and peripheral v
T cells in y8TCR Tg BIk'~ mice had all the earmarks of cells that have received a strong TCR
signal, af/yd lineage commitment was not affected, as evidenced by the comparable numbers
ofaf and 3 lineage cells in the thymuses of ySTCR Tg BIk~ and y5TCR Tg BIk*/* mice.
This is in contrast with the results of previous studies, in which augmenting y6TCR signal
strength consistently resulted in fewer af lineage cells (18,52,53). An explanation for these
findings is that TCR-induced Blk activity is not required at the stage when af/yé lineage
commitment occurs but instead is required at a later developmental stage, after adoption of the
vd lineage fate.

The differential expression of Blk between y3 thymocytes destined to produce IL-17 and those
destined to produce IFNy suggests that CD27 (38) and/or strong TCR signaling (39,54), both
of which are required for the development of IFNy-effectors, downregulate Blk expression.
Moreover, Blk expression is retained in mature I1L-17 y3 effectors. This retention suggests that
Blk enforces the IL-17 effector differentiation program that was established in the thymus, and
may explain why cytokine production by the different y5 T cell effectors remains stable both
in vitro and in vivo (38).

We also noted that Vy6™y8 T cells with the potential to produce IL-17 are more dependent on
Blk for their development then ones bearing other VVy gene segments. Moreover, this difference
in their requirement for Blk may reflect a divergence in their respective developmental
pathways, and suggests that there may be differences in their surface phenotype and functional
ability.

The mechanism(s) underlying the role of Blk in IL-17 effector cell generation are currently
unknown. One possible mechanism is that Blk acts in a signaling pathway that initiates the
genetic program for IL-17-producing y3 T cells. However, preliminary studies reveal that
IL-23R* y& T cells from BIk~ mice express Rorc and produce IL-17 following TCR
stimulation (data not shown). Another mechanism by which Blk may mediate development of
IL-17-producing yd T cells is by regulating the ydTCR signaling threshold. In a recent study
(39), it was shown that IL-17-producing yd T cells develop in the absence of natural ligand,
suggesting that TCR engagement is not required for their generation. However, under normal
conditions, IL-17-producing yo T cells do develop in the presence of ligand (39). Because it is
unlikely that y5 thymocytes can avoid ligand encounter in a wild-type thymus, we propose that
there are ligands with different affinities for the ysTCR and that these ligands are expressed at
different levels within the thymus. Since BIK is a negative regulator of y6TCR signaling, it
would have an active role in establishing the ydTCR signaling threshold in y6 thymocytes. In
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this capacity, Blk may function to test the affinity/avidity of ydTCR-ligand interactions, in
order that signals delivered by low affinity/avidity interactions direct yd thymocytes to the
IL-17 effector fate and those delivered by high affinity/avidity interactions direct yd thymocytes

to

In

the IFNYy effector fate. Studies are underway to investigate this possibility.

summary, we have found that Blk is not only expressed in y8 T cells but is also required for

the development of wild-type numbers of IL-17-producing v6 T cells. The finding that B cells
and v8 T cells express BIk is quite intriguing, especially in light of the hypothesis that y6 T
cells may be the primordial Ag receptor-bearing lymphocyte (55). Thus, the discovery of Blk
expression in v lineage cells has broader implications in regards to the evolution of Ag
receptor-coupled signal transduction.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Blk is expressed in yd lineage cells. A, Quantitative real-time RT-PCR analysis of the relative
transcript levels of Blk and Lyn in DN 8 T cells purified from ysTCR Tg mice and in CD8*
af T cells, CD4*ap T cells, and CD19* B cells purified from B6 mice. Data were normalized
to Gapdh transcript levels and are presented as fold change over B cells (set to 1). Bars represent
mean + SEM of at least 3 samples of each lymphocyte population. **p<0.01. B, Black
histograms show representative staining of the intracellular (i.c.) levels of Blk in gated
populations of thymic and peripheral v lineage cells from y6TCR Tg, B6, TCRB ™~ and
Lck/~Fyn~'~ mice. DP thymocytes (dark shaded histogram) and splenic B cells (light shaded
histogram) are shown as negative and positive controls, respectively. C, Black histograms show
representative staining of the i.c. levels of Blk in gated populations of Vy1* and Vy4*y3 T cells
from the LNs of B6 mice. DP thymocytes (dark shaded histogram) are shown as a negative
control. D, Black histograms show representative staining of the i.c. levels of Blk in gated
populations of Vy5* and VVy5~ thymocytes from B6 embryonic day 17 (E17) fetuses. DP
thymocytes (dark shaded histogram) are shown as a negative control. E, Black histograms show
representative staining of the i.c. levels of Blk in gated populations of DN and
CD8aa™ydTCR* ilELs from B6 mice. DP thymocytes (dark shaded histogram) are shown as
a negative control. F, Serial dilutions of cleared lysates from a known number of DN 3
thymocytes were resolved by SDS-PAGE in parallel with serial dilutions of known amounts
of recombinant His-tagged BIk or Lck, transferred to a PVDF membrane, and immunoblotted
with anti-BIk, Lck or B-actin Abs. Data are representative of four independent experiments.
G, Mean number of Blk and Lck molecules per DN yé thymocytes. #p<0.001.
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FIGURE 2.

BlK is expressed in thymic and BM progenitor cells. A, Black histograms show representative
staining of the i.c. levels of BIk, Lck, and Fyn in gated DN1 (Lin~ CD25~ CD44%), DN2
(Lin~ CD25* CD44%), DN3 (Lin~ CD25" CD447), DN4 (Lin~ CD25~ CD44") thymocyte
populations from TCRa ™/~ mice. Lin~ is defined as CD4~ CD8~ CD11b~ TCRP ~ TCRy&~
CD19~ NK1.17 IAP~ TER-119" Ly6-G/Ly6-C~. Dark shaded histograms represent negative
staining controls (DP thymocytes for i.c. Blk staining, Lck ™/~ thymocytes for i.c. Lck staining,
and Fyn~/~ thymocytes for i.c. Fyn staining). Light shaded histograms represent positive
staining controls (splenic B cells for i.c. Blk staining and mature CD4* T cells for both i.c. Lck
and Fyn staining). B, Black histograms show representative staining of the i.c. levels of Blk in
Linv~ Sca-1* c-Kith (LSK) progenitors from B6 BM. DP thymocytes (dark shaded histogram)
are shown as a negative control. C, Black histograms show representative staining of the i.c.
levels of Blk in Lin~ Sca-1!° c-Kit! cells or common lymphoid progenitors (CLPs) from B6
BM. DP thymocytes (dark shaded histogram) are shown as a negative control. D, Black
histograms show representative staining of the i.c. levels of Blk in lin™ CD25~ CD44" c-Kit*
thymocytes or early thymic progenitors (ETPs) from TCRa ™/~ thymus. DP thymocytes (dark
shaded histogram) are shown as a negative control.

J Immunol. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Laird et al.

Page 16

Blk+"* Blk”
2183+ 155  139.3+10.8

Number of cells (x 106)

# of cells (x 10%)

oNn b~ O ®

ETPs

FIGURE 3.

Effects of Blk-deficiency on T cell development. A, Cellularity of the thymus and LNs of
BIk** (+) and BIk™~ (v) mice plotted as a function of age. Mean cell number + SEM from 3
to 10 mice are shown for each age. *p<0.05, **p<0.01, #p<0.001. B, Phenotypic analysis of
thymocytes from 3-wk-old BIk** and Blk~/~ mice. Top panel: Dot plots show representative
CD4 versus CD8 staining profiles of total thymocytes. Bottom panel: Dot plots show
representative CD44 versus CD25 staining on gated Lin™ thymocytes, where Lin™ is defined
as in Fig. 2A. Numbers in quadrants represent percentage of cells in each quadrant. The mean
thymus cell number + SEM for each genotype are displayed above the two-color plots. C,
Effect of Blk-deficiency at 3 wks of age on the proliferative capacity of the four DN subsets.
Bars represent the mean percentage of Ki-67" cells = SEM from at least 3 mice per genotype.
#p<0.001. E, Dot plots show representative CD44 versus CD117 (c-Kit) staining profiles on
gated Lin~ CD25-CD44* (DN1) thymocytes from 3-wk-old Blk*/* and BIk '~ mice. Numbers
represent percentages of ETPs. F, Comparison of the number of ETPs in 3-wk-old BlIk*/* and
BIk~~ mice. The mean number of ETPs + SEM from 3 mice are shown. *p<0.05.
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FIGURE 4.

Defects in T cell development in BIk'~ mice are cell intrinsic. A, Degree of chimerism in the
thymus of BIk*/*:CD45.1 and BIk/~:CD45.1 mixed BM chimeras. Bars represent the
percentages of CD45.2* thymocytes + SEM in Blk*/*:CD45.1 chimeras (n=4) and
Blk/~:CD45.1 chimeras (n=3). *p<0.05. B, Phenotypic analysis of thymocytes from
BIk*/*:CD45.1 mixed BM chimeras. Two-color plots show expression of CD4 versus CD8 on
total and on gated CD45.2* and CD45.1* thymocytes. Numbers in quadrants of the two-color
plots represent the percentage of cells in each quadrant. C, Phenotypic analysis of thymocytes
from Blk/—:CD45.1 mixed BM chimeras. Two-color plots show expression of CD4 versus
CD8 on total and on gated CD45.2* and CD45.1* thymocytes. Numbers in quadrants of the
two-color plots represent the percentage of cells in each quadrant.
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FIGURE 5.

Effects of Blk-deficiency on y3 T cell development. A. Phenotypic analysis of yo lineage cells
in BIk*’* and BIk~/~ mice. Left panel: Dot plots show representative \/y5 versus CD3 staining
profiles on gated DN thymocytes from E17 Blk*/* and BIk '~ fetuses. Right panel: Dot plots
show representative TCRyd versus CD3 staining on total thymocytes and LN cells from 3-wk-
old BIk*’* and Blk~~ mice. Numbers represent percentage of cells in each gate. B,
Quantification of Vy5* and \Vy5~ fetal thymocytes in E17 BIk*/* and BIk '~ fetuses. Bars
represent mean + SEM of at least 8 thymic lobes per genotype. #p<0.001. C, Quantification of
DN TCRy3* cells in the thymus and LN of 3-wk-old BIk*/* and BIk "~ mice. Bars represent
mean + SEM of 9 to 10 mice per genotype. *p<0.05, #p<0.001. D, Percentage of Vy1* and
Vy4* cellsin gated DN TCRy8* LN cells from 3-wk-old Blk*/* and BIk '~ mice. Bars represent
mean = SEM of 5 mice per genotype. #p<0.001. E, Percentage of Vy1* and Vy4* cells in gated
DN TCRy3* LN cells from 6-wk-old BIk** and BIk /- mice. Bars represent mean + SEM of
3 mice per genotype. *p<0.05.
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FIGURE 6.

Effects of Blk-deficiency on T cell development in ydTCR Tg mice. A, Phenotypic analysis of
4 to 6-wk-old ySTCR Tg Blk/~ and y8TCR Tg BIk** mice. Dot plots show representative
CD4 versus CD8 staining profiles on total thymocytes. Numbers in quadrants of the two-color
plots represent the percentage of cells in each quadrant. Adjacent dot plots show representative
TCRyd versus CD3 staining on DN thymocytes and LN cells. Numbers represent percentage
of cells in each gate. B, Mean number + SEM of DN (DN TCRy&*; v3 lineage) and DP (af
lineage) thymocytes in ydTCR Tg Blk/~ and ysTCR Tg BIk*/* mice. Data represent 5 mice
per genotype. C, Mean number + SEM of DN 8 T cells in the LNs of ydTCR Tg BIk/~ and
y8TCR Tg BIk** mice. Data represent 5 mice per genotype. D, Comparison of CD5 and CD3
surface levels on DN TCRy&™ cells in the thymus and LNs of y§TCR Tg BIk/~ and ySTCR
Tg BIk*/* mice. Data are representative of 4 mice per genotype.
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FIGURE 7.

Effects of Blk-deficiency on yd T cell effector function. A, Comparison of IL-17 versus

IFNy production and IFNy versus TNFa production by DN ySTCR* LN cells from ydTCR Tg
Blk~ and ySTCR Tg Blk*/* mice. LN cells from the two genotypes were in vitro stimulated
with 1 pg/ml of immobilized anti-CD3 mAb (2C11) or 5 pg/ml of immobilized hamster 1gG.
48 h later, cells were harvested and cytokine production was assayed by i.c. flow cytometric
analysis. Dot plots show representative i.c. staining for gated DN y§TCR™ cells. Numbers in
the quadrants represent percentage of cells in that quadrant. Data shown are representative of
6 mice per genotype. B, Histogram showing representative i.c. Bk staining on gated CCR6"*
(black histogram) and CD27* (dashed dark gray histogram) DN y8TCR* cells in the thymus
and LN of BIk** mice. Total y& thymocytes (light shaded histogram) are shown as a staining
control in the left histogram and B cells (light shaded histogram) are shown as a staining control
in the right histogram. C, Dot plots showing representative CD44 versus CCR6 staining on
DN y3TCR™ thymocytes and LN cells from ydTCR Tg BIk /= (n=4) and y5TCR Tg BIk*/*
(n=6) mice. Numbers represent percentage of cells in each gate. D, Histograms showing
representative 1L-23R (GFP*) staining on DN y8TCR™ thymocytes and LN cells from BIk/~
IL-23R-GFP.KI (n=3) and BIk*/* IL-23R-GFP.KI (n=5) mice. Numbers represent percentage
of cells in each marker.
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List of genes preferentially expressed in ex vivo DN y8 T cells compared to CD8* af T cells.

Table |

Gene Symbol | Fold Change?
TCRg constant region Terg-C 9.8
S100 calcium binding protein A6 5100a6 6.8
Ubiquitin specific peptidase 18 Usp18 6.8
S100 calcium binding protein A4 s100a4 6.5
Regulator of G-protein signaling 1 Rgsl 6.2
Tetraspanin 32 Tspan32 5.6
Placental protein 11 related Ppllr 55
Insulin-like growth factor binding protein 4 Igfbp4 5.4
Caspase 1 Caspl 51
Lymphocyte antigen 6 complex, locus A Ly6a 5.1
Niban protein Niban 49
B lymphoid kinase Blk 4.9
Leukocyte-associated Ig-like receptor 1 Lairl 4.8
Thyroid hormone receptor interactor 4 Trip4 4.8
Integrin beta 3 I1tgh3 4.7
Deltex 1 homolog Dtx1 4.7
SRY-box containing gene 13 Sox13 4.3
Regulator of G-protein signaling 2 Rgs2 3.9

aGene expression is shown as log-fold change in expression in DN y8 T cells versus CD8¥ ap T cells.
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