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ABSTRACT
The role of the Syk protein tyrosine kinase in T cell activation and

development

David Hwa-En Chu

The processes of T cell development and activation employ similar immature and mature
receptors as well as similar signal transduction pathways to achieve different outcomes.
Many signaling molecules are shared between the receptor signaling pathways, including
two families of cytoplasmic protein tyrosine kinases (PTKs), the Src family and the Syk
family. The two Syk family members expressed in T cells, Syk and ZAP-70, although
structurally similar, had previously been demonstrated to have different activation
requirements in heterologous systems. I was interested in determining the differences
between Syk and ZAP-70 in their regulation of expression and activity in the T cell lineage.
Specifically, I have demonstrated that Syk, but not ZAP-70, is capable of transducing a
TCR-mediated signal independently of CD45 or Lck, suggesting a coreceptor-independent
signaling role for Syk. Using an intracellular staining technique, I have detected elevated
Syk expression in pre-T cells and demonstrated a role for Syk in pre-TCR signaling.
Furthermore, I have observed an upregulation of Syk expression in a subpopulation of
peripheral T cells, suggesting that these cells may have a specialized role in T cells. The
overlapping and distinct characteristics of Syk and ZAP-70 in T cell signaling and the

potential biological importance of their differences are discussed.
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CHAPTER 1

THE SYK FAMILY OF PROTEIN TYROSINE KINASES IN T CELL
ACTIVATION AND DEVELOPMENT



Preface

In many processes of vertebrate development and signaling, gene family members provide
both overlapping and distinct functions. Because these molecules share many structural
similarities, they often share functional similarities as well. Despite overall similarities to
other members of their gene family, individual family members often retain certain unique
characteristics. For example, different gene family members can have slightly different
structures, resulting in altered interactions with regulators or effectors or in altered
enzymatic activities and specificities. Alternatively, the regulatory regions of the related
genes can diverge, resulting in family members that differ in function due to differential
expression, either spatially and/or temporally. The principle of overlapping and distinct
functions of gene families is commonly revealed in vertebrate studies, often discovered
during experiments with targeted gene disruption. Phenotypes of mutants are often masked
because of partial or complete compensatory functions provided by other gene family
members, complicating the study of the specific roles of individual family members. In
this introductory chapter, I review the processes of T cell development and activation, with
emphasis on the role of Syk family protein tyrosine kinases (PTKs) and their potential

similarities and differences in function.



T cell development and activation: common themes in signal transduction
T cell activation and development require signaling through very similar receptors, the T
cell antigen receptor (TCR) and the pre-TCR. T cell development requires the pre-TCR as
well as the mature TCR, whereas T cell activation uses the TCR exclusively. These two
receptor complexes employ many identical modular components as well as similar signal
transduction machinery. However, the pre-TCR and TCR use these similar means to
produce dramatically different outcomes. Signaling through the pre-TCR promotes T cell
maturation early in thymocyte development, whereas signaling through the mature TCR can
promote either death or maturation in developing thymocytes and proliferation and
differentiation of mature T cells. Critical parameters for the interpretation of information
through these receptors include the timing and nature of the signals received as well as
alterations in the balance of intracellular signaling molecules propagating these signals.
Because neither the pre-TCR nor TCR complexes has intrinsic enzymatic activity,

each relies on recruitment of cytoplasmic signaling molecules for propagation of a receptor

signal. Both the TCR and pre-TCR use the CD3 complex, composed of the , §, and €

chains, as well as the { chains, as their signal-transducing subunits (Figure 1) [reviewed in

(1); see also (2)]. These signaling subunits contain sequence motifs referred to as
immunoreceptor tyrosine-based activation motifs (ITAMs), which are repeats of tyrosines

and leucines spaced by six to eight amino acids (YXXLx 4 YXxL). This motif is present

once in each of the CD3 chains and three times in the { chain. It is also present in the

signal-transducing chains of many other lymphoid receptors, such as the B cell antigen
receptor (BCR) and the Fc receptors present on macrophages, and mast cells. Once
phosphorylated, these ITAM:s serve as docking sites for the recruitment of signaling
molecules via SH2 domains.

The other subunits within the pre-TCR and TCR complexes define receptor

specificity. The o and B chains of the mature TCR are ligand-binding modules composed



Figure 1. Schematic representations of the TCR and pre-TCR. The TCR chain pairs with

the CD3 chains v, 8, and &, and { chains as well as the TCRa chain (horizontal shading) in

- the mature TCR and with the CD3, {, and pre-Ta chains (pTa, diagonal shading) in the

pre-TCR.
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of somatically rearranged VDJ segments for the generation of diverse specificities. The o8

heterodimer recognizes antigenic peptides bound to major histocompatibility molecules

(MHC) displayed by antigen-presenting cells. The pre-TCR is quite similar, with the
exception that the invariant pre-Ta chain is substituted for the mature TCRa chain (3). A

ligand for the pre-TCR has not been identified, and recent evidence suggests that the cell-

surface expression of the pre-TCR is sufficient to send a signal leading to differentiation

(4). A subset of T cells, the ¥d T cells, use somatically rearranged ¥ heterodimers for

ligand-binding instead of of} heterodimers but are still complexed with the signal-

transducing subunits used by all T cells.

A sequential involvement of PTK families initiates signal transduction
Initial studies in T cell lines and heterologous cell transfection systems have provided a
model of signal transduction events following TCR engagement [reviewed in (1)]. Two
families of cytoplasmic PTKs are involved in the earliest steps of TCR and pre-TCR signal
transduction, the Src family PTKs Lck and Fyn, as well as the Syk family PTKs Syk and
ZAP-70 (Figure 2). These two kinase families act in a sequential fashion to transduce
receptor signals (Figure 3). Following receptor engagement, Lck, associated with the
coreceptors CD4 and CDS8, is clustered in proximity to the ITAMs within the TCR complex
facilitating Lck-mediated phosphorylation of the tyrosines. These phosphorylated ITAMs
then act as docking sites for the Syk family PTKs. Syk and/or ZAP-70 are recruited via
their tandem SH2 domains and are then phosphorylated by Src family PTKSs on their
regulatory loop tyrosines to activate the Syk family PTKs. Lck also appears to bind via its
SH2 domain to both Syk and ZAP-70 (S, 6). The activated PTKSs are then available to

phosphorylate such substrates as Cbl, SLP-76, Vav, PLCy, and LAT (7-12). These

further signal transduction events result in the activation of both calcium/calcineurin- and
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Figure 2. Two families of PTKSs are involved in TCR and pre-TCR signal transduction.
The Src family PTKs Lck and Fyn are composed of a unique domain (Unique) that
contains myristoylation and palmitoylation signals and the region of association with CD4
and CD8 coreceptors, an SH2 domain, an SH3 domain, and a kinase domain (Kinase). At
the carboxy-terminal end of the kinase domain is the negative regulatory tyrosine (Y)
characteristic of Src family PTKs. The Syk family PTKs Syk and ZAP-70 are composed
of two SH2 domains at the amino-terminus of the protein (SH2-N and SH2-C) with an
intervening interdomain A (IA). Note that a portion of the C-terminal SH2 domain is
necessary to complete the N-terminal SH2 domain phosphotyrosine-binding pocket. The
above regions of the Syk kinases are depicted as if bound to a phosphorylated ITAM (see
text). Following the SH2 domains is an extended interdomain B (IB) and kinase domain
(Kinase). Conserved tyrosine phosphorylation sites are indicated (see text). Amino acid

numbers refer to those of the human proteins (13, 14).
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Figure 3. A sequential model of TCR and pre-TCR signal transduction. Following
activation by CD45 and colocalization of the Src family PTKs Lck and Fyn to the receptor
complex, the Src family PTKSs phosphorylate ITAMs within the receptor complex. The
phosphorylated tyrosines within the ITAMs serve as docking sites for the Syk family
PTKSs. Syk and/or ZAP-70 are recruited via their tandem SH2 domains and then are
phosphorylated and activated by Src family PTKs. The activated PTKSs are then available

to phosphorylate downstream substrates.
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Ras-mediated signaling pathways which ultimately lead to the differentiation, proliferation,
or activation of developing thymocytes or mature T cells.

An earlier level of regulation of these PTKs in TCR signaling is at the level of Src

PTK activation. Src family PTKs contain a characteristic tyrosine at their C-terminal ends;
phosphorylation of this residue is thought to play a negative regulatory role via an
intramolecular association with SH2 and SH3 domains of the kinase (15, 16).
Phosphorylation of this site is regulated by two proteins, a transmembrane protein tyrosine
phosphatase (PTPase), CD45, and another PTK, Csk. Csk is a PTK that phosphorylates
the negative regulatory tyrosine at the C-terminal end of the Src family PTK (17). CD45
counters the activity of Csk and serves as an activator of Src family PTKSs such as Lck or
Fyn by dephosphorylating the same negative regulatory tyrosine (18, 19).

In T cell lines that lack CD45, both Lck and Fyn are hyperphosphorylated on their
negative regulatory tyrosines (16, 20-22). In the CD45-deficient cell line J45.01, the SH2
domain of the hyperphosphorylated Lck is inaccessible to a phosphopeptide that
encompasses the carboxy-terminal tyrosine of the negative regulatory site. These results
provided the first evidence that Lck in CD45-deficient cells is in an inactive conformation
(16). The crystal structures of Src and Hck have confirmed this model, demonstrating that
the C-terminal negative regulatory end of the kinase interacts with portions of the SH2 and
SH3 domains of the same kinase molecule (16, 23-25).

The inactivity of Src PTKSs caused by a deficiency in CD45 results in a failure of
CD45-deficient T cell lines to transduce signals in response to TCR stimulation (22, 26-
30). Furthermore, in mice that have a targeted disruption of the CD45 gene, most
thymocytes are arrested in their development, and those T cells that do develop are unable
to be stimulated through their TCR (31, 32).

In vivo experiments have validated this sequential model of PTK activation for

signaling by the mature TCR as well as the pre-TCR, with a notable discrepancy. That is,

some of the ITAMs of the TCR{ chain appear to be constitutively phosphorylated in ex

11




vivo T cells (33-35). Because of this phosphorylation, Syk family PTKs are found to be
associated with the receptor complex in unstimulated cells, although they are not
phosphorylated or activated (35-37). The molecular events that are responsible for this

observed difference are not clear, but the Src family kinase Lck is required for the in vivo

constitutive tyrosine phosphorylation of the { ITAMs within the receptor complexes (36).

Despite this difference in the phosphorylation state of the unstimulated receptor complex,
once the receptor is activated, the Syk family PTKSs still become tyrosine phosphorylated
and function as critical mediators of TCR signaling.

Syk and ZAP-70: variations on a structure

Although both Syk and ZAP-70 can be activated following TCR stimulation, the precise
roles that these structurally related PTKs play is not well-defined. Very often, structure-
function studies of regions of homology in gene family members support similar functional
roles for conserved domains and residues, and this observation appears to be true for the
Syk family PTKs. The presumed functions for each domain of these kinases, comparing

Syk and ZAP-70 structures and function, will be reviewed.

SH2 domains

Syk and ZAP-70 are both composed of two tandem amino-terminal SH2 domains followed
by an extended interdomain region before the kinase domain (Figure 2; see also Chapter 5,
Figure 1) (13, 14). Overall, these two PTKSs share greater than 50% sequence identity.
The SH2 domains of the two kinases are quite similar, with 56% sequence similarity. The
most distinctive aspect of the tandem SH2 domains present in this family of PTKs is that
they bind to their targets in the TCR/CD3 complex in a cooperative manner (38-41). The
molecular basis of this cooperativity for ZAP-70 has been established with the
crystallization of its tandem SH2 domains complexed with a phosphorylated ITAM peptide
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from the TCRE chain (39). The N-terminal SH2 domain appears to be incomplete and

requires amino acid contributions from the C-terminal SH2 domain to help complete the
phosphotyrosine-binding pocket (Figure 2; see also Chapter 5, Figure 1) (38, 39). The
critical sequences are conserved in Syk, including many of the residues implicated in
interactions either with the phosphorylated ITAM or with the other SH2 domains (Chapter
S, Figure 1) (14, 39). Cooperative binding of the Syk SH2 domains to phosphorylated
ITAM:s has been demonstrated, and although the structure of the tandem SH2 domains of
Syk has not been solved, it is possible that a portion of the C-terminal SH2 domain may
contribute to the structure of the N-terminal SH2 domain phosphotyrosine binding pocket
(40, 41).

Interdomain A

Between the SH2 domains is an extended sequence referred to as interdomain A. Notably,
this sequence is the most highly conserved region between the two PTKs, with greater than
65% of the amino acids identical between Syk and ZAP-70 (Chapter 5, Figure 1). In ZAP-
70, this sequence forms a coiled-coil structure that is thought to stabilize the interaction of
the C-terminal SH2 domain with the N-terminal SH2 domain (39). One study using anti-
peptide antisera specific for interdomain A showed a difference in reactivity depending on
whether or not ZAP-70 molecules were bound to phosphorylated ITAMs, suggesting that
ITAM binding may induce a conformational change in the structure of this domain (42).
Furthermore, these antisera reacted poorly to full-length ZAP-70 compared to the SH2
domains expressed alone, providing evidence that the conformation of interdomain A is
also under constraints imposed by regions C-terminal to the SH2 domains (42). A
conserved tyrosine residue, Y130 in Syk and Y126 in ZAP-70, may be an important
regulator of the stabilizing effect of interdomain A on the tandem SH2 domain structure

(Figure 2) (43). This tyrosine has been demonstrated to be an in vitro autophosphorylation
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site in Syk (43, 44). From the ZAP-70 tandem SH2 domain/{ peptide crystal structure,

this residue appears to be at the tip of the coiled-coil domain, which would be solvent-
exposed and accessible (39). Furthermore, mutation of this tyrosine to phenylalanine or
glutamic acid affects the activation and receptor-binding of Syk, suggesting that this site of
phosphorylation may influence the conformation of the coiled-coil structure, thereby
regulating the binding of the SH2 domains to the phosphorylated ITAM (43). Given the
conservation and location of this residue, this residue may play a similarly important
functional role in ZAP-70.

Structurally, the SH2 domains of Syk and ZAP-70, and the region between them,
appear to be conserved. The function of the SH2 domains in these PTKs, namely to allow
the kinases to bind to phosphorylated receptor complexes, is conserved as well. Multiple
groups have demonstrated that the tandem SH2 domains of Syk and ZAP-70 bind to
phosphorylated ITAMs from both TCR- and BCR-associated signaling chains. These SH2
domain affinities have been measured by surface plasmon resonance, indicating that Syk

and ZAP-70 SH2 domains have similar affinities for phosphorylated ITAMs, between 10-
50 nM (41, 45, 46). Insertion of alanine or non-peptidyl y-amino butyric acid spacers
between the YxxL/I motifs within an ITAM has demonstrated that the correct spatial

separation between the YxxL/I repeats is critical for efficient binding of Syk or ZAP-70
SH2 domains (41, 45). This finding is consistent with the crystal structure of the complex

which suggests that the extended £ chain ITAM is a driving force in bringing the SH2

domains together (39).

Interdomain B
Following the SH2 domains and preceding the kinase domain of Syk or ZAP-70 is an
extended sequence termed interdomain B that is important in regulating the kinase activity

of these proteins. These interdomain regions of Syk and ZAP-70 show about 30%
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sequence identity, including a number of tyrosines that appear to be phosphorylated (Figure
2; see also Chapter 5, Figure 1) (47). An obvious difference between Syk and ZAP-70 in
this region is the insertion of a 23 amino acid sequence in the Syk interdomain region that is
not present in the ZAP-70 molecule (Figure 2; see also Chapter 5, Figure 1). Nevertheless,
many of the sites of tyrosine phosphorylation that are present in this interdomain region are
conserved and may serve the same functions in both molecules (Figure 2). One of these
sites appears to be a positive regulatory site, Y315 in ZAP-70, which corresponds to Y348
in Syk. When phosphorylated, Y315 in ZAP-70 binds to the SH2 domain of Vav, a Rho-
family guanine nucleotide exchange factor and one of the tyrosine phosphorylated
substrates following TCR stimulation (8). Mutation of this tyrosine to phenylalanine
results in decreased Vav association with ZAP-70, as well as the diminished
phosphorylation of ZAP-70 and Vav (8). The corresponding tyrosine in Syk, Y348, has
been identified as a binding site for Vav in a yeast two-hybrid system and confirmed in cell
culture (9). Mutation of this tyrosine also results in the loss of Vav phosphorylation and
Vav association with Syk. In Syk, Y348 has been demonstrated to be a site of
autophosphorylation (9, 44). Recent work suggests that Y315 of ZAP-70 is also an in

vivo site of phosphorylation (V. Di Bartolo and O. Acuto, submitted). Mutation of this site
results in decreased receptor signaling, confirming the biological importance of this
conserved tyrosine.

Another tyrosine within the interdomain region also appears to be an important
positive regulatory site for Syk and ZAP-70 function. Mutation of ZAP-70 Y319, which is
another in vivo autophosphorylation site, results in a dramatic decrease in activation-
induced phosphorylation and catalytic activity of the kinase, in phosphorylation of
downstream substrates, and ultimately in IL-2 production (V. Di Bartolo and O. Acuto,
submitted). In Syk, Y352, which corresponds to Y319 in ZAP-70, has been shown to be
a site of autophosphorylation (44). One possible role for this site is the recruitment of the

Lck SH2 domain: Lck has been shown to form a stable complex with ZAP-70 and Syk
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following TCR stimulation (5, 6). Alternatively, both Y348 and Y352 in Syk have been

suggested to be essential for the binding of the C-terminal SH2 domain of PLCyl1 (11).

Similarly, mutation of Y319 in ZAP-70 results in a decreased association with PLCyl upon

treatment of Jurkat T cells with pervanadate (B. Williams and R. Abraham, personal
communication). Thus, it appears as if these conserved tyrosines in Syk and ZAP-70 may
serve as docking sites for other signal-transducing proteins.

Whereas Y315 and Y319 appear to be positive regulatory sites in ZAP-70, Y292,
one of its autophosphorylation sites, appears to be a conserved negative regulatory site.
The corresponding site is Y323 in Syk. Mutation of this tyrosine results in an activated
form of the ZAP-70 kinase (47-49). Biochemical evidence suggests that Cbl binds to ZAP-
70 at this Y292 negative regulatory site (10, 50, 51). Cbl, via a novel N-terminal PTB
domain, has been shown to bind to both Syk and ZAP-70 and is thought to act as a
negative regulator of receptor signal transduction (10, 50-53). Consistent with this model,
binding studies have demonstrated Y323 in Syk to be necessary for the interaction of Syk
with Cbl (10). However, the functional effect of mutation of this site in Syk has yet to be
addressed. ZAP-70 and Syk may therefore be controlled by a balance between negative
regulation via Y292/Y323 and positive regulation via Y315/Y348 and Y319/Y352.
Interestingly, deletion of the entire interdomain B in ZAP-70, removing both the positive
and negative regulatory sites, results in an activated form of ZAP-70, suggesting that the

negative regulatory function is the dominant role of this region (Q. Zhao and A. Weiss, in

press?).

Kinase domain
Overall, the kinase domains of Syk and ZAP-70 are very similar, about 60% identical

(Chapter 5, Figure 1). Conserved regulatory sites are found within the activation loop of
the kinase domain, Y492/Y493 in ZAP-70 and Y525/Y526 in Syk. These are sites for
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tyrosine phosphorylation by Lck and for autophosphorylation in the case of Syk (44, 54).
In ZAP-70, Y492 has been shown to be a negative regulatory site, whereas Y493 is a
positive regulatory site required for ZAP-70 kinase activity (54, 55). Mutation of both
Y525 and Y526 to phenylalanine eliminates Syk activity, indicating that these tyrosines are
critical for Syk function (40).

These biochemical and structural similarities between Syk and ZAP-70 suggest
overall functional similarities, and in fact, Syk and ZAP-70 seem to be interchangeable in
numerous situations. Both kinases are able to restore antigen receptor signaling in a Syk-
deficient chicken B cell line (49, 56). Furthermore, as will be discussed below, expression
of Syk can correct the thymocyte development impairment that is observed in mice rendered

deficient in ZAP-70 (57).

Syk and ZAP-70: structural similarities but functional differences

Despite the clear structural resemblance between Syk and ZAP-70, there is growing
evidence that these two PTKs are differentially regulated, both in terms of expression and
activity. ZAP-70 is expressed in a very restricted manner, present only in T cells and NK
cells (13). Syk, however, has a broader pattern of hematopoietic expression, including T
and B cells, as well as macrophages, monocytes, mast cells, and platelets (14).
Biochemically, although both kinases appear to bind phospho-ITAMs with similar
affinities, only Syk kinase activity is enhanced by phospho-ITAM binding (58-60). Syk
also appears to have the ability to transphosphorylate other Syk molecules for activation,
whereas ZAP-70 requires Lck or Fyn to phosphorylate its activation loop tyrosines (44,
54). Furthermore, there is some evidence from COS cell overexpression studies that
suggests that Syk, but not ZAP-70, is capable of phosphorylating ITAM:s in the absence of
Src kinases (61, 62). Interestingly, biochemical studies have suggested that the full-length
Syk and ZAP-70 molecules, in contrast to the SH2 domains alone, have differing abilities
to bind to the phosphorylated TCR complex (63). The observation that Syk can bind more

17

’C‘
L

i)

(LR

™~ n

iy
[ BT

-

H

tINnOT 1D



efficiently to phosphorylated ITAMs may reveal an important difference in the ability of
these kinases to participate in TCR signaling (63).

The most striking difference in the regulation of kinase activity between Syk and
ZAP-70 appears to be the requirement for transactivation by Src family PTKSs.
Specifically, Syk is less dependent than ZAP-70 on Lck or Fyn for its activation. This
feature was first suggested in experiments using CD16/CD7/kinase chimeras (64). These
molecules contained heterologous CD16 extracellular and CD7 transmembrane portions
linked to either Syk or ZAP-70 as the cytoplasmic portion of the chimera. In COS cells,
ZAP-70 chimeras required the co-crosslinking with a Src family PTK to produce a calcium
flux, whereas Syk was able to signal after chimera crosslinking alone (64).

The importance of Syk family kinases in mature T cell signaling

Genetic evidence has confirmed that Syk family PTKSs are essential for antigen receptor
signaling in mature lymphocytes. Notably, several patients have been described who have
severe combined immunodeficiency (SCID) caused by a lack of ZAP-70 protein. The
decrease in ZAP-70 expression is due to transcriptional loss or various frameshift and
insertional mutations that result in a destabilized protein (65-67). Although normal
numbers of CD4* T cells develop in these patients, their peripheral CD4* T cells are unable
to signal in response to stimuli that activate the TCR, such as anti-CD3 antibodies or PHA,
as measured by calcium flux, tyrosine phosphoprotein induction, and IL-2 secretion (65-
67). However, the T cells are able to respond to pharmacological agents such as phorbol
ester and calcium ionophore, reagents that activate the TCR signaling pathway but bypass
the proximal receptor-mediated events. In the Jurkat T cell line, a ZAP-70-deficient mutant
has also been isolated (68). The signaling phenotype of these cells is similar to that of the
T cells seen in the patients of the naturally occurring ZAP-70 deficiency. Again, the loss of
ZAP-70 in Jurkat cells does not allow for signal transduction through the TCR, as

measured by tyrosine phosphoprotein induction and calcium flux. Several lines of mice
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that lack ZAP-70 have been generated, but because of an early block in T cell development

that will be described below, there are no mature of T cells that can be studied in these

mice (69-71).
Syk-deficient mice have also been created (72, 73). In these mice, the most striking
lymphoid defect is a block in BCR-mediated signaling, as revealed by impaired B cell

development and lack of signaling in the B cells that do mature. In contrast, aff T cell

development appears grossly normal in Syk-deficient mice, with no obvious differences in
number or composition of T cells in the thymus or periphery (72, 73). Preliminary studies
indicate that TCR signaling in mature T cells from these mice is normal, as assessed by
their ability to respond to the lectin concanavalin A, a potent activator of TCR signaling
(73). Therefore, it appears that Syk is not required for all TCR signaling, although a more
specific role for Syk in TCR signaling has not been ruled out.

This conclusion is consistent with studies of wild-type T cells. Analyses of cell
lysates have suggested that Syk expression is uniformly low in normal T cells. Most T
cells and T cell lines have low or undetectable levels of Syk, as assessed by

immunoblotting or in vitro kinase assays. Nevertheless, these T cells are able to signal

through their TCRs. In Syk-deficient mice, however, there is a selective defect in ¥d T cell

development which will be discussed in more detail below.

Syk family kinases in early thymocyte development

Another T cell signaling process that employs the Syk family PTKSs is the maturation of T
cells in the thymus. Once again, differential temporal expression of the Syk family
members suggests that these kinases may play unique roles in this process. Thymocyte
development proceeds through a number of ordered developmental stages and checkpoints,
characterized by the expression of various markers on the cell surface (Figure 4). Two

checkpoints that require TCR or pre-TCR signals exist in thymocyte ontogeny, one which
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Figure 4. Diagram of thymocyte development. The pre-TCR and TCR checkpoints are
indicated by bold-faced arrows. Points of developmental arrest seen in various genetic
deficiencies are indicated. hZAP70 refers to the human ZAP70 gene; the other genes listed

are murine.
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occurs in pre-TCR-expressing thymocytes, and a later checkpoint which involves the
mature TCR.

Earliest thymocytes express neither CD4 nor CD8 coreceptors; initially, these
thymocytes express no pre-TCR or TCR on their cell surface. These CD4'CD8" cells can
be further subdivided based on the expression of two other cell surface markers, CD44

(Pgp-1) and CD25 (IL-2 receptor o chain) (Figure 4) (74, 75). Expression of the

recombinase-activating genes-1 and -2 (RAG-1 and RAG-2), enzymes that promote the

somatic rearrangements of the TCR gene segments of both the o and B chains, initiates the

process of B chain rearrangement and subsequent pre-TCR expression on the cell surface.

Expression of the pre-TCR occurs specifically at the CD44 CD25" stage (75). It is at this

point in development that the pre-TCR checkpoint monitors successful  chain
rearrangements. A productive rearrangement of the B chain results in its paired cell-surface
expression with the pre-Ta chain and upregulation of the CD3 and { chains, as well as a

subsequent signal through this complex not requiring ligands for pre-Tot or the B chain (4).

This pre-TCR signal requires multiple components, a conclusion based on a number of
genetic studies in mice; disruption of the genes encoding any of the receptor components or

signaling molecules arrests thymocyte development at this CD44 CD25"* stage. For

example, disruption of either the pre-Ta chain or the TCRP chain arrests development at

this stage (76, 77). Similarly, the disruption of the RAG genes abolishes B chain

rearrangement and thus arrests thymocyte development in the absence of a pre-TCR (78,
79).
As in mature TCR signaling, multiple PTK family members appear to be crucial for

the pre-TCR signal transduction process. Thymocytes from mice doubly deficient for both
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Lck and Fyn are arrested at the CD44 CD25" stage, indicating that the Src family PTKs are
necessary for progression past this point (80, 81). These observations are consistent with
the role of this family in initiating signaling by the pre-TCR-associated ITAMs. Disruption
of either Ick or fyn individually yields less severe phenotypes. That is, Fyn-deficient mice
exhibit no defect in thymocyte development. Development of Lck-deficient thymocytes is
only partially blocked at the CD44°CD25" stage, although some thymocytes are able to
mature to become peripheral T cells (80-84). Thus it appears that once again, related family
members can have overlapping biological functions; Lck and Fyn can compensate for each
other, albeit incompletely, in this process.

Similarly, the Syk family PTKs are implicated in pre-TCR signaling; in mice
doubly deficient for both Syk and ZAP-70, thymocytes do not develop past the pre-TCR
checkpoint stage (85). However, mice deficient for only ZAP-70 have a later block in
thymocyte development: these mice have normal thymic development past the pre-TCR
stage but are unable to progress past the next checkpoint, which will be discussed below
(69). On the other hand, mice deficient for Syk do not have any gross thymic
developmental abnormalities (72, 73). These results illustrate another case in which related

family members are playing overlapping roles in development, since the phenotype of the

double knockout is more severe than either single knockout alone.

Syk family PTKs in positive and negative selection
The pre-TCR signal, through a series of signal transduction events that are poorly

understood, initiates the somatic rearrangement of the TCRa chain. Once the o chain has

successfully rearranged, it is transported to the cell surface together with the B chain to

form the mature TCR as the thymocytes develop into CD4*CD8* cells. Expression of the
mature TCR allows for the second checkpoint in thymic development, the processes of

positive and negative selection. These selection events determine the repertoire of mature
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CD4" or CD8" thymocytes that emigrate from the thymus to populate the peripheral immune
system. During negative selection, those thymocytes that express self-reactive TCRs are
deleted. In positive selection, thymocytes that express receptors with the potential to
recognize self-MHC and foreign peptides are selected to mature.

Genetic evidence again points to important roles for PTK families since the
pathways governing TCR signaling at this CD4*CD8" stage of thymic development are
similar to those employed during TCR signaling in the periphery. Thymocytes from
transgenic mice expressing high levels of a dominant-negative form of Lck are unable to
undergo positive selection, suggesting that this Src family kinase is important at this stage
(86). As mentioned earlier, mice with impaired ZAP-70 kinase function are arrested at the
CD4'CD8" stage and are unable to undergo positive or negative selection. In this situation,
the inability of Syk to compensate for the absence of ZAP-70 is probably a function of low
expression rather than functional capability. Indeed, a Syk transgene expressed during all
stages of thymic development completely restores thymic development in a mouse deficient
for ZAP-70 (57).

To summarize, the differences seen in the roles of Syk and ZAP-70 may be due to
differences in expression rather than in biochemical activity at the CD4'CD8" checkpoint.
Expression of either Syk family kinase is sufficient to allow positive and negative selection
to occur. However, the different biochemical activities of Syk and ZAP-70 may affect the
strength of the TCR signal during selection; this alteration could in turn lead to a difference

in the TCR repertoire of thymocytes that ultimately mature.

Differential Syk expression may explain differences between human and

murine ZAP-70 deficiencies
Most of the genetic evidence implicating a role for the Syk family of PTKs in T cell
development has come from targeted disruptions of murine genes. The process of human

thymocyte development has not been characterized in as much detail, although it is
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generally believed that the process is similar. However, recent studies suggest that Syk
expression may differ between the two species, a difference that may help to explain some
inconsistencies between the human and murine phenotypes of ZAP-70 deficiency (87); see
also Chapter 3). As described above, several cases of a rare autosomal recessive SCID
have been ascribed to the lack of the ZAP-70 PTK. In these human patients, the
characteristics of their peripheral blood and thymus are different from those of ZAP-70-
deficient mice. Most notably, a normal number of peripheral T cells develop in the human

cases, but they are nonfunctional and are exclusively CD4*, whereas in ZAP-70-deficient

mice, no mature peripheral o8 T cells develop. Thymic biopsies have revealed that the

same trend is seen in the precursors of these peripheral cells; in the human ZAP-70-
deficient thymus, CD4* thymocytes are present, but in the mouse deficiency, all
thymocytes are arrested at the CD4*CD8"* stage with no mature thymocytes (69-71, 87).
The molecular explanation for this discrepancy is not known, but the development of these
human CD4* thymocytes in the absence of ZAP-70 could reflect differences in the level of
Syk expression in subpopulations of thymocytes. In ZAP-70-deficient patients, however,
although the CD4*CD8* thymocytes are able to signal, the mature peripheral CD4" T cells
are not (87). The inability of mature ZAP-70-deficient CD4" T cells to signal may reflect a
downregulation of Syk expression as these cells develop from thymocytes into peripheral
cells. These results raise the point that although the biological function of a gene can be
preserved between species, divergence in regulation of that gene can still occur.

Recognition of such interspecies differences is important when trying to generalize from an

animal model to human disease.

Syk and ZAP-70 may have unique roles in Y3 T cell development

Y0 T cell development is not as well-characterized as aff T cell development, although the

Syk and ZAP-70 kinases have proven to be important in the developmental processes of

25

|

E3
e o
T S
< "‘*&;s‘.

. g%

)

UOSF LIB



these cells. As discussed earlier, Syk-deficient mice do not have an apparent o8 T cell

defect, but they do show a peripheral T cell defect in the development of a specific
population of ¥ cells, the intraepithelial lymphocytes (IELs) of the intestine (88).
Surprisingly, a similar defect in IEL development is also observed in ZAP-70-deficient
mice (57, 71), although normal numbers of ¥ T cells are present in the spleen and lymph

nodes of ZAP-70-deficient mice. Moreover, dendritic epidermal T cells, another subset of

70 cells, are decreased in number and show an abnormal morphology in these animals (71).

Thus, in certain ¥3 T cell subpopulations, Syk and ZAP-70 do not fully compensate for

each other in the case of a deficiency in either kinase. It is not clear that the required

functions provided by these tyrosine kinases occurs during the same time of development.

Therefore, Syk and ZAP-70, although they seem to have overlapping functions in o T

cell development, may have divergent functions in the development and/or signaling of yd

T cells.

General organization of the thesis

The participation of the Syk family PTKs in T cell activation and development provides an
opportunity to investigate the themes of redundancy and specialization in biology.
Although these PTKs subserve many overlapping functions, differences in their structure
and regulation suggest that they may have certain unique, rather than completely redundant,
roles in T cell signaling. I decided to examine in greater detail the differential activity and
expression of Syk family PTKs for a better understanding of the complex and intricately
regulated mechanisms of T cell signaling. In Chapter 2, I present direct evidence that Syk,
but not ZAP-70, is capable of participating in TCR signaling independently of CD45 or
Lck, suggesting potentially divergent functions between Syk and ZAP-70 in T cells. In
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Chapter 3, I examine the relative importance of Syk in thymocyte development in mice and
humans, especially during pre-TCR signaling. In Chapter 4, I suggest that Syk may play a
unique role in a subpopulation of peripheral T cells as well. Finally, I conclude by
describing future directions based on my observations. The Appendices include
information about structure-function studies to define regions critical for the differential
kinase regulation of Syk and ZAP-70, as well as preliminary characterization of a “knock-

in” mouse created to follow expression of Syk in live cells.
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CHAPTER 2

CHARACTERIZATION OF FUNCTIONAL DIFFERENCES BETWEEN
SYK AND ZAP-70 DURING T CELL ANTIGEN RECEPTOR SIGNALING
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Members of the Syk family of protein tyrosine kinases (PTKs) are critical mediators of
antigen receptor-mediated signal transduction in a variety of hematopoietic cells. They are
tandem SH2 domain-containing proteins that are recruited to phosphorylated tyrosines
contained within the immunoreceptor tyrosine-based activation motifs (ITAMs) of signal
transducing subunits of antigen receptor complexes. Phosphorylation of these tyrosines is
accomplished by a separate family of kinases, the Src PTKs, of which Lck and Fyn are
expressed in T cells. Src family kinase activity is regulated by the dephosphorylation of a
negative regulatory tyrosine at the extreme carboxy-terminal end of all Src family members.
Activation of these PTKs is mediated by a hematopoietic cell-specific transmembrane
protein tyrosine phosphatase (PTPase), CD45. It had been previously observed that CD45
is required for signal transduction in most T cells and B cells. Surprisingly, however, a T
cell line exists that lacks CD45 but is still able to signal through its TCR. During the course
of investigation of this cell line, we observed that it expresses higher levels of Syk
compared to other T cell lines that have been observed to be CD45-dependent. We
demonstrate here that Syk can be introduced into both CD45- and Lck-deficient cell lines,
restoring TCR-mediated signal transduction. We further examine the structural
requirements for Syk to function in this process. These results provide a clear
demonstration that Syk and ZAP-70 have different requirements for activation in T cell
lines. They further suggest that Syk may not be completely redundant with ZAP-70 in
TCR signaling and suggest it has a specialized and unique role in vivo.
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through its TCR. We have studied this cell line to
Identify a TCR signaling pathway that is independent
of CD4S regulation. In the course of these

we found that the Syk PTK, but not the ZAP-70 PTK,
is able to mediate TCR signaling independently of
CD4S and of Lck. For this function, Syk requires
functional kinase and SH2 domains, as well as intact
phosphorylation sites in the regulatory loop of its
kinase domain. Thus, differential expression of Syk is
likely to explain the

closely related PTK family members, Syk and ZAP-
70. The differential activities of these two kinases
suggest that they may play distinct, rather than com-

pletely redundant, roles in lymphocyte signaling.
Keywords: CD45/Syk/TCR/tyrosine kinase/ZAP-70

Introduction

Stimulation of the T cell antigen receptor (TCR) results
in the activation of a series of protein tyrosine kinases
(PTKs) and culminates in a variety of distal events which
include transcriptional activation of the interleukin-2
(IL-2) gene (reviewed in Weiss and Littman. 1994).
According to a sequential model of tyrosine kinase activ-
ation. the Src family kinase members Lck or Fyn phos-
phorylate the immunoreceptor tyrosine-based activation
motifs (ITAMs) contained within the CD3 and { subunits
of the TCR complex (Burkhardt er al.. 1994; Iwashima
et al.. 1994). Phosphorylation of these tyrosines creates
docking sites for the Syk family member kinases. Syk

© Oxford University Press
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and ZAP-70. The recruitment and activation of these
kinases is important for phosphorylation of downstream
substrates.

Genetic evidence from both mice and human T cells
underscores the importance of Src PTK family members
in TCR signaling. T cell lines and clones lacking Lck are
unable to signal through the TCR (Kamitz er al.. 1992;
Straus and Weiss, 1992). Lck-deficient and Fyn-deficient
mice have T cells defective in TCR-mediated activation
(Appleby er al, 1992; Molina er al., 1992; Stein et al.,
1992; van Oerss et al., 1996). Similarly, the importance of
ZAP-70 has been demonstrated by genetic studies. Human
patients with a ZAP-70 deficiency have a defect in T cell
development, and the resulting CD4* T cells that do
develop are unable to signal through the TCR (Arpaia
et al., 1994; Chan et al., 1994a; Elder et al., 1994). ZAP-
70 deficient mice have a more profound block in T cell
development (Negishi er al., 1995).

The role of Syk in T cell signaling is not as clearly
defined, although in B cells Syk interacts with the phos-
phorylated ITAMs present in the Ig-a and Ig-B chains to
function in a manner analogous to ZAP-70 in T cells
(Law et al., 1993; Saouaf er al., 1994). A potential role
for Syk in TCR signaling was suggested by studies in
which Syk was found to associate with a CD8/( chimera
in COS-18 cells (Chan er al., 1994b). In addition, Syk
can associate with the phosphorylated { chain in murine
thymocytes and in the Jurkat T cell line (Chan er al,
1994b; Thome er al, 1995; van Oers et al, 1995).
However, Syk does not appear to be required for T cell
development: mice deficient in Syk expression are deficient
in mature B cells but do not show any gross aff T cell
developmental defect, although ¥8 T cell development is
impaired (Cheng et al., 1995; Turner et al., 1995; Mallick-
Wood et al., 1996).

Src family kinases have a characteristic tyrosine at their
carboxy-terminal ends; phosphorylation of this residue
is thought to play a negative regulatory role via an
intramolecular or intermolecular association with the SH2
and SH3 domains of the kinase (Cooper and Howell,
1993). One proposed regulator of the Src family kinases
in antigen receptor signaling is the transmembrane protein
tyrosine phosphatase. CD45. This phosphatase is believed
to act as a positive regulator of Src family kinases by
dephosphorylating the negative regulatory tyrosine, thus
permitting the kinase to become activated (Weiss and
Littman. 1994). CD45 can specifically dephosphorylate
both Fyn and Lck in vitro at the negative regulatory
carboxy-terminal tyrosine (Mustelin er al.. 1989, 1992).
Furthermore. in vivo, the negative regulatory tyrosines of
Lck and Fyn are hyperphosphorylated in cell lines that
lack CD45 (Ostergaard er al.. 1989; Hurley et al., 1993;
McFarland er al.. 1993: Sieh et al.. 1993). In the CD45-
deficient cell line J45.01. the SH2 domain of the hyper-
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Fig. 1. Cell surface expression of CD4S on wild-type and CD45-deficient Jurkat cells. Cells (5X10° cells) were siained with an mAb against CD4S
(solid lines). or with an isotype-maiched control mAb (dotted lines) and analyzed by flow cytometry. The ceil lines stained. either wild-type (J.E6-1
and J.D: upper panels) or their CD-I5-deficient variants (J45.01 and JS-7. respecuvely; lower panels). are indicaied above each histogram.

phosphorylated Lck is inaccessible to a phosphopeptide
that encompasses the carboxy-terminal tyrosine, presum-
ably because it is occupied by the phosphotyrosine of the
negative regulatory site. These results suggest that Lck in
those CD45-deficient cells is in an inactive conformation
(Sieh er al.. 1993).

As a positive regulator of the Src family kinases, CD45
is a critical component of early T cell signaling. In most
T cell lines deficient in CD45 expression, stimulation of
the antigen receptor fails to result in signal transduction
(Pingel and Thomas, 1989; Koretzky ef al. 1990, 1991:
Shiroo et al., 1992; Volarevic er al., 1992; McFarland
et al.. 1993). Furthermore. in mice that have a targeted
disruption of a selected exon of the CD45 gene. most
thymocytes are arrested in their development, and those
T cells that do develop are unable to be stimulated through
their TCR (Kishihara er al., 1993).

Intriguingly. a T cell line exists whose TCR can signal
despite the lack of CD45 (Peyron er al. 1991). This
CD45-negative variant of the Jurkat cell line has been
shown to induce tyrosine phosphoproteins, hydrolyze
inositol phosphates and mobilize calcium in response to
TCR stimulation. The mechanism by which this cell line,
JS-7. is able to signal is unknown. In these studies. we
examined the CD45-independent TCR signaling pathway
in the JS-7 cell line. It was found that the signaling-
competent JS-7 cells express Syk. in contrast to the
signaling-incompetent CD45-deficient cell line J45.01
(Koretzky er al., 1991). Most interestingly. we discovered
that the Syk PTK is able to mediate TCR signaling in a
CD45-independent and Lck-independent manner and that
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differential expression of Syk is likely to explain the
paradoxical signaling phenotypes of different CD45-defi-
|

cient cells.

Results

The CD45-deficient JS-7 cell line can signal
through its TCR

The two CD45-deficient Jurkat T cell lines, J45.01 and
JS-7, have been described (Koretzky ef al.. 1991; Peyron
et al., 1991). Both cell lines have almost undetectable
levels of CD45 compared with their respective wild-type
parental lines. J.E6-1 and J.D. as assessed by cell surface
staining and immunoblotting (Figure 1. and Figure 6,
lanes 2 and S). Importantly. the JS-7 cell line is able to
signal in response to TCR stimulation despite the absence
of CD45 (Peyron er al.. 1991). The J45.01 cell line, on
the other hand. is not (Koretzky er al.. 1991).

To address the reason why the CD4S5-deficient JS-7
cells are able to respond to TCR stimulation. we first
examined the status of Lck in these cells. In the JS-7 cells.
Lck is hyperphosphorylated on the negative regulatory
tyrosine and its SH2 domain is inaccessible to a phospho-
peptide representing the negative regulatory carboxy-
terminus of Lck (data not shown). These results suggest
that Lck is in an inactive conformation. Furthermore,
DNA sequencing of the Lck SH2 domain revealed no
mutation (data not shown). We next reasoned that the loss
of a positive regulator of Lck such as CD45 may have been
compensated for by the absence or decreased expression of
the negative regulator of Src family kinases. the Csk PTK
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Fig. 2. The CD45-deficient Jurkat line JS-7 can signal through its TCR. (A) Jurkat cells (2X 10° cells) were left unstimulated () or were stimulated
for the indicated times with an anti-TCR mAb. Whole cell Iysaus of J.E6-1 (lanes 1), J45.01 (lanes 5-8) and JCaM 1.6 (lanes 9-12) were resolved

by 12.5% SDS—-PAGE and i blotted with an anti-p
and analyzed as descnbed above.
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(Chow er al., 1993). However, immunoblotting of whole
cell lysates indicated that Csk was expressed at levels
comparable with wild-type Jurkat cells in the JS-7 cell
line (data not shown).

To examine further the TCR-mediated signals in JS-7
cells. we analyzed one of the earliest steps in the TCR
signaling pathway, the induction of tyrosine phosphoryi-
ation of cellular proteins. A time course of tyrosine
phosphoprotein induction in whole cell lysates from stimu-
lated cells is presented in Figure 2. The anti-phospho-
tyrosine immunoblot revealed that the pattern and kinetics
of tyrosine phosphoprotein induction in the JS-7 cell line
are highly similar to that seen in its parental wild-type
cell line. J.D (Figure 2B). In marked contrast, the CD45-
deficient cell line J45.01 does not show any significant
induction of tyrosine phosphoproteins (Figure 2A. lanes
5-8). It should be noted that the wild-type parental cell
line of J45.01, J.E6-1. shows a pattern and time course of
phosphoprotein induction similar to that seen for J.D and
JS-7 cells (Figure 2A. lanes 1-4). The defective signaling
phenotype of the J45.01 cell line is similar to that of the
Lck-deficient Jurkat cell line. JCaM1.6. consistent with
the inactive state of Lck in J45.01 cells (Figure 2A, lanes
9-12: Sieh et al., 1993).

The TCR-{ chain is phosphoryisted upon TCR
stimulation in JS-7 cells

We next assessed the status of the earliest substrates
phosphorylated following TCR engagement, the ITAMs
in the TCR-{ subunit. Immunoprecipitations of the TCR-{
chain from unstimulated and stimulated cells revealed that
in all three of the signaling-competent lines. J.E6-1, J.D
and JS-7. the € chain was phosphorylated in response to
TCR stimulation (Figure 3). Although the level of §
phosphorylation in JS-7 appears to be lower in this
experiment. this result was not observed consistently
(data not shown). Thercfore. the induction of TCR-§
phosphorylation in the CD45-deficient JS-7 cell line
appears to be preserved.

32

mADb. (B) J.D (lanes 1-3) and JS-7 (lanes 5-8) Jurkat cells were stimulated

Cell Line JE6-1 [4501 )CaMlé JD 57
TCR Stismulation

LR R TR T S
zs— - ——— -
‘ 1 [ ] ];.m‘

1 234 35S 6 78 91
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Fig. 3. Phosphorylation of TCR-{ following TCR stimulation.

(A) Jurkat celis (5X107 cells) were left unstimulated (lanes |. 3. 5. 7
and 9) or were sumulated for 2 min with an anti-TCR mAb (lanes 2.
4. 6. 8 and 10). Whole cell lysates of J.E6-1 (lanes | and 2). J45.01
(lanes 3 and 4). JCaM1.6 (lanes 5 and 6). J.D (lanes 7 and 8) and JS-7
(lanes 9 and 10) were then immunoprecipitated with an anti-TCR-{
mAD. The i oprecip were resolved by 12.5% SDS-PAGE
and i blotted with an anti-phosph mADb. (B) The blot in
(A) subsequently was stripped and repx “wichmlﬂi'TCR-C
mAb.

ZAP-70 associates with the phosphorylated { chain
upon TCR stimuiation in JS-7 celis

According to the sequential model of tyrosine kinase
activity in the TCR signaling cascade. phosphorylation of
the ITAMs in the TCR-CD3 complex leads to the sub-
sequent recruitment of a Syk/ZAP-70 family member.
Immunoprecipitations of ZAP-70 were performed using
cell lysates prepared from unstimulated and stimulated
cells. Anti-phosphotyrosine immunoblotting of ZAP-70
immunoprecipitates revealed that ZAP-70 was inducibly
phosphorylated following TCR stimulation in the sig-
naling-competent CD45-deficient JS-7 cell line (Figure 4.

6253

/

e SALTREENS

f""‘f» e
vormn e

o 7 b
e nwmmge s

f‘&\a fﬂ

\

3

¥ g

UGSF LIBS



A
Colline  JB&1 KSOI |[CaM1s |D  IS7
TCR Stimmuistion N T TR T
106 —
0w— --@& - <> ZAP
. —weecsees ]
ns— .
- o G
s — RN
e 0@
18 =
1 2 3456 78 9 10
B
106 —

0 T ChenGlERGSeDEEPEEEP  *-ZAP70
1 2 3 635 6 7 8 9 10

Fig. 4. Phosphorylation of ZAP-70 following TCR stimulation.

(A) Jurkat cells were left unsumulated (lanes 1. 3, 5. 7 and 9) or

were stimulated (lanes 2. 4. 6, 8 and 10) as in Figure 3.
Immunoprecipitations were performed using anti-ZAP-70 antisera and
blotted with an anti-phosphotyrosine mAb. (B) The blot was stripped
and reprobed with anu-ZAP-70 antisera. Lanes represent: J.E6-1 (lanes
| and 2). J45.01 (lanes 3 and 4), JCaM1.6 (lanes 5 and 6). J.D (lanes
7 and 8) and JS-7 (lanes 9 and 10).

lane 10). like the response observed with the two wild-
type Jurkat cell lines. J.E6-1 and J.D (Figure 4). Further-
more. the phosphorylated § chain was associated with
phosphorylated ZAP-70 (Figure 4). Therefore, the carly
TCR signal transduction events appear to be normal in
the CD45-deficient JS-7 cell line.

Syk is phosphoryisted and associates with the
phosphorylated { chain upon TCR stimulation only
in J.D and JS-7 cells

The Syk PTK. like ZAP-70, has also been implicated in
some TCR-mediated signaling processes (Chan er al.
1994b: Couture et al., 1994a; van Oers et al.. 1995). To
determine whether Syk was involved in the signaling
events following TCR stimulation in the JS-7 cell line.
we initially examined the phosphorylation status of Syk
following TCR stimulation. Immunoprecipitations using
an anti-Syk antiserum were performed on unstimulated or
stimulated lysates prepared from the five different cell
lines. Syk was found to be tyrosine phosphorylated
inducibly only in J.D and JS-7 cells (Figure SA. lanes 7-
10). In addition. phosphorylated Syk was also found to
associate with the phosphorylated § chain in J.D and JS-7
cells (Figure 5A). The phosphorylated bands of ~40 kDa
in the J45.01 immunoprecipitates are non-specific and not
seen reproducibly (Figure SA. lanes 3 and 4).

To determine why Syk was not phosphorylated in all
of the signaling-competent Jurkat lines, we blotted the
anti-Syk immunoprecipitates for Syk expression. Notably.
Syk protein was only detected in immunoprecipitates of
the cells derived from the J.D Jurkat line. J.D and JS-7
(Figure 5B). In contrast, Syk was not detected in anti-Syk
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Fig. 5. Phosphorylation of Syk following TCR stimulation. (A) Jurkat
cells were left unstimulated (lancs 1, 3. 5. 7 and 9) or were stimulaied
(lanes 2. 4. 6. 8 and 10) as in Figure 3. Immunoprecipitations were
performed using anti-Syk antisera and blotted with an anti-
phosphotyrosine mAb. (B) The blot was stripped and reprobed with
anti-Syk antisera. Lanes represent: J.E6-1 (lanes 1 and 2). 145.01
(lanes 3 and 4). JCaM1.6 (lanes 5 and 6). J.D (lanes 7 and 8) and JS-7
(lanes 9 and 10).

immunoprecipitates from any of the cell lines derived
from the E6-1 Jurkat line. J.E6-1, J45.01 or JCaM1.6
(Figure 5B, lanes 1-6). Although no Syk was detected in
the anti-Syk immunoblot of wild-type J.E6-1 Jurkat cells.
very weak tyrosine phosphorylation of a 72 kDa band can
be detected occasionally in anti-Syk immunoprecipitation
of stimulated lysates of these cells, indicating that there
may be very low levels of Syk expressed (Figure 5B.
lanes 1-2 and data not shown). These resuits are consistent
with the recent findings that E6-1-derived Jurkat cells
express mutant Syk transcripts containing a nucleotide
insertion resulting in a frameshift and premature stop
codon (Fargnoli er al., 1995).

Importantly. Syk expression and phosphorylation were
detected in the signaling-competent CD45-deficient cell
line. JS-7. and not in the signaling-incompetent CD45-
deficient cell line, J45.01. Thus, there is a correlation
between Syk expression and the TCR signaling capability
of CD45-deficient cells. Consistent with this interpretation.
another CD45-deficient T cell line that is unable to signal,
H45.052. a derivative of the HPB.ALL line. also expresses
low to undetectable amounts of Syk protein (Koretzky
et al.. 1990: Law et al.. 1994: and data not shown).

A smaller. 55 kDa phosphorylated band was found to
be associated with Syk after stimulation in both the J.D
and JS-7 cell lines. At least a portion of this band
represents the Lck PTK (data not shown). consistent with
previous reports of Syk and ZAP-70 association with Lck
(Duplay et al.. 1994: Thome er al.. 1995).
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Fig. 6. Expression of proteins involved in early TCR signaling evenis
in vanous Jurkat cell lines. Cells (2X 10° cells) were lysed as
descnbed. One hundred g of total cell lvsate of J.E6-1 (lane 1),
J45.01 (lane 2). JCaM 1.6 (lane 3). J.D (lane 4) and JS-7 (lane 5) were
resolved by 12.5% SDS-PAGE and i bl with the antibods
indicated: anu-CD4S: anu-{: anu-Lck: anti-ZAP-70: anti-Syk.

Leveis of various proteins invoived in proximal
TCR signaling

The unexpected difference in levels of Syk expression in
the various Jurkat lines we were studying prompted us to
compare the relative expression in these cells of a number
of the proteins involved in the earliest TCR signaling
events. CD45, TCR-G. Lck, ZAP-70 and Syk. As men-
tioned above. neither of the previously described CD45-
deficient cell lines. J45.01 and JS-7, expressed CD45 by
immunoblotting and only small amounts were expressed
by cell surface staining (Figure 1. and Figure 6, lanes 2
and 5). The wild-type parental cell lines, J.E6-1 and
J.D. expressed equivalent amounts of CD45 both by
immunoblotting and by cell surface staining (Figure I,
and Figure 6. lanes | and 4), as did the Lck-deficient
derivative of J.E6-1. JCaM 1.6 (Figure 6. lane 3; and data
not shown). Lck was found to be expressed at equivalent
levels in all cell lines except the Lck null mutant, JCaM1.6,
which expressed no Lck by immunoblotting (Figure 6).
Immunoblots of the { chain and ZAP-70 showed that
these proteins were expressed at roughly equivalent levels
in all five cell lines tested (Figure 6). However, as in the
Syk immunoprecipitations. Syk was only expressed in the
J.D-derived cell lines, J.D and JS-7 (Figure 6). Wild-type
J.E6-1 cells and mutants derived from this Jurkat line
(J45.01 and JCaM 1.6) expressed low to undetectable levels
of the Syk PTK protein (Figure 6).

Expression of Syk can restore TCR signaling in the
CD45-deficient cell iine J45.01

Based on the above data. one clear difference between
the CD45-deficient cell line that can signal. JS-7. and the
one that cannot. J45.01. is that the signaling-competent
line expresses Syk whereas the signaling-incompetent line
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does not. We hypothesized. therefore. that the introduction
of Syk into the Syk-deficient. CD45-deficient line J45.01
might be able to restore TCR signaling.

To assess this possibility, human Syk was transfected
into J45.01 cells. Syk was immunoprecipitated from the
transfected cells and its phosphorylation status assessed by
anti-phosphotyrosine immunoblotting. Syk was expressed
and inducibly phosphorylated upon TCR stimulation only
in J45.01 cells transfected with Syk (Figure 7A and
B). Furthermore. phosphorylated Syk was found to be
associated with phosphorylated TCR-{ in these transfect-
ants. as was observed for the Syk-expressing Jurkat lines
J.D and JS-7 (Figures 7A and SA). More distal tyrosine
phosphorylation events appeared to be restored in the Syk-
transfected J45.01 cells as well. The tyrosine phosphoryl-
ation pattern in anti-phosphotyrosine immunoprecipitates
from stimulated J45.01 cells transfected with Syk appears
to be enhanced as compared with J45.01 cells transfected
with an empty vector (Figure 7C). Comparison of the anti-
phosphotyrosine immunoprecipitates from Syk-transfected
J45.01 cells with those from the signaling-competent JS-7
cells reveals a pattern of tyrosine phosphoproteins that is
virtually identical. The higher level of phosphoprotein
induction in JS-7 cells reflects the result of the low
efficiency of transient transfection into J45.01 cells.
resulting in a smaller number of J45.01 cells that express
Syk compared with the JS-7 cells.

In order to study, in more detail. the restoration of
TCR signaling in these Syk-transfected J45.01 cells. we
examined a more distal event, activation of an NF-AT
reporter construct. This reporter construct consists of three
tandem repeats of the NF-AT binding site derived from
the IL-2 gene controlling the expression of the luciferase
gene (NFAT-Luc). NF-AT-driven transcription is respons-
ive to TCR stimulation (Durand er al.. 1988). Rat Syk.
epitope-tagged with a portion of the hemagglutinin (HA)
protein. was transfected into the J45.01 cell line together
with this reporter construct. Figure 8 shows that NF-
AT-regulated luciferase activity was restored in a dose-
dependent, stimulation-dependent manner when Syk
cDNA was transfected into J45.01. In contrast. transfection
of comparable amounts of human ZAP-70 cDNA did not
reconstitute the response (Figure 8). In this experiment.
maximal NF-AT induction in Syk-transfected J45.01 cells
in response to TCR stimulation was |5-fold over basal,
similar to the 11-fold induction in the parental wild-type
J.E6-1 celis, from which J45.01 was selected. transfected
with vector alone (data not shown). The slight decrease
in NF-AT fold induction at the highest level of expression
(40 ug of DNA transfected) was not due to an inhibitory
effect on signaling activity, but rather reflects a rise in
basal NF-AT activity when Syk is expressed at these
levels. Rat Syk was as effective as non-epitope-tagged
human Syk in reconstituting these human cell T cell lines
(data not shown).

Expression of Syk can restore TCR signaling in the
Lck-deficient cell line JCaM1.6

Because the presumed block in TCR signaling in CD45-
deficient cells is at the level of Lck activation. we next
determined if expression of Syk in an Lck-deficient
cell could restore TCR-mediated signaling. As is shown
in Figure 9A. a similar dose-dependent. stimulation-
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Fig. 7. Induction of tyrosine phosphoproteins in Syk-transfected J45.01
cells. (A) J45.01 cells (2% 10® cells) were transfected with an empty
vector (lanes | and 2) or with a Syk expression plasmud (lanes 3 and
3). A towal of 107 live cells were recovered per transfectant and left
unstimulated (lanes | and 3) or stimulated with an anti-TCR anubody
(lanes 2 and 4). Lysates from these cells were immunoprecipitated
with anti-Syk antisera and resolved by 12.5% SDS—PAGE. The
immunoprecipitates were then transferred to membranes and probed
with an anui-phosphotyrosine mAb. (B) The biot in (A) was stnpped
and reprobed with anu-Syk antisera. (C) J45.01 cells were transfected
with empty vector (lanes 3 and 4) or with a Syk expression plasmid
(lanes 5 and 6). Cells were left unstimulated (lanes 1, 3 and 5) or were
stimulated with an anti-TCR .-mubody llanes 2 4 and 6). Lvsam were
mmunoprecnpmled with an anu-p mAb '
upled to protein A-Seph Ill'lllllmopl’eclplmcs were then
resolved by 12.5% SDS-PAGE and blotted with an anti-
phosphotyrosine mAb. JS-7 celis (lanes | and 2) were transfected with
empty vector as a positive control. In the panel on the right. a shorter
P of the p from the JS-7 cells is shown for
comparison ol me panem of phosphotyrosine bands scen in the anti-
precip from fected J45.01 cells.
The resulis shown are P e of three independ: P
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Fh. l. Syk can lecunm TCR signaling in J45.01 cells in a dose-
J45.01 cells were co-
wransfected with NFAT-Luc together with either an empty vector or
various amounts of epitope-tagged Syk (@) or epitope-tagged ZAP-70
(). Transfected cells were then either left unstimulated or were
mmulued with an anti-TCR mAb and then ussaved for I\u:nense
activity. Results are exp d as the fold i of I

activity after stimulation compared with the unstimulated state for
each condition. The results shown are representative of four

independent experiments.

dependent restoration of NF-AT activity was seen with
overexpression of Syk in JCaM1.6 cells, similar to that
of J45.01 cells. In the case of JCaM1.6 cells transfected
with Syk., maximal TCR-mediated NF-AT induction was
36-fold. compared with 15-fold induction for the vector-
transfected parental J.E6-1 cells (data not shown). In this
experiment. using both HA-epitope tagged Syk and HA-
epitope tagged ZAP-70, equivalent levels of expressed
ZAP-70 protein were unable to restore signaling (Figure
9B). This effect was a specific one, as overexpression
of Syk in another Jurkat signaling mutant. JCaM2.5,
representative of a distinct complementation group
(Goldsmith and Weiss. 1987), was not able to reconstitute
TCR signaling, as measured by NF-AT activation (data
not shown). '

Syk requires the SH2 domains, kinase domain and
the reguistory domain phosphorylation sites to

function in TCR signaling

To address which functional regions of Syk are required
for the reconstitution of signaling in these various E6-1-
derived Jurkat mutants, and to determine whether this
mechanism parallels the well-characterized ZAP-70 path-
way in T cells and the Syk pathway in B cells. we
transiently expressed various mutants of Syk in the Lck-
deficient cell line JCaM1.6.

Three mutants of Syk were used. The first, a kinase-
inactive mutant. contains a mutation of a critical lysine to
arginine (K395R) in the putative ATP binding site of rat
Syk. The second mutant contained changes in the YYKAQ
sequence of Syk, present in the putative regulatory loop
of the kinase domain (Hubbard er al.. 1994). The two
tyrosines in this sequence. required for maximal Syk
phosphorylation and kinase activity (Couture e al.. 1994b),
were mutated to phenylalanine (Y519F and Y520F, YYFF
mutant). The final mutant is one in which critical arginines
within the phosphotyrosine binding pockets of the two
SH2 domains were mutated to alanine (R41A and R194A).

These mutants of Syk were transiently co-transfected
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ﬂ.. 9 Syk can mcomutule TCR signaling in JCaM1.6 cells in a dose-
P (A) JCaM1.6 cells were

d and analyzed as described for J45.01 transfi in
Figure 8. The results shown are rep ive of four d
expenments. (B) Aliquots of the cells (5X 10° celis/lane) transfected in
(A) were lysed and immunoblotied with an mAb against the HA
epitope. Lane | represents JCaM1.6 cells transfected with an empty
vector. Lanes 2-5 represent JCaM1.6 cells transtected with S. 10, 20
and 40 pg of epitope-tagged ZAP-70 DNA. respectively. Lanes 6-9
represent JCaM 1.6 cells wransfected with S. 10. 20 and 40 pg of
epitope-tagged Syk DNA. respectively.

P

with the NFAT-Luc reporter construct into the Lck-
deficient JCaM1.6 cells. Functional TCR signaling was
measured by assaying NF-AT-driven transcriptional
activity following TCR stimulation. Although wild-type
Syk was able to restore signaling, the kinase-inactive
mutant of Syk could not, nor could the autophosphorylation
mutant of Syk (Figure 10A). Moreover. functional SH2
domains of Syk were required for restoration of TCR
signaling, since the Syk SH2 mutant. unable to bind to
phosphorylated tyrosine residues and therefore unable to
bind to a phosphorylated ITAM, was incapable of restoring
NF-AT responsiveness (Figure 10A). As can be seen in
Figure 10B, the mutants of Syk were expressed in this
transient assay at levels equal to or greater than that of
the wild-type kinase. Thus. the SH2 domains. kinase
domain and regulatory phosphorylation sites within the
kinase domain of Syk are required for the restoration of
TCR signaling in JCaM1.6. The same requirements were
found for reconstitution of TCR signaling in the J45.01
cell line (data not shown).

Discussion

The results presented here provide evidence that the Syk
PTK is able to function in the TCR signaling pathway
independently of CD45 and Lck in the Jurkat T cell line.
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NF-AT Fold-Induction

1 2 3 ¢ 3

ml&SykmummmmdSszkmdmnamuwellu
intact regulatory ation sites. 10 restore TCR signaling in
JCaM1.6. (A) JCaM1.6 cells were co-transiected with NFAT-Luc and
empty vector alone. or with 10 ug of epitope-tagged wild-type Svk
(WT Syk), kinase-inactive (Kinase Inact.). regulatory
site mutant (YYFF Mut) or SH2 mutant (SH2 Mut.) plasmid DNA.
y. The fe were then trested and analyzed as
dnenbedm Figure 8. NFATfoldllld\mmofmld-(vpelEGI cells
transfected wuhemptyvmdoneushmnnuefmtw
bar). The results shown are rep e of four indep
experiments. (B) Aliquots of cells (5X 10* cells/lane) from the
transfectants in (A) were lysed and immunoblotted with an anti-Syk
antiserum. Lanes cells transfected with empty vector
(lane 1); wild-type HA-Syk (lane 2): the kinase-inactive mutant
(lane 3): the regulatory phosphorylation site mutant (YYFF Mut.:
lane 4); and the SH2 mutant (lane 5).

Syk protein expression was found to comelate with the
ability of CD45-deficient Jurkat cells to signal through
their TCR. Overexpression of Syk was able to restore
TCR-mediated signaling in a dose-dependent manner in
two Jurkat E6-1-derived mutants. J45.01 and JCaM1.6.
This effect was specific since overexpression of equivalent
amounts of ZAP-70 was unable to restore TCR signaling
function. Thus, our findings demonstrate that the two
closely related PTK family members Syk and ZAP-70
differ significantly in their requirements for activation in
T cells.

CD4S5 is an important component of the TCR and B
cell antigen receptor signaling pathways (Pingel and
Thomas. 1989: Koretzky er al.. 1990. 1991: Justement
et al., 1991; Shiroo et al.. 1992: Volarevic et al.. 1992).
It is proposed to be a positive regulator of Lck and Fyn
in T cells by acting on the carboxy-terminal negative
regulatory tyrosine present in these Src family kinases. In
cells expressing CD45. stimulation of the TCR is presumed
to induce Lck or Fyn to phosphorylate tyrosines contained
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within TCR ITAMs. This phosphorylation. in turn. allows
subsequent recruitment of ZAP-70 or Syk to the stimulated
receptor complex. However. in the absence of CD45,
most investigators have found that Lck and Fyn are
hyperphosphorylated at their negative regulatory sites and
that the initial events associated with TCR stimulation do
not occur (Ostergaard er al.. 1989; Pingel and Thomas.
1989: Koretzky et al.. 1990. 1991; Shiroo et al.. 1992;
Volarevic er al.. 1992; Hurley er al.. 1993; McFarland
et al.. 1993: Sieh er al.. 1993). Therefore. the ability of
the CD45-deficient JS-7 line to respond to TCR signals
represented a paradox. Our studies suggest that the higher
level of Syk expression in the CD45-deficient JS-7 Jurkat
line can overcome the requirement for both CD45 and
Lck. Although Syk transcripts contain a mutation which
explains the relative deficiency of Syk in Jurkat clone
E6- | -derived mutants (Fargnoli er al.. 1995), most mature
T cells and lines generally also have low levels of
Syk (Chan er al.. 1994b), accounting for the similar
requirements for CD45 and Lck in TCR signal transduction
that have been observed by several other laboratories
(Pingel and Thomas, 1989; Koretzky et al., 1990. 1991:
Kamitz er al.. 1992 Shiroo et al.. 1992; Straus and Weiss,
1992: McFarland er al.. 1993).

Previous reports have suggested that both Syk and
ZAP-70 are recruited to tyrosine-phosphorylated ITAMs
in antigen-receptor complexes (reviewed in Weiss and
Littman. 1994). The requirement for the SH2 domains of
Syk in the reconstitution of both CD45- and Lck-deficient
E6-1-derived lines suggests that the phosphorylation of
an ITAM is still necessary for Syk to function in these
cells. presumably allowing for its recruitment. The kinase
responsible for the phosphorylation of ITAMs in the
absence of Lck or CD45 is not known. While it is possible
that Syk itself is responsible for the ITAM phosphorylation,
this seems unlikely since Syk has not been reported
to interact with an unphosphorylated ITAM, and the
requirement for its SH2 domains would suggest that it
only interacts with an ITAM which has already been
phosphorylated (Rowley ez al.. 1995). Moreover, { ITAMs
are poor substrates for Syk in vitro (A.Weiss, unpublished
data). A more likely possibility is that Fyn. which appears
to be less dependent on the presence of CD45. may
partially compensate for the loss of Lck or CD45 (Sieh
et al.. 1993). Finally. it remains possible that another. as
yet unidentified. kinase may be responsible for ITAM
phosphorylation. This is an intriguing possibility since the
stable association of either Lck or Fyn with the TCR
complex has been observed only at low stoichiometry
(Samelson et al.. 1990: Burgess er al., 1991: Duplay
et al.. 1994).

Once Syk and ZAP-70 are recruited to the phosphoryl-
ated ITAM. their functions appear to be regulated in
distinct ways. Phosphorylated but not unphosphorylated
ITAM peptides trom either FceRI or Ig-o/f are able to
increase the catalytic activity of Syk in vitro, independent
of an interaction involving a Src family kinase (Rowley
et al.. 1995: Shiue er al.. 1995). This activation may occur
by a mechanism of transphosphorylation involving two
Syk molecules bound to neighboring ITAMs. Although
Syk and ZAP-70 were reported to have similar binding
affinities for association with the CD3e ITAM. the catalytic
activity of ZAP-70 is not increased when it binds to an
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ITAM (Bu er al., 1995: Neumeister er al.. 1995). Instead.
it appears that an increase in ZAP-70 kinase activity is
observed after phosphorylation of tyrosines in the regu-
latory loop of its kinase domain by Lck (Chan er al..
1995). Whereas substantial data suggest that maximal Syk
functional activity is influenced by interactions involving
Src family kinases. it is possible that Syk can overcome
the deficiency of Lck—or the loss of Lck function due to
the absence of CD45—since its catalytic function can be
activated directly by ITAM binding.

Our studies suggest that Syk and ZAP-70 are not
functionally redundant. Whereas Syk can reconstitute Lck-
or CD45-deficient cells. a comparable level of ZAP-70
expression cannot. These results are consistent with the
observations of Kolanus er al. (1993), who examined the
function of chimeric receptors containing Syk or ZAP-70.
They found that cross-linking a CD16-Syk chimera alone
was sufficient to induce signal transduction events. whereas
a CDI6-ZAP-70 chimera required cross-linking with
a chimera containing a Src family member 1o induce
comparable signaling events. However. Kong er al. (1995)
suggested that Syk and ZAP-70 are functionally equivalent.
It is noteworthy that the latter studies involved the recon-
stitution of an avian B cell line. not a T cell. The functional
difference between Syk and ZAP-70 revealed in our T
cell mutants may have been masked in the context of the
B cell system. perhaps because the presence of active B
cell Src family kinases such as Lyn is sufficient to activate
ZAP-70.

Interestingly, ZAP-70 is phosphorylated at wild-type
levels in the CD45-deficient JS-7 cells that contain Syk.
This is an unexpected finding since in these cells, Lck
(the kinase thought to phosphorylate ZAP-70) is in an
inactive conformation. It may be that Syk is able to
phosphorylate ZAP-70 in trans. In support of this model.
we have observed that Syk can phosphorylate a kinase-
inactive version of ZAP-70 when both proteins are over-
expressed in COS-7 cells (data not shown). However, the
specific sites of phosphorylation on ZAP-70, and what
cffect this phosphorylation may have on the kinase activity
of ZAP-70, have not been determined. Alternatively, Lck
bound to Syk may be able to phosphorylate ZAP-70.
Indeed. in JS-7 cells. phosphorylated Syk and Lck are
found to be associated. The Lck SH2 domain has been
implicated in binding Syk and ZAP-70 (Duplay et al..
1994; Aoki et al.. 1995: Thome er al.. 1995). Therefore.
the phosphorylated negative regulatory tyrosine of the Lck
that is bound to Syk may be displaced from its SH2
domain. allowing Lck to phosphorylate other substrates.
despite its hyperphosphorylation on the carboxy-terminal
tyrosine. Again. this mechanism of Lck activation would
have to be specific for Syk and not for ZAP-70.

Couture et al. (1994a.b) have proposed that Syk operates
upstream of Src family members in TCR signaling by
phosphorylating and activating Lck. However. in those
studies. signaling was only assessed as the phosphorylation
of a 70 kDa band (Couture et al.. 1994a). Furthermore.
some of those studies were performed using JCaM1.6
cells, which have a mutation in Syk transcripts and
therefore are deficient in endogenous Syk expression
(Couture er al.. 1994a: Fargnoli et al.. 1995). Additionaily.
Syk is not a critical upstream activator of Lck or ZAP-70
in TCR signaling because most mature T cells and lines.



which are able to signal normally through their TCRs.
express low levels of Syk. Furthermore. T cells from mice
deficient in Syk are able to signal normally following
TCR stimulation (Turner er al.. 1995). On the other hand.
Syk may be sufficient to mediate TCR signaling in the
absence of ZAP-70. This is suggested by observations
that a cell line made from peripheral T cells of human
ZAP-70-deficient patients is able to signal in response to
TCR stimulation. and these cells have an increased level
of Syk expression as compared with a peripheral T cell
line derived from normal patients (Gelfand et al.. 1995).

Thus. the findings described here demonstrate the ability
of Syk to function independently of CD45 or Lck. Further-
more. differential expression of Syk in various cell lines
is likely to explain the variety of signaling phenotypes
seen in CD45-deficient cells. Finally the fact that Syk. but
not ZAP-70, is able to function in the absence of CD45
or Lck is a clear difference between two closely related
family members and indicates that these two kinases have
significantly different requirements for activation. The
differential activities of these two kinases suggest that
they may play distinct, rather than completely redundanl.
roles in lymphocyte signaling.

Materials and methods

Colis and antibodies
The human leukemic Jurkat T cell lines J.E6-1 (Weiss er al. 1984),
J45.01 (Korewzky er al.. 1991), JCaM1.6 (Straus and Weiss. 1992), J.D
(Peyron et al.. 1991) and JS-7 (Peyron et al.. 1991) were maintained in
RPMI-1640 medium supplemented with 10% fetal calf serum, penicillin.
ptomyctn and gl (Irvine Scienufic. Irvine, CA). The J.D cell
line is the wild-type parental Jurkat line described by Peyron er al
(1991). JS-7 refers to "Jurkat subicone #7. a subcione of the CD45-
deficient Jurkat clone #25 described in the same paper. Note that J.D is
a wild-type Jurkat line that is distinct from the wild-type J.E6-1 Jurkat
line (Weiss er al.. 1984) that has been descnibed previously. Murine
monocional antibodies (mAbs) and their specificities include: C30S.
Jurkat Ti B-chain (Weiss and Stobo, 1984); 6B10.2, § (van Oers elal.
1995): 2F3.2. ZAP-7O (lwashlma et al., 1994); 4G10. phosphotyrosil
(Upstate Bi d. Lake Placid. NY); IF6. Lck
(Burkhardt er al.. 1994) 94 CD45 (HB 10508, American Type Culture
Collecuon. Rockville. MD); and 12CAS. hemagglutinin epitope

(Boehninger-Mannh Indianapolis. IN). Rabbit anusera and their
specificities are 1373. Syk (van Oers ef al.. l995) and |2zz. ZAP-70
(Chanclal 1992). TthGIOmAbwu.. ! led to p

h CL-4B (Ph ia LKB. Pi Y. NJ) usmg dunethyl-
plmehmndale (Harlow and Lane. 1988).
Plasmids
cDNAs encoding wild- vae human ZAP- 70 wild-type rat Syk or mutants
of Syk were subcloned into the p vector pEF-BOS
(Mizushima and Nagata. 1990) for £ M of

HA epitope-tagged rut Svyk (Rowley er al.. 1995) were constructed by

Differences in Syk and ZAP-70 activation

described (Straus and Weiss. 1992). After normalizing for protein content
using the Bno-Rad protein assay. 3.6 mg of total cell lysate were
d per sample. [ were camed out
as prewously descnbed (Qian er al.. |993| For immunoprecipitations
using asctes. | pl of ascitic luid was used per sample. For those using
rabbit heterosera. 4 pl of rabbit antisera were used per sample. For
immunoblots of whole cell lysates. 100 ug of protein were ioaded per
lane. Immunoprecipitates or lysates were resolved by SDS-PAGE
and transferred to polyvinvlidene difiuonde membranes (Immobilon)
(Millipore Ltd. Bedford. MA). The b were blocked with 5%
dry milk powder and 3% bovine serum albumin (BSA) in 10 mM Tris
(pH 7.6). 500 mM NaCl and 0.05% Tween-20. or with S% BSA in
phosphate-buffered saline. Blots were then incubated with primary
antibody and washed with 10 mM Tris (pH 7.6). 500 mM NaCl and
0.05% Tween-20. After mcuhmon of biots wuh secondary antibody
pled to b dish pet or alkaline p results were
i d by either enh d chemil (ECL)(‘ h
Arli Heights. L) or by alkaline phosph (Zymed.
South San Francisco. CA). Blots were stripped ding to
turer’s i (A ]

A total of 107 cells were co-transfected with 20 pg of NFAT-Luc
reporter plasmid and varying amounts ot empty vector. Syk or ZAP-70
plasmids by electroporation at 250 V and 960 uF using a Bio-Rad Gene

Pulser (Bio-Rad Lab ies. Hercules. CA). Ti d cells were
cultured for 24 h in RPMI-1640 supplemented with 10% fetal bovine
serum. penicillin. streptomycin and L-gi Cells were then counted

and 10° live cells were plated per well in 96-well round bottom plates
(Corning) in 100 pl. Cells were left unstimulated or stimulated with
C30S ascites (1:1000 dilution of ascitic fluid), or phorbol myristate
W(sonyml)ndiotmvcin(IOuM)fofbh Sampies were then
lysed in a 100 pl volume of 100 mM KPO, (pH 7.8). 5.0 mM
dithiothreitol and 1% Triton X-100. and this lvsate was mixed with
100 ul of assay buffer (200 mM KPO, (pH 7.8). 10 mM ATP. 20 mM
MgCl,] followed by 100 pul of 1.0 mM luciferin. Luciferase activity.
expressed in arbitrary units. was determined in duplicate for each
expaumnloondmo. Fold induction was calculated as the ratio of

if activity following stimulation divided by the activity in the
unstimulated state for easch eondman.
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CHAPTER 3

A ROLE FOR THE SYK PROTEIN TYROSINE KINASE IN MURINE AND
HUMAN PRE-TCR SIGNALING
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. Summary

Thymocyte development proceeds through two critical checkpoints that involve signaling
events through two different receptors, the T cell antigen receptor (TCR) and the pre-TCR.
These receptors employ similar machinery to propagate their signals, including two families
of protein tyrosine kinases (PTKs), the Src and Syk families. Genetic and biochemical
evidence has shown that the Src family kinases are critical for normal T cell maturation.
ZAP-70, a Syk family kinase, has similarly been implicated as a critical component in
thymocyte development. However, a unique role for the Syk kinase has not been
established in this process. Here, I present evidence that Syk may play an important role in
thymocyte maturation during pre-TCR signaling. I have analyzed Syk expression in
subpopulations of murine and human thymocytes by intracellular staining and flow
cytometry. Syk is expressed at increased levels during the stages in which pre-TCR
signaling occurs. Furthermore, I show that Syk is downregulated after the pre-TCR
checkpoint has been passed. I therefore believe that Syk may play an important role in
thymic development during pre-TCR signal transduction.
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Introduction

Development of the o8 T cell receptor (TCR) lineage of T cells proceeds through an

ordered series of stages defined by the expression of various cell surface markers (3).
Immature thymocytes enter the thymus as CD4 CD8" cells that develop into CD4'CD8*

thymocytes. These cells undergo TCR-dependent positive and negative selection and

become CD4* or CD8* thymocytes which form the mature o T cell repertoire in the

periphery.
In mice, CD4'CD8" thymocytes can be further subdivided according to the cell

surface expression of two other proteins, CD44 (Pgp-1) and CD2S5 (o chain of the IL-2

receptor) (74, 75). The earliest pro-thymocytes are CD44*CD25"; these cells go on to

downregulate CD25. Next, these thymocytes become CD44 CD25*, during which time the

B chain of the T cell receptor is rearranged and expressed on the cell surface as a

heterodimer with the pre-To (pTa) chain. The CD4'CD8" thymocytes that receive a pre-

TCR signal progress through an intermediate CD4 CD8* stage prior to becoming
CD4*CD8* thymocytes (89-93).

Productive B chain rearrangement and expression of the pre-T cell receptor is
detected via a signal that is transduced through the pre-TCR complex; the nature of this

signaling is poorly understood. However, the signal appears to be independent of a pTa

or B chain ligand (4). This critical checkpoint in thymocyte development requires two

families of protein tyrosine kinases (PTKs), the Src family of PTKSs, including Lck and
Fynin T cells, and the Syk family of PTKs, comprising Syk and ZAP-70. These kinases

act in a sequential manner to transmit signals from the pre-TCR and TCR complexes (1).
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The TCR and pre-TCR heterodimers are components of multimeric complexes

containing non-covalently associated signal transducing CD3 subunits v, 3, and €, as well

as a { chain dimer (1). The signal transducing subunits recruit cytosolic tyrosine kinases

for their signaling function. This function is initiated by a Src family kinase that

phosphorylates the immunoreceptor tyrosine-based activation motifs (ITAMs), which are

present as a single copy within each of the CD3 chains and as three copies within the {

chain. These phosphorylated tyrosines subsequently serve as docking sites for the tandem
SH2 domains of both Syk and ZAP-70. Once recruited to the ITAM, the Syk family
kinases are activated by tyrosine phosphorylation of their activation loops and transduce
further signals for T cell development, activation, and differentiation.

Genetic studies have demonstrated the importance of both families of tyrosine
kinases for the development of murine thymocytes. Mice doubly deficient for Lck and Fyn
exhibit a profound block in development at the CD4'CD8" stage, the time at which pre-TCR
signals are required (80, 81). ZAP-70-deficient mice have thymocytes that are arrested at

the CD4*CD8" stage (69-71). Syk-deficient mice have no reported o T cell defect,

although a subset of y0 T cells, contained in intraepithelial lymphocytes (IELs), is impaired

in their development (88). However, Syk has been shown to be expressed at higher levels
in the thymus and is downregulated in the periphery, suggesting that it might play an
unrecognized role at some point during thymocyte development (94).

In humans, ZAP-70 deficient patients have been described (65-67). However,
unlike in mice, in which thymocytes are completely arrested at the CD4*CD8* stage, human
patients with a ZAP-70 deficiency have exclusively CD4* mature T cells that populate the
periphery. Studies with HTLV-1 transformed thymocyte lines from these patients indicate
that Syk is increased in expression in those cells when compared to normal thymocytes,

suggesting that Syk can compensate for the loss of ZAP-70 function in these patients (87).
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Nevertheless, the mature CD4* cells that populate the periphery are unable to signal,
perhaps because they have downregulated Syk expression (87).

Syk has been shown to be able to compensate for ZAP-70 in many situations,
including o T cell development and signaling (57). However, recent evidence has

indicated in vitro and in cell lines that Syk and ZAP-70 have different requirements for
activation. For instance, Syk has less dependence on Src kinases for its activation (Chapter
2). Thus, Syk may have roles distinct from ZAP-70 in certain in vivo situations.

Here, I use an intracellular staining method for detecting Syk expression in
subpopulations of cells. I have analyzed the expression of Syk in thymocytes of both mice
and humans. These results suggest that Syk is expressed at the highest levels during the
pre-TCR signaling stage and downregulated quickly thereafter, suggesting that Syk may
play a role in propagation of the pre-TCR signal.
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Results

Syk is expressed at higher levels in developmentally arrested thymocytes
Thymocytes in RAG-deficient and Lck/Fyn;doubly deficient mice are arrested at the same
CD44'CD25* CD4' CD8 stage of development [(80, 81); also see below]. During studies
of thymocytes of developmentally arrested Lck/Fyn doubly deficient mice, I used
immunoblotting to examine the expression of other Src family as well as Syk family PTKs
in the thymi of these mice (Figure 1). Strikingly, in these whole thymic preparations, I
detected high levels of expression of the Src family kinase Fgr, as well as high levels of
expression of the Syk PTK (Figure 1). The same pattern of expression was observed in
thymic preparations from RAG-deficient mice (Figure 1). It is possible that the high levels
of expression of these kinases reflects the increased proportion of dendritic cells,
macrophages, and stromal cells in the lysates, due to the decreased number of thymocytes
in the developmentally arrested thymi. However, I also considered the possibility that the
high level of Syk might reflect the level of expression of Syk in the developmentally
arrested thymocytes. I hypothesized that Syk might play a specific role at the CD4'CD§8

stage of development, when pre-TCR signaling occurs.

Syk expression can be detected by intracellular staining in murine cells

To analyze the expression of the Syk PTK in thymocyte development with greater
sensitivity, I generated a monoclonal antibody (mAb), 5F5.2, against the murine protein.
This antibody is specific for a peptide sequence in interdomain B of murine Syk, amino
acids 306-333. Immunoblot analysis of whole cell lysates using ['*I]-iodinated 5F5.2
antibody revealed that it reacts primarily with a 72-kD protein present in large amounts in
murine spleen and lymph nodes and almost undetectable in the thymus (Figure 2A). This
band was not detected in 3T3 cells, a murine fibroblast line (Figure 2A). The reactivity
against the 72-kD band is specific, as it was competed away with peptide against which the
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Figure 1. Syk expression in thymi from different lines of mice. Whole cell lysates from
the thymi of the indicated lines of mice were normalized for protein content and resolved by
SDS-PAGE. Gels were transferred to PVDF membranes and probed with the indicated
antibodies. The lanes were loaded as follows: lane 1, wild-type thymus (N. Thymus);
lane 2, Ick/fyn” thymus (Lck/Fyn™); lane 3, RAG" thymus (Rag™); lane 4, wild-type spleen
(N. Spleen).
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Figure 2. Characterization of the 5F5.2 anti-Syk monoclonal antibody. (A) Blotting

specificity of SF5.2. Equivalent amounts of whole cell lysate (100 pg protein/lane) were

loaded in each lane and resolved by 10% SDS-PAGE. After transfer to PVDF membranes,
blots were probed with ['*I]-iodinated 5F5.2 antibody (left panel, anti-Syk) or ['*I]-
iodinated SF5.2 antibody preincubated with competitor peptide (right panel, anti-Syk +
pep). Results were visualized by autoradiography. Lanes were loaded as follows: lanes 1
and 5, NIH 3T3 (3T3); lanes 2 and 6, wild-type thymus (Thymus); lanes 3 and 7, wild-
type spleen (Spleen); lanes 4 and 8, wild-type lymph nodes (LN). (B) Intracellular
staining for murine Syk. Splenocytes from a wild-type C57B1/6 mouse were stained with
anti-B220 PE and 5F5.2 FITC (anti-Syk); SF5.2 FITC + competitor peptide (anti-Syk +
pep); or an isotype-matched staining control, IgG1 FITC (Control Ig). B220"* cells were
gated and analyzed for Syk staining. The results shown are representative of four

independent experiments.
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antibody was generated (Figure 2A). Using this antibody, I am also able to detect Syk
expression by immunoblotting in a murine B cell line, Bal-17, and a murine macrophage
line, RAW 264.7 (data not shown). Furthermore, the 5F5.2 antibody is specific for
murine Syk, as it did not detect Syk in human or avian cells (data not shown).

Next, I was interested in determining if the SFS5.2 mAb was capable of staining Syk
intracellularly. This technique has been used extensively for the detection of cytokine
expression. Briefly, cells were stained for surface markers and were subsequently fixed,
permeabilized with saponin, and stained intracellularly with the anti-Syk antibody. Cells
were then analyzed by flow cytometry. Syk expression could easily be detected in B220*
splenic B cells (Figure 2B), which express high levels of Syk. Consistent with the
immunoblotting results, intracellular staining for Syk revealed high levels in macrophages
and low levels in peripheral T cells (data not shown). The staining observed with this mAb
was specific, as I have shown with several controls. First, mAb staining could be
competed away with the Syk-derived peptide against which the antibody was generated.
Furthermore, an isotype-matched antibody control overlapped with the negative peak of the
peptide competition control (Figure 2B). Similar to the reactivity observed in
immunoblotting, the anti-Syk reagent did not recognize Syk from human or avian cells
when used for intracellular staining (data not shown). Finally, no reactivity was seen when
non-permeabilized cells were stained with the anti-Syk reagent, indicating that the antigen

recognized by the antibody is an intracellular protein (data not shown).

Syk is expressed at the CD4'CD8" stage in murine thymocytes

Based on experiments using anti-murine Syk polyclonal antibodies, it has been reported
that in the T cell lineage, Syk is expressed at highest levels during thymic development
(94). To investigate this observation in more detail, I stained for intracellular levels of Syk
in murine thymocytes. I co-stained thymocytes from wild-type mice for CD4, CD8, and

Syk and used flow cytometry to define the subsets of cells expressing Syk (Figure 3A).
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Figure 3. Syk is expressed in murine CD4 CD8 thymocytes. (A) Intracellular staining for
Syk in murine thymocytes. Thymic tissue from a wild-type C57Bl/6 mouse was isolated
and stained on the cell surface using anti-CD4 APC, anti-CD8 PE, anti-B220 TC, and anti-
Mac-1 TC antibodies. TC-positive cells were excluded by fluorescent gating. Syk
expression in the different CD4/CD8 subpopulations is depicted in the histograms to the
right of the dot plot. The histograms represent the following intracellular stains: anti-Syk
5F5.2 FITC, filled histogram (anti-Syk); SF5.2 FITC + competitor peptide, open
histogram, solid line (anti-Syk + pep); isotype-matched IgG1 FITC staining control, open
histogram, dashed line (control Ig). The results shown are representative of five
independent experiments. (B) Immunoblotting for Syk in sorted thymocytes.
Thymocytes from wild-type C57Bl/6 mice were isolated and stained for CD4 and CD8

expression and sorted by flow cytometry. The sorted populations were 99% pure.

- Equivalent amounts of whole cell lysate (75 pg/lane) were resolved by 8% SDS-PAGE,

transferred to membranes, and probed with the anti-Syk (5F5.2) mAb followed by a
horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody. Bands
were visualized by enhanced chemiluminescence (ECL). The blots were subsequently
stripped according to manufacturer’s instructions and reprobed with anti-ZAP-70 antisera
followed by an HRP-conjugated Protein A secondary reagent. Bands were again
visualized by ECL. Lanes were loaded as follows: lane 1, sorted CD4'CD8" thymocytes
(CD4°'CD8); lane 2, sorted CD4*CD8"* thymocytes (CD4'CD8*); lane 3, whole thymus

(Thymus). The results shown are representative of three independent experiments.
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Interestingly, Syk was expressed at variable levels in CD4 CD8 thymocytes, with a
subpopulation of CD4'CD8' cells expressing relatively high levels of Syk (Figure 3A).
These cells were not contaminating B cells or macrophages, since we excluded those B220*

or Mac-1* populations by fluorescent gating. Furthermore, the majority of cells that

expressed high levels of Syk were not 0 cells. Although ¥d T cells do express significant

levels of Syk in the thymus, after gating on CD3" populations, as well as after directly
excluding yd TCR-expressing cells, I still detected a Syk-expressing population in the

CD4CDS cells (data not shown).

In CD4*CDS8" cells, Syk levels were substantially reduced (Figure 3A). These
levels remain low in the progression to more mature CD4* and CD8* thymocytes as well as
later as these cells emerge as mature T cells in the periphery (Figure 3A).

The above results contrast with previously published data using polyclonal
antibodies in which immunoblotting experiments suggested that Syk was expressed at
highest levels in the CD4*CD8" population (94). To address this issue further, we sorted
CD4 CD8 thymocytes and CD4*CD8" thymocytes for immunoblotting whole cell lysates
with this new anti-Syk mAb and anti-ZAP-70 antisera for comparison. Whole cell lysates
were generated from FACS-sorted cells which were 99% pure. (Figure 3B). The results I
obtained with these antibodies are consistent with the intracellular staining results: Syk
levels were highest in the CD4 CD8" population and decreased in the CD4"CD8* population
(Figure 3B). In contrast, ZAP-70 was expressed throughout thymic development [Figure
3B; see also (94)]. The reasons for the discrepancies in Syk expression between previous
results and my current results are not clear. It is possible that in the previous experiments,
contaminating Syk-expressing cells such as B cells were present in the enriched
populations or, more likely, that the Syk antibodies that had been previously used cross-
reacted with a protein of similar size, perhaps ZAP-70.
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Syk is expressed at the pre-TCR signaling stage in mice
In mice, CD4 CD8" thymocytes can be further subdivided into subpopulations based on
expression of the CD44 and CD25 cell surface proteins (74, 75). The expression of Syk
within the CD4 CD8 population was analyzed. Using four-color analysis, wild-type
thymocytes expressing CD4, CD8, CD3, B220, and Mac-1 were excluded. The remaining
thymocytes were analyzed for CD44, CD25, and Syk expression (Figure 4A). From these
staining results, it can be seen that Syk expression is elevated from the CD44*CD25
through the CD44'CD25* stage (Figure 4A). After the CD44 CD25" stage, Syk levels
appear to be downregulated, with a notable decrease in Syk expression by the CD44° CD25
stage, and uniformly low by the time the thymocytes have matured to CD4*CD8" cells
(Figure 3A and Figure 4A). Interestingly, the CD44'CD25* stage of thymocyte
development corresponds to the stage at which thymocytes receive signals through the pre-
TCR complex (75). Thus, it appears that Syk expression is elevated until the stage at
which the pre-TCR signal is propagated and then its expression is rapidly downregulated.
As shown in Figure 1, whole-cell lysates of thymocytes from Lck/Fyn-deficient
mice and RAG-deficient mice appeared to express higher levels of Syk than wild-type
mice. Since these mice are arrested in thymic development at the CD44 CD25" stage (80,
81), I reasoned that the increased Syk expression seen in whole cell lysates results from the
fact that the majority of thymocytes are arrested at the point when Syk is most highly
expressed. I verified this hypothesis by staining for CD44 and CD25 in thymic
populations from Lck/Fyn-deficient and RAG-deficient mice (Figure 4B and data not
shown). As in the wild-type thymus, Syk was expressed most highly at the CD44 CD25"
stage and decreased in expression by the CD44'CD25" stage. Note that the differences in
maximal staining intensity of Syk staining between wild-type and mutant mice are the result

of using different flow cytometers (see legend to Figure 4).
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Figure 4. Syk is downregulated in murine thymocytes after the pre-TCR checkpoint. (A)
Syk expression in wild-type CD4' CD8" thymocytes. Thymocytes from a wild-type
C57BV/6 mouse were cell-surface stained with biotinylated anti-CD44, anti-CD25 PE, anti-
CD3 TC, anti-CD4 TC, anti-CD8 TC, anti-B220 TC, and anti-Mac-1 TC followed by
streptavidin-APC. TC-positive cells were excluded by fluorescent gating. Syk expression
in the different CD44/CD2S5 subpopulations is depicted in the histograms to the right of the
dot plot. (B) Syk expression in lck/fyn thymocytes. Thymocytes from Ick’/fyn” mice
were isolated and stained with anti-CD44 TC and anti-CD25 PE. Syk expression in the
CD44/CD25 subpopulations, as measured by intracellular staining, is depicted in the
histograms to the right of the dot plot. In (A) and (B), the histograms represent the
following intracellular stains: Syk 5F5.2 FITC, filled histogram (anti-Syk); Syk FITC +
competitor peptide, open histogram, solid line (anti-Syk + pep); isotype-matched IgG1
FITC staining control, open histogram, dashed line (control Ig). Note that the differences
in the maximal intensity of Syk staining in (A) and (B) are the result of using different flow
cytometers. Four-color analysis in (A) was performed on a FACStar Plus, whereas three-
color analysis in (B) was performed on a FACScan. The results shown are representative

of three independent experiments.
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Syk expression is downregulated from the CD4'CD8" to CD4'CD8"
transition in murine thymocytes

I next sought to determine if I could induce a pre-TCR signal to downregulate Syk during
the transition from CD4 CD8 thymocytes to CD4*CD8* thymocytes. To do so, I used
RAG' and Ick'/fyn mice. As mentioned above, the majority of thymocytes from these mice
are arrested at the pre-TCR checkpoint during CD4 CD8" thymocyte development.
Previous experiments in RAG-1-deficient mice have demonstrated that injection of anti-
CD3 antibodies can induce the arrested CD44'CD25" thymocytes to mature into CD4*CD8*
thymocytes, presumably by crosslinking low levels of CD3 chains that have reached the
surface in the absence of the pre-TCR chains (95). Because Lck/Fyn-deficient mice are
arrested at an identical stage in development, I wished to determine if injection of anti-CD3
antibodies would have a similar effect.

Surprisingly, the CD4'CD8' cells from Ick’/fyn” mice could be induced to develop,

similar to the results observed in RAG™ mice (Figure 5 and data not shown). These results

show that the developmental arrest in these thymocytes can be overcome by the stimulation

of the CD3 complex. In the Lck/Fyn-deficient thymocytes, the TCR B chain was detected

by intracellular staining even prior to antibody treatment (data not shown), suggesting that a
functional pre-TCR complex can be generated in a subpopulation of these thymocytes,
which may allow for further development of these cells. Induction of the CD4*CD8"* cells

following anti-CD3 stimulation also resulted in TCR o chain rearrangements, as assessed

by RT-PCR (data not shown), suggesting that the signal through the pre-TCR is generating
bona fide CD4*CD8" thymocytes. This effect might reflect the decreased dependence of
Syk, which is expressed in these cells, on Lck/Fyn function.

To examine the expression of Syk during this transition, we stained for Syk
intracellularly in the CD4'CD8 and CD4*CD8"* cells after in vivo anti-CD3 treatment of both

Ick'/fyn and RAG™ mice (Figure SB and data not shown). Consistent with the results
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Figure 5. In vivo induction of maturation of CD4 CD8 thymocytes from Ick’/fyn” mice

leads to downregulation of Syk expression. (A) Syk expression in lck/fyn thymocytes.

Ick /fyn’ mice were injected with 250 pg normal hamster Ig intraperitoneally in PBS. After

seven days, thymocytes from these mice were isolated and stained for CD4, CD8, and

Syk. (B) Syk is downregulated upon in vivo treatment with anti-CD3¢ antibodies. Ick’

/fyn” mice were injected with 250 pg anti-CD3e antibody (2C11) IP in PBS. After seven

days, thymocytes from these mice were processed as in (A). In both (A) and (B), the
histograms to the right of the dot plot represent Syk expression in the indicated gated
populations: anti-Syk FITC, CD4 CD8 thymocytes, shaded histogram; anti-Syk FITC,
CD4'CD8" thymocytes, black histogram. In addition, 5SF5.2 FITC + competitor peptide
staining was used as a negative control for staining (anti-Syk + pep, open histogram). The

results shown are representative of six independent experiments.
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observed in wild-type mice, the induced CD4*CD8* thymocytes showed decreased levels
of Syk expression compared with the CD4 CD8" thymocytes (Figure 5B and data not
shown). Thus, Syk appears to be actively downregulated following a pre-TCR signal
during the CD4'CD8 to CD4'CD8" thymocyte transition. The elevated levels of Syk at the
CD44 CD2S5" stage may allow anti-CD3 treatment to overcome the developmental block in
Ick /fyn and RAG" thymocytes. This result is especially noteworthy since Syk activation is

less dependent on Src kinases than is ZAP-70 activation (Chapter 2).

Syk is expressed in human thymocytes

Having determined that Syk is downregulated during the CD4 CD8 to CD4*CD8"* transition
in murine thymocytes, I was next interested in determining the pattern of Syk expression in
the human thymus. I believed that regulation of Syk family members might differ between
humans and mice, as suggested by the differences in T cell development resulting from
ZAP-70-deficiency in mice and humans (65-67, 69-71). Patients with severe combined
immunodeficiency due to ZAP-70 deficiency have nonfunctional peripheral CD4* T cells,
whereas in mice, loss of ZAP-70 results in a complete arrest at the CD4'CD8" to CD4*CD8*
transition. I reasoned that one possible explanation for the ability of human but not murine
thymocytes to mature was a differential regulation of Syk expression in humans. To
examine more closely the expression of Syk in human thymocytes, I used an anti-Syk mAb
that has previously been used for immunoprecipitation and immunoblotting of human Syk
(96). When used for immunoblotting, this antibody detects Syk in lysates of human
thymocytes as well as peripheral blood lymphocytes (PBLs) (Figure 6A). To assess if this
antibody was also capable of staining Syk intracellularly, I co-stained B cells from human
PBLs with antibodies against surface CD19 and intracellular Syk. Syk could be stained in
this population of cells, and the specificity of staining once again was demonstrated by the

ability of specific peptide to compete with the staining (Figure 6B).



Figure 6. The 4D10.1 anti-human Syk monoclonal antibody can detect intracellular Syk.
(A) Blotting specificity for human tissues. Whole cell lysates were made from the

indicated tissues or cell lines and quantitated for protein content. Equivalent amounts of

lysate (100 pg) were loaded in each lane resolved by 10% SDS-PAGE. Gels were

transferred to PVDF membranes and probed with an anti-human Syk mAb (4D10.1)
followed by an HRP-conjugated goat anti-mouse secondary antibody. Bands were
visualized by ECL. The lanes were loaded as follows: lane 1, whole thymus (Thy); lane

2, peripheral blood leukocytes (PBL); lane 3, Jurkat, J.E6-1 clone (Syk-non-expressing,
J.E6-1); lane 4, Jurkat, J.D clone (Syk-expressing, J.D); and lane 5, Raji B cell line (Raji).
The results shown are representative of five independent experiments. (B) Intracellular
staining of human Syk. Human PBLs were isolated by Ficoll/Hypaque separation. Cells
were washed and stained on the cell surface using CD19 TC and intracellularly using
4D10.1 FITC (anti-Syk); 4D10.1 FITC + competitor peptide (anti-Syk + pep); and isotype-
matched IgG1 FITC staining control (Control Ig). CD19* cells were gated and analyzed

for Syk staining. The results shown are representative of fifteen independent experiments.
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To analyze the expression of Syk during human thymic development, thymocytes
from human thymi were stained for surface CD4 and CD8 expression, as well as
intracellularly with the anti-Syk mAb 4D10.1. As can be seen in Figure 7, in the normal
human thymus, similar to the mouse thymus, an elevated level of Syk expression was
present in a subpopulation of CD4'CD8' cells; in this case, a smaller subset express high
levels of Syk. In contrast to the case in the murine thymus, Syk levels were not decreased
as much in the CD4*CD8" cells. Instead, Syk levels remained somewhat elevated until the
transition to either the CD4* or CD8" stage, where a majority of these thymocytes showed
decreased Syk expression. Strikingly, and in dramatic contrast to the murine thymus, in
the CD4* compartment, 5-10% of the thymocytes expressed substantially elevated levels of
Syk (Figure 7). To confirm that the Syk™ cells that I observed in the CD4'CD8" and CD4*
populations were thymocytes and not other contaminating cell types, I examined forward
and side scatter gating, indicating that the Syk™ cells were small lymphocytes (data not
shown). Exclusion of CD19* and Mac-1* (CD11b) cells by fluorescence gating indicated
that the CD4 CD8 and the CD4"* cells with elevated Syk expression were not B cells,

macrophages, or monocytes (data not shown).

Syk is expressed coordinately with the pre-TCR in human thymocytes

I hypothesized that this subpopulation of Syk™ CD4* thymocytes might represent a subset
of cells that become precursors for the human CD4* peripheral T cells that develop in ZAP-
70-deficient patients. Alternatively, I considered the possibility that the CD4* thymocytes
were an immature thymic population that is an intermediate between CD4'CD8" and
CD4'CD8", as has been described in studies of human thymocyte development (97).
Unlike the murine system, in which thymocytes develop from CD4'CD8’ cells to
CD4*CD8" via a CD8" intermediate, human thymocyte development proceeds through a
CD4" intermediate during the transition from CD4'CD8 to CD4*CD8" thymocytes.
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Figure 7. Human thymocytes express elevated levels of Syk in a subpopulation of CD4
CD8 and CD4" cells. Human thymocytes were stained on the cell surface with anti-CD4
TC and anti-CD8 PE antibodies. Syk expression in the CD4/CD8 subpopulations, as
measured by intracellular staining, is depicted in the histograms to the right of the dot plot:
4D10.1 Syk FITC, filled histogram (anti-Syk); Syk FITC + competitor peptide, open
histogram, solid line (anti-Syk + pep); isotype-matched IgG1 FITC staining control, open
histogram, dashed line (control Ig). The results shown are representative of twelve

independent experiments.
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To assess if the small subpopulation of CD4"* cells expressing elevated levels of
Syk was immature or mature, I examined their CD3 expression. Mature CD4" thymocytes
express high levels of CD3, whereas the immature CD4" intermediates express low levels
of CD3. CD4 vs. CD3 staining indicated that, in fact, the Syk-expressing cells expressed
low levels of CD3 and therefore represent the CD4* developmental intermediates between
CD4'CD8 and CD4*CD8* populations (Figure 8A). A comparable population of Syk"
cells in CD8* thymocytes was not detected (Figure 8B). The expression of Syk in the
CD4*CD3" population corroborates the idea that Syk is expressed in immature cells and
decreases in expression as thymocytes mature.

Unlike murine thymocytes, in which the pre-TCR is expressed during a discrete
period of CD4'CD8 thymocyte development, only a small number of human CD4 CD8
thymocytes express the pre-TCR. Instead, it appears that it is during the CD4* intermediate

stage that the human pTa chain and the pre-TCR are most highly expressed (98). Thus,

the CD4" intermediate stage in humans appears to correspond functionally to the CD44
CD25* stage of murine CD4'CD8' cells. It appears the elevation of Syk expression during
pre-TCR signaling has been preserved between mice and humans, and that Syk is
downregulated following the pre-TCR signal. Note also that CD3™ cells, contained within
the CD4*CD8" stage of development, again have higher levels of Syk than the more mature
subset. This higher level of Syk expression in CD4*CD8" human thymocytes may be
important for the ability of CD4" cells to develop in ZAP-70-deficient patients.
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Figure 8. Syk"™ human CD4* thymocytes are immature. (A) Syk is elevated in a
subpopulation of CD4*CD3" cells. Human thymocytes were stained on the cell surface
with anti-CD4 TC and anti-CD3 PE antibodies. Syk expression in the CD4/CD8
subpopulations, as measured by intracellular staining, is depicted in the histograms to the
right of the dot plot: 4D10.1 Syk FITC, filled histogram (anti-Syk); Syk FITC +
competitor peptide, open histogram, solid line (anti-Syk + pep); isotype-matched IgG1
FITC staining control, open histogram, dashed line (control Ig). (B) Syk is not elevated in
CDS8" cells. Human thymocytes were stained on the cell surface with anti-CD8 TC and
anti-CD3 PE antibodies. Syk expression is depicted as in (A). The results shown are

representative of five independent experiments.
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Discussion

I have isolated a new monoclonal anti-Syk antibody and used cytoplasmic staining and
flow cytometry for detecting the Syk PTK in subpopulations of cells. Using this method, I
have analyzed the expression of Syk during thymic development. In mice, Syk expression
was elevated prior to pre-TCR signaling and was then quickly downregulated. In humans,
Syk expression was upregulated in a small subpopulation of CD4" cells which correspond
to pre-TCR-expressing cells. These results highlight a potential role for Syk in pre-TCR
signaling.

Syk expression in CD4'CD8" thymocytes

Syk was found to be highly expressed in CD4'CD8 thymocytes up to the CD44 CD25"
stage. I have confirmed the elevated expression using my anti-Syk mAb both by
intracellular staining and by immunoblot analysis of sorted thymocyte subpopulations. The
reasons for the contrasting results between our current results and the previously published
report (94) that Syk is expressed at the CD4*CD8"* stage are not clear, but one possibility is
that the polyclonal rabbit heterosera previously used for Syk detection may have exhibited
low-level cross-reactivity with another protein of similar size to give misleading results.
Another less likely possibility is that the previously sorted preparations contained
contaminating B cells or other Syk-expressing populations. The thymocytes purified in
this study were sorted by flow cytometry, which may have increased the purity of these

samples compared with the previously used strategy of magnetic bead depletion.
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A role for Syk in pre-TCR signaling
The expression of Syk in CD4'CD8 thymocytes raises the possibility that Syk may be
involved in pre-TCR signaling. A role for Syk in pre-TCR signaling has also been
suggested by prior genetic data (85). Although ZAP-70 deficient murine thymocytes
progress to the CD4*'CD8* stage, thymocytes from Syk/ZAP-70 doubly-deficient mice are
arrested at the CD44 CD25* pre-TCR checkpoint in CD4'CD8 thymocytes (69-71, 85).
Thus, Syk appears to be able to compensate partially for a lack of ZAP-70 in thymocyte
development, during pre-TCR signaling. As I show here, Syk is in fact expressed at its
highest levels just before the CD4'CD8 to CD4*CD8" transition, at the CD44 CD25* pre-
TCR checkpoint.

The expression of Syk at the pre-TCR signaling stage has apparently been

preserved between mice and humans. In humans, as mentioned earlier, only a small

number of CD4 CD8 cells express the pre-Ta chain (98). Instead, the CD4" intermediate

thymocytes express the highest proportion of pre-TCR-expressing cells. Mature TCR B

chains are first detected at the CD4" intermediate stage, suggesting that the pre-TCR is

expressed at this stage and that pre-TCR signaling occurs during this stage as well (98).

Syk expression in human thymocytes reflects the pattern of expression of the pTa chain. It

may be that in humans, the small number of Syk™ CD4'CDS$" cells are the precursors of the
eventual CD4" pre-TCR-expressing thymocytes. The relationship between Syk and pre-
TCR expression could be more directly confirmed by staining for the coexpression of these
molecules on the same cell. Similarly, the relationship between the Syk™ CD4'CD8" and
Syk™ CD4"* cells may be determined by performing lineage analysis with long-lasting
membrane-intercalating fluorescent dyes or thymic reconstitutions using the CD4'CD8
cells. The conservation of Syk expression and the pre-TCR in both mice and humans

suggests that Syk and the pre-TCR may in fact be functionally linked.
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Downregulation of Syk after pre-TCR signaling
In mice, Syk is downregulated as CD4'CD8 cells become CD4*CD8" cells. Thus, only
low amounts of Syk remain at the CD4*CD8"* stage, when positive and negative selection
occur. Therefore, in ZAP-70-deficient CD4*CD8* thymocytes, neither Syk nor ZAP-70 is
expressed, so positive and negative selection cannot occur. However, in ZAP-70-deficient
mice in which a Syk transgene is constitutively expressed throughout thymic development,
complete thymic development is restored, indicating that Syk can compensate for ZAP-70
when present (57).

In humans, the downregulation of Syk expression is not as complete following pre-
TCR signaling (Figure 6). The fact that CD4*CD8" human thymocytes still express
significant levels of Syk may explain the differences between the severity of the
developmental phenotype of ZAP-70-deficient mice and humans. Because the relative
amounts of Syk between human CD4-CD8- and CD4+CD8+ thymocytes appear to differ
less than the comparable murine thymocytes, Syk may be able to compensate for the loss of
ZAP-70 more effectively in human than in murine thymocytes, thereby allowing some
human CD4* thymocytes to develop despite the lack of ZAP-70. This subpopulation of
CD4" thymocytes would then become the CD4* peripheral T cells observed in ZAP-70-
deficient patients. However, because Syk expression is downregulated between the
CD4'CD8" and the mature CD4" stage of thymic development (Figure 8), the CD4" T cells
that develop in ZAP-70-deficient patients remain unable to signal (65-67, 87). The fact that
Syk expression appears to decrease again after human CD4+CD8+ TCR signaling, not just
after pre-TCR signaling earlier in thymic development, suggests that the processes of
positive and negative selection may also affect Syk expression in human thymocyte
development.

The signals that cause Syk to be downregulated have not been identified. It is
possible that the signal is a direct result of pre-TCR signaling, but it may be that another
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signal, perhaps delivered via a cytokine receptor, is responsible. Analysis of the syk

promoter may indicate what types of transcriptional regulation control Syk expression.

Syk and coreceptor-independent signaling
The proposed function of Syk during pre-TCR signaling is consistent with the idea that
Syk, when compared to ZAP-70, has a decreased dependence on Lck/Fyn function (62,
64, 99). One in vivo example of a situation in which Lck plays less of a role in TCR
signaling is during coreceptor-independent signaling. In such situations, the TCR can
signal in the absence of CD4 or CD8 coreceptors and therefore in the absence of the Lck
molecules that are associated with the cytoplasmic tails of those coreceptors. Pre-TCR
signaling is by definition coreceptor-independent, because it occurs in the absence of
expression of either CD4 or CD8. Thus, during pre-TCR signaling, because CD4 and
CD8 are not expressed, Lck is presumably not recruited to the CD3 signaling complex as
efficiently.

Based on the observed differences in regulation of expression and kinase activity of
Syk and ZAP-70, I propose the following model. Syk and ZAP-70 both function during
thymocyte development, but they are most critical during different stages. Their individual
characteristics are appropriate for the delivery of two different types of signals through the
thymocyte receptor complex. Consistent with this model, the expression of these kinases
correlates with the time in development when they are proposed to be most useful. The
pre-TCR appears to be less discriminating than the mature TCR in terms of signal initiation:
a truncated pre-TCR lacking extracellular domains can restore thymic development in a
RAG-deficient background, suggesting that no specific ligand-binding is necessary for
stimulation of the pre-TCR (4). On the other hand, the TCR/coreceptor complex is
responsible for discriminating ligand affinities over a wide concentration range. Syk is less
dependent on upstream activators than ZAP-70: it is capable of autophosphorylation on its

activation loop tyrosines, and it is therefore less dependent on CD45 or Lck (40, 61, 99).
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ZAP-70, in contrast, relies on transphosphorylation by Lck and Fyn for activation (54).
Thus, Syk can more readily act as a signaling molecule during the pre-TCR signaling
process and is expressed at the pre-TCR, but not the TCR, signaling stage. Conversely,
ZAP-70 is likely to be more important than Syk during the processes of positive and
negative selection at the CD4*CD8" stage, when differences in the strength of the TCR
signal are important to transmit and therefore tighter regulation of signaling is required.
The fact that human CD4'CD8"* thymocytes appear to express relatively more Syk than their
murine counterparts suggests that positive selection in the human may be less coreceptor
dependent. Although Syk-deficient mice have no severe defect in thymocyte development
(72, 73), the efficiency of pre-TCR signaling and thymocyte development, as well as
potential effects on repertoire development, have not been studied in these mice. These
results therefore suggest a role for Syk in pre-TCR, but not TCR, signaling during
thymocyte development. Our observations further demonstrate a sensitive and powerful
application of the combination of intracellular staining and flow cytometry for the study of
signaling proteins in situations in which cells must be analyzed at high purity or limiting

cell number.
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Experimental Procedures

Generation of 5F5.2
The anti-murine Syk mAb 5F5.2 was generated by standard protocols (100). Briefly,
Balb/C mice were immunized intraperitoneally with TiterMax adjuvant (CytRx, Norcross,

GA) and KLH-conjugated anti-Syk peptide (100 pg) corresponding to amino acids 306-
333 in murine Syk. Mice were boosted with 100 pg KLH-Syk peptide 3 more times over

2 months in the absence of adjuvant. A final boost of 100 pg peptide was given

intravenously via tail vein injection and spleens harvested three days later. Fusions were
performed with the Ag8.653 murine hybridoma fusion partner using polyethlyene glycol,
grown in selective medium (HAT), and screened by ELISA. Positive clones were then

subcloned by limiting dilution and rescreened for stable, high-level secretion.

Mice, tissues, and antibodies

Mice were maintained at the UC San Francisco Animal Care Facility. Wild-type C5S7Bl/6
mice were obtained from Jackson Labs. Ick/fyn" mice (81) and RAGI" mice (generous
gifts of Dr. Nigel Killeen) have been described. Human thymic tissue was obtained from
pediatric cardiac surgery patients between 1 week and 8 years of age.

The following antibodies with the following specificities were used: rabbit
heterosera, 1598, anti-ZAP-70; anti-Fgr; anti-Hck (anti-Fgr and anti-Hck were gifts of Dr.
Clifford Lowell); monoclonal antibodies, 1F6, anti-Lck; 5F5.2, anti-murine Syk; 4D10.1,
anti-human Syk (96). Antibodies against cell-surface markers were obtained from
Pharmingen (San Diego, CA): anti-CD44, anti-mCD4; from Becton-Dickinson (San Jose,
CA): anti-hCD3, anti-hCD4, anti-hCD8; and from Caltag Laboratories (Burlingame, CA):
anti-mCD4, anti-mCDS8, anti-hCD19 anti-mCD25, anti-mB220. Streptavidin conjugates
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were obtained from Pharmingen (streptavidin-allophycocyanin, APC) and from Caltag

(streptavidin-tricolor, TC).

Antibody iodination and FITC conjugation
5F5.2 antibody was dialyzed against iodination buffer and reacted with IodoBeads (Pierce,
Rockford, IL) and 1 mCi carrier-free ['*I]-sodium iodide according to manufacturer’s
instructions. Reactions were stopped upon removal of the lodoBead reagent. Free
radioisotope was removed using a dextran matrix desalting column (D-Salt Columns,
Pierce).

Conjugation of affinity purified SF5.2 and 4D10.1 mAbs to fluorescein
isothiocyanate (FITC, Molecular Probes, Eugene, OR) was performed as described (101).

Cell lysates and immunoblotting

Cell were lysed in 1% NP-40 lysis buffer containing 10 mM Tris, pH 7.6; 150 mM NaCl;
and protease and phosphatase inhibitors as previously described. Protein content of lysates
was determined using the Bio-Rad protein assay reagent (BioRad, Hercules, CA); values
were determined using a spectrophotometer. Lysates were resolved by SDS-PAGE and
transferred to polyvinylidine difluoride membranes (PVDF, Immobilon-P, Amersham,
Arlington Heights, IL). Blots were blocked with nonfat powdered milk and bovine serum
albumin and incubated with the appropriate primary antibody. Following washes in Tris-
buffered saline + 0.05% Tween-20, blots were incubated with horseradish-peroxidase
conjugated secondary antibodies. Bands were visualized using the enhanced
chemiluminescence system and autoradiographic film (ECL, Amersham).
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Intracellular staining and flow cytometry
Tissues were strained through a wire mesh to generate a single-cell suspension. Cells were
washed multiple times with phosphate buffered saline (PBS), resuspended in staining

buffer, and stained with the appropriate conjugated antibodies in the presence of normal

mouse serum (10 pg/ml) or Fc receptor blocking antibody, 2.4G3. Cells were then fixed

in 4% paraformaldedhyde in PBS and washed. Antibody for intracellular staining was
added in staining buffer + 0.1% saponin in the presence of normal mouse serum or Fc
receptor blocking antibody. Cells were washed twice in permeabilization buffer and
analyzed by flow-cyometry. Four-color analysis was performed on a FACStar Plus
(Becton-Dickinson). All other samples were collected on a FACScan (Becton-Dickinson).

Results were analyzed using CellQuest software (Becton-Dickinson).

Gene rearrangement assays

These methods have been previously described (102). Briefly, RT-PCR was performed on
thymic preparations from the mice of interest using sets of primers specific for certain V,
D, and J regions. The products of these rearrangements were quantitated and compared to

those found in a wild-type murine thymus.

anti-CD3 injections
250 pg of purified anti-CD3e antibodies (2C11) were injected intraperitoneally into lck/fyn

or RAG-I" mice in PBS. After seven days, thymi were removed from the mice and stained
for Syk expression as outlined above. Results were analyzed by flow cytometry on a

FACScan.
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CHAPTER 4

EXPRESSION OF SYK IN PERIPHERAL T CELLS
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Summary

Peripheral T cells recognize antigen through the T cell antigen receptor (TCR). Two
families of protein tyrosine kinases (PTKs), the Src family and Syk family, are involved in
transducing the signals received through the TCR. The Src family PTKs Lck and Fyn
phosphorylate tyrosines within the signal-transducing subunits of the TCR. These
phosphorylated tyrosines then recruit the Syk family PTKs Syk and ZAP-70 to the receptor
complex. Src family members have been shown to be critical for TCR-mediated signal
transduction. Genetic evidence indicates that ZAP-70 is required for signal transduction,
but the role of Syk is less clear. Syk has been demonstrated to be critical for signal
transduction through the B cell antigen receptor, but a unique role for Syk in TCR signaling
has not been defined. I have demonstrated that Syk is selectively upregulated in early
thymocytes (Chapter 3). I now provide evidence that Syk is also upregulated in a

subpopulation of mature peripheral T cells. These T cells appear to include both off and ¥

cells. The cells that have upregulated Syk express some cell-surface markers associated

with T cell memory but not with recent activation.
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Introduction

T cell activation in response to antigen results from a signal transduction cascade that
begins with stimulation of the T cell antigen receptor (TCR). The earliest events during
TCR signaling involve two families of protein tyrosine kinases (PTKs), the Src family, of
which Lck and Fyn are most important in T cells; and the Syk family, comprising Syk and
ZAP-70. Lck and Fyn are capable of phosphorylating tyrosine-containing motifs within
the TCR complex, known as immunoreceptor tyrosine-based activation motifs (ITAMs).
The phosphorylated tyrosines then serve as a docking site for the SH2 domains of Syk
and/or ZAP-70. Once recruited to the TCR complex, Syk and/or ZAP-70 are subsequently
activated and, together with the Src kinases, phosphorylate other substrates in the signaling
pathway, ultimately resulting in proliferation, cytokine production, or other effector
activities.

There is ample genetic evidence that Src family kinases are important in TCR signal
transduction. T cell lines and clones lacking Lck are unable to transduce signals through
their TCR (103, 104). Loss of either Fyn or Lck through targeted disruption of murine
genes results in a situation in which the receptor is less responsive to stimulation (36, 82,
84, 105). Furthermore, in T cells from Lck-deficient mice, the ITAMs within the TCR
complex are no longer phosphorylated, supporting the model that Src kinases are
responsible for phosphorylating ITAMs (36).

Syk family kinases are also critical to signal transduction in mature T cells.
Experiments with dominant negative versions of ZAP-70 block TCR signal transduction
(106). Furthermore, a ZAP-70-deficient Jurkat T cell line is unable to signal through its
receptor (68). Peripheral T cells from ZAP-70-deficient patients are also unable to respond
to stimuli against the TCR (65-67). Interestingly, Syk deficiency results in only a selective

defect in certain subpopulations of peripheral T cells. Syk is apparently required for the

development of 8 intraepithelial lymphocytes, but not for splenic y8 T cells. In the
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absence of Syk, splenic Y0 cells, as well as aff T cells, have been reported to develop

normally (72, 73). Furthermore, TCR activation of of§ T cells from Syk-deficient mice is

apparently normal, at least in terms of responses to concanavalin A, a lectin that is a
polyclonal activator of T cells (73). In addition, analysis of whole cell lysates of peripheral
tissues and mature sorted T cells has revealed a very low level of Syk expression (14).

Collectively, these results suggest that ZAP-70, but not Syk, is required for the signaling

of the majority of peripheral aff T cells.

Other than in some Y3 T cells, Syk function would appear to be redundant to ZAP-

70 in TCR signaling. Despite this preliminary evidence that Syk function is redundant in
most T cells, some recent evidence has suggested that Syk may in fact have a more
specialized role than was previously appreciated. I have shown that Syk can function in the
absence of CD45 or Lck in Jurkat T cells (Chapter 2). Other groups have confirmed these
observations and demonstrated that Syk, but not ZAP-70, can enhance TCR signals in an
antigen-specific hybridoma line (62). Thus, I was interested in finding a correlate for these
observations from T cell lines in peripheral T cells in vivo, that is, a subpopulation of T
cells that would preferentially use or express Syk over ZAP-70.

Here I use a sensitive intracellular staining assay for detection of Syk expression by
flow cytometry to show that Syk is indeed expressed in a small proportion of the total
number of T cells in the periphery. These Syk-expressing cells also co-express some of
the markers that have been associated with memory T cells, and do not express markers
associated with recently activated T cells. Thus, these cells may be an important
subpopulation of T cells that possesses a specific coreceptor-independent ability to signal,

or they may be a subpopulation of memory cells.
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Results

I have described the results of examining the expression of the Syk PTK in small
subpopulations of thymocytes by intracellular staining and flow cytometry (Chapter 3).
Based on these results and the observations that Syk can play a distinct role from ZAP-70
in T cell lines (Chapter 2), I was interested in determining whether a differential expression

occurred within mature peripheral T cell populations.

Syk is variably expressed in human T cell clones

It has been reported that in Syk-deficient mice, certain ¥d T cell populations are absent,

suggesting that Syk may be an important kinase in the normal function of these populations

(88). To study the expression of Syk in y3 T cells, I initially analyzed a panel of human 5
and off T cell clones (Figure 1) (107), expecting to see high levels of Syk expressed in the
Y0 clones and low levels of Syk in the o} clones. Surprisingly, however, there was
heterogeneous expression of Syk in both Y0 and aff T cell clones, based on the analysis of
Syk expression in whole cell lysates. Syk is variably expressed in different ¥ clones, as

well as in aff clones. Thus, the overall low expression of Syk in peripheral T cells that

others have reported (14) may represent the average of the majority of cells that express
low levels and a small subpopulation of cells that express high levels of Syk. The selective
expression of Syk in these subpopulations may confer special signaling characteristics

upon these cells.
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Figure 1. Syk is differentially expressed in o8 and ¥d T cell clones. Whole cell lysates of

human T cell clones were made in 1% NP-40 lysis buffer. 100 pg of lysate was loaded per

lane and resolved by SDS-PAGE. The gels were transferred to PVDF membranes and
probed using an anti-Syk antibody (4D10.1) or an anti-ZAP-70 antibody (2F3.2). Lane 1,

Syk- and ZAP-70-expressing Jurkat line, J.D (99); lanes 2-5, ¥d clones; lanes 6-9, of§

clones.
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Syk is upregulated in a subpopulation of CD4" and CD8" splenic T cells

To further analyze Syk expression in the periphery, I stained splenocytes from wild-type
mice. I performed CD4 vs. CD8 cell-surface staining, accompanied by Syk intracellular
staining, to determine if T cell subpopulations expressed higher levels of Syk.
Interestingly, I observed that in 1-6% of CD4" or CD8"* cells, Syk expression was elevated
(Figure 2). This elevated level of Syk staining was comparable to that previously detected
in B cells and CD4'CD8 thymoctes (Chapter 3). The same percentage of CD3"* cells
expressed elevated levels of Syk (4% of total CD3"* cells, data not shown), consistent with
these cells being T cells. Importantly, the staining of the anti-Syk antibody could be
competed away with a Syk-derived peptide against which the staining antibody was raised
(Figure 2). Therefore, the staining detected by the anti-Syk mAb represented true Syk
expression and was not an artifact due to nonspecific binding. Most T cells appeared to

express very low levels of Syk.

Syk™ T cells are primarily off T cells

In order to identify what type of TCR these Syk™ T cells expressed, I next stained
splenocytes with antibodies that distinguish of from ¥8 T cells. As shown in Figure 3, the
majority of Syk™ cells are aif cells. Of the total off cells stained, approximately 4%

expressed elevated levels of Syk, consistent with the finding that Syk™ cells express CD4

and CD8. Of note, 0 cells, in addition to being a rather small proportion of the cells in the

periphery, were also heterogeneous in Syk expression, with only a small subset of splenic

¥d T cells expressing high levels of Syk (6% Syk™). The variable Syk expression I

observed in both aff and ¥d T cells is consistent with the variable expression of Syk we

have previously obtained from immunoblotting of T cell clones (Figure 1).
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Figure 2. Syk is upregulated in a subset of CD4* and CD8" murine splenocytes.
Splenocytes from a wild-type mouse were stained with anti-CD4 TC, anti-CD8 PE, and
anti-Syk FITC. The filled histograms represent Syk expression within the CD4* and CD8*
gates. The open histograms represent the staining with anti-Syk FITC in the presence of
competitor peptide. The percentages indicate the proportion of CD4* or CD8" cells that
express elevated levels of Syk. These results shown are representative of eight
independent experiments. The percentage of Syk™ CD4" cells ranged from 2.5-7.7%, with
an average value of 6.1%, whereas Syk™ CD8"* cells ranged from 0.6-3.4%, with an

average value of 2.6%.
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Figure 3. Syk is upregulated in a subset of aff TCR* and yd TCR* splenocytes.
Splenocytes were stained with anti-of TC, anti-yd PE, and anti-Syk FITC. The filled

histograms represent Syk expression in o- or y3- gated populations. The open

histograms represent the staining with anti-Syk FITC in the presence of competitor peptide

(solid line) or with an isotype matched staining control (dashed line). The percentages

indicate the proportion of af TCR* or ¥d TCR* cells that express elevated levels of Syk.

The results shown are representative of three independent experiments. The values of

Syk™ af* cells ranged from 3.9-4.7%, with a mean of 4.3%. The values of Syk" y&*

cells ranged from 6.1-7%, with an average value of 6.3%.
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Syk™ T cells express a subset of memory markers, but not markers of
recent activation

I was interested in further characterizing this subpopulation of Syk™ T cells. I first
determined whether these cells were resting or recently activated cells. Two markers of
early T cell activation are the cell-surface proteins CD25 and CD69 (108). I therefore
stained the CD4* and CD8* Syk™ cells for these two activation markers (Figure 4). 1
determined that the neither of these activation markers distinguished Syk™ from Syk® cells
(Table 1). Thus, elevated Syk expression does not appear to correlate with recent
activation.

Next, I determined whether these resting cells expressed cell-surface markers
characteristic of memory cells. Some of the best-characterized memory markers are CD44,
L-selectin, and CD45RB. I therefore assessed how Syk expression correlated with
memory marker expression in CD4* and CD8* T cell populations. I found that, like
memory T cells, Syk™ cells were almost uniformly CD44" (91%, Figure 5 and Table 1).
Also consistent with the idea that Syk™ cells represent a memory T cell population is the
fact that a significant portion of these cells had downregulated CD62L (L-selectin; 66%,
Figure 5 and Table 1). However, the Syk" cells were uniformly CD45RB" (91%, Figure
5 and Table 1); most memory cells have been reported to downregulate CD45RB. 1
therefore believe that the correlation of Syk expression and memory cell marker expression
is not complete; it is possible that Syk™ cells may be a subset of memory cells or a

subpopulation that has not been well-characterized using these markers.

Syk" T cells are primarily found in the spleen

I next wished to determine the tissues in which these Sykhi T cells were present. Thus, I
stained for Syk expression in CD4* or CD8" splenocytes, lymph node cells, and peripheral
blood lymphocytes (PBLs), the major sites of T cell recirculation (Figure 6). I observed

that the elevated expression of Syk in CD4" or CD8" cells occurred primarily in the spleen.
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Figure 4. Syk" T cells are not recently activated. Splenocytes were stained with anti-CD4
TC, anti-CD8 TC, anti-Syk FITC, and anti-CD25 PE, or with anti-CD4 PE, anti-CD8 PE,
anti-Syk FITC, and anti-CD69 biotin followed by streptavidin-TC. Stained splenocytes
were gated on CD4* or CD8"* (i.e. TC-positive in 3A and PE-positive in 3B) cells; the dot
plots represent the distribution of Syk expression of these cells with regard to (A) CD2S or
(B) CD69 expression. The results shown are representative of five independent

experiments.
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Figure 5. Correlation of Syk upregulation with T cell memory markers. Splenocytes were
stained with anti-CD4 PE, anti-CD8 PE, and anti-Syk FITC, together with one of the
following: anti-CD44 TC, anti-CD62L biotin, or anti-CD45RB biotin. Samples stained
with biotinylated antibodies were stained with a streptavidin-TC secondary reagent.
Stained splenocytes were gated on CD4" or CD8* (PE-positive) cells; the dot plots
represent the distribution of Syk expression of these cells with regard to (A) CD44, (B)
CD62L, and (C) CD45RB expression. The results shown are representative of four

independent experiments.
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Table 1. Expression of activation and memory markers in T cells. The percentages of T
cells that are either Syk" or Syk® that exhibit the cell-suface phenotype indicated were
calculated from dot plots like those in Figures 4 and 5. The values indicate the correlation
of the activation markers CD25 or CD69, or of the memory markers CD44, CD62L, and
CD45RB, with the indicated phenotype of Syk expression. “Syk™ % of marker"” refers to
the percentage of total T cells that have the indicated cell-surface phenotype that are Syk™.
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Table 1. Correlation of Syk expression with memory marker and activation marker o
expression o o
% °T Cell k" T cell "% * C
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CD44" 28 91 10.5 o
CD62L" 19 66 19.0 3
CD45RB" 24 9 0.8 “
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Lymph node T cells did not express high levels of Syk, nor did CD4" or CD8" cells from
peripheral blood (Figure 6).

A subset of human T cells also express elevated levels of Syk

I was also curious if a similar Syk" peripheral T cell population is present in humans as
well as mice. To do so, I used a different monoclonal antibody, specific for human Syk,
for intracellular staining (Chapter 3). As mentioned above, I have observed that in the
mouse, the majority of the Syk™ cells were found in the spleen and fewer in lymph nodes
or peripheral blood (Figure 6). I also detected a small number of peripheral T cells that
express elevated levels of Syk in human CD8* PBLs (1-2%, Figure 7). In other cases, the
proportion of CD4" PBLs that shows elevated levels of Syk expression is greater (up to
2%, data not shown). The small number of Syk™ cells in human peripheral blood is
consistent with the tissue distribution of Syk™ cells in the mouse (Figure 6). It is possible
that an examination of human splenocytes would yield a higher proportion of Syk™ T cells,
consistent with the results from the mouse. Nevertheless, the fact that these Syk™ T cells
are present in both mice and humans suggests that the upregulation of Syk in a specific

subpopulation of cells may be an important event during the immune response.
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Figure 6. Syk™ T cells are found in the spleen more often than in lymph nodes or
peripheral blood. Single-cell suspensions were made from the indicated tissues and stained
with anti-CD4 TC, anti-CD8 PE, and anti-Syk FITC. (A) Syk expression of CD4* and
CD8" cells in spleen. (B) Syk expression of CD4* and CD8" cells in lymph nodes (LN).
(C) Syk expression of CD4* and CD8" cells in peripheral blood lymphocytes (PBL). The
filled histograms represent Syk expression of the cells within the CD4" and CD8" gates.
The open histograms represent the staining with anti-Syk FITC in the presence of
competitor peptide. The percentages indicate the proportion of CD4* or CD8" cells that
express elevated levels of Syk. The results shown are representative of three independent
experiments. The average values of Syk™ CD4* or CD8" cells in the lymph nodes or
peripheral blood never exceeded 1%. Note that the lower percentage of Syk™ splenocytes,
particularly CD8* splenocytes, from (A) compared to Figure 2 may be due to the use of a
different batch of anti-Syk staining antibody.
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Figure 7. Syk is upregulated in a subpopulation of human CD4" and CD8* PBLs. Human
PBLs were isolated by Ficoll-Hypaque gradients and stained with anti-CD4 TC, anti-CD8
PE, and anti-Syk FITC. The filled histograms represent Syk expression in the gated CD4*
or CD8" cells. The open histograms represent the staining with anti-Syk FITC in the
presence of competitor peptide. The results shown are representative of eight independent
experiments. The percentage of Syk™ CD4* cells ranged from 0.3-2.0%, with an average
value of 1.5%. The percentage of Syk™ CD8* cells ranged from 0.5-3.1%, with an

average value of 1.8%.
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Discussion

I have presented evidence that Syk is expressed at higher levels in a subset of T cells in the

74

periphery of both mice and humans. Analysis of Syk expression by intracellular staining
and flow cytometry has allowed us to correlate the expression of Syk with certain markers
of memory phenotype in murine cells, suggesting that Syk may be involved in T cell
memory, either in its induction or its maintenance.

Most previous analyses of mature T cell lines and bulk populations of peripheral T

cells have suggested that Syk is expressed at low levels in mature T cells (14). However, I

have determined that Syk is variably expressed in a panel of human o/ and Y5 T cell clones |

(Figure 1). Moreover, using a technique of detecting Syk by intracellular staining, I have

now been able to demonstrate that Syk is in fact expressed at high levels in small

R IF2RVAIAR

subpopulations of peripheral T cells, a finding that contrasts with the reports of low levels
of Syk detected in most T cell populations by immunoblotting (14). My current analysis
further emphasizes the value of the intracelluar staining technique, as differences in Syk

expression can now be analyzed in bulk populations at the single cell level.

(DAVIS)

Identification of CD4" and CD8"' Syk-expressing splenic T cells

The expression of Syk appears to occur in a small proportion of T cells that express CD3
and either CD4 or CD8. Because of the small numbers of cells involved, it may be argued
that the Syk-expressing cells are an artifact of non-specific staining. However, a peptide
against which the anti-Syk antibody was raised is able to compete away the staining. »
Furthermore, not all antibodies react with the Syk™ population. For example, some

antibodies, such as the L-selectin antibody, are bound by this subset of cells preferentially

at low levels, not just at the highest levels which might be expected if the staining

represented nonspecific staining. In CD4 vs. CD8 stains, there are no double positive cells

present. Of note, staining is performed in the presence of an antibody that blocks Fc
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receptor binding as well as a 500-fold excess of normal mouse immunoglobulin. That
some mature T cell do express high levels of Syk protein is also supported by the

immunoblot analysis of human T cell clones (Figure 1).

Proposed Syk function in memory and coreceptor-independent T cells
Studies of Syk function in T cell lines suggest that Syk, but not ZAP-70, can be activated
in the absence of Lck or CD45 (99). This suggests that Syk may have a role in coreceptor-
independent signaling. Since Lck is associated with CD4 and CD8 coreceptors, in
situations where T cells respond to TCR stimulation in the absence of coreceptor, Syk
might play a more important role than ZAP-70, which requires Lck to phosphorylate and
activate it. Multiple groups have suggested that the characteristics of a secondary immune
response are not due solely to an increase in precursor frequency, but appear to correlate
with a qualitative difference in the requirement for TCR stimulation in memory cells (108-
112). It has also been observed that memory phenotype cells have a decreased requirement
for coreceptor and for costimulation (111, 112). Moreover, it has been suggested that TCR
signaling function is qualitatively different in naive and memory cells, independent of any
accessory molecule contribution (112). These results could be accounted for by a selective
increase in Syk expression in the memory T cell.

Of particular interest is the fact that these Syk-expressing cells appear to be CD3*
and present in both CD4* and CD8" populations. Studies on the cell-surface phenotype of
these cells indicate that they represent a subset of cells which are CD44", CD62L™, and
CD45RB". Thus, these cells exhibit some, but not all, of the cell surface phenotypes
associated with memory cells, usually described as CD44", CD62", and CD45RB" (Table
1). Furthermore, the Syk™ cells do not appear to be recently activated cells, since they are
CD69" and CD25%. Whether these cells may correspond to some intermediate stage of

memory cell or a subset of memory precursors remains to be determined. These cells are
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not exclusively 0 cells, although 3 cells also express heterogeneous levels of Syk (Figure

2).

Syk™ cells may represent small numbers of cells that have been exposed to some
environmental factor and have mounted an immune response against this antigen. In that
case, a small number of memory cells would remain in mice that have had environmental
exposure to various antigenic stimuli. These cells may reflect such a population. Because
these cells are not the direct effect of controlled immunization, it is difficult to verify or
predict that they are in fact present in every mouse that is analyzed. Although we have
attempted to detect an upregulation of Syk expression after immunization with well-
characterized antigens such as pigeon cytochrome c or influenza virus (113, 114), we have
not detected dramatic increases in Syk expression in these systems (data not shown). In
these cases, however, the low frequency of antigen-specific memory cells may still be
below the limits of our capability to detect such populations. Therefore, the role of these
Syk"™ cells is unclear at present and a connection with immunological memory still remains
to be more firmly established. Current studies are aimed at determining the requirement for
Syk in this process in a Syk-deficient background.

An alternative model would suggest that these cells may not be related to a memory
population but may instead correlate more with a coreceptor-independent T cell population.
Coreceptor independence has been described both for CD4 cells and for CD8 cells (115-
117). The expression of the cell-surface markers for memory and activation have not been
reported for such cells. The correlation of Syk expression and these cell populations could
be studied by inducing the development of these cell populations and studying them for

Syk expression by intracellular staining.
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Enrichment of Syk™ T cells in the spleen

Interestingly, the frequency of these Syk™ cells appears to be higher in the spleen, and
lower in lymph nodes or in PBLs. The precise reasons for this distribution are not clear.
Memory cells have been reported to be enriched at sites of infection, presumably by a
CD44/hyaluronate interaction that allows for the memory cells to extravasate to the site of
infection (118-125). Phenotypic differences between splenic, lymph node, and effector
site T cells have also been described (120, 124, 126), demonstrating that different
populations of memory and effector cells are concentrated in different lympoid organs. In
one report, immunization with P815 cells intraperitoneally resulted in an initial proliferation
of T cells in the spleen, but not in the lymph node or peritoneum (124). These T cells
expressed high levels of CD44, intermediate levels of L-selectin, and low levels of CD25.
This surface phenotype corresponds to that of the cells detected in the spleen that express
elevated levels of Syk. It is possible that the Syk™ cells represent a subset of the sensitized
T cells prior to their circulation and proliferation, as has been suggested during the
transition from the naive to memory cell (125).

Thus, despite the uncertainty of the precise identity of this Syk-expressing
subpopulation of T cells, the existence of this subpopulation raises interesting questions
with regard to the specific biological role of Syk in these cells and whether they are distinct
from other T cells that express only ZAP-70. Furthermore, the selective upregulation of
Syk also suggests that the study of the regulation of the syk gene may reveal a previously
unappreciated complexity of transcriptional control in T cells. These findings serve to
highlight the potential for unique and nonredundant functions for gene family members as

well as to provide possible molecular explanations for classic immunological phenomena.
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Experimental Procedures

Mice and antibodies

C57BV/6 were obtained from Jackson Research Laboratories (Bar Harbor, ME) and
maintained at the UC San Francisco Animal Care Facility. The following antibodies were
used: anti-murine Syk FITC, SF5.2 (Chapter 3); anti-CD4 TC, anti-CD8 PE, biotinylated
anti-CD44, biotinylated anti-CD62L (Caltag Laboratories); biotinylated anti-CD25,

biotinylated anti-oif, biotinylated anti-yd (Pharmingen, San Diego, CA); anti-human Syk

FITC, 4D10.1 (Chapter 3).

Cells and tissues

Lymph nodes and spleens from mice were removed and made into single-cell suspensions
and washed in phosphate buffered saline (PBS). Peripheral blood was obtained from both
mice and humans and fractionated using Ficoll/Hypaque (Histopaque 1077, Sigma
Research Chemicals, St. Louis, MO, for human PBLs; Lympholyte M, Accurate
Chemicals, Westbury, NY, for murine PBLs).

Cell lysates and immunoblotting

Whole cell lysates were generated in 1% NP-40 lysis buffer as described (Chapter 3).
Lysates were resolved by SDS-PAGE, transferred to polyvinylidine difluoride membranes
(PVDF, Immobilon P, Amersham, Arlington Heights, IL), and probed with the appropriate

antibodies. Results were visualized by enhanced chemiluminescence (ECL, Amersham).

Intracelluar staining and flow cytometry
Intracellular staining was performed as previously described (Chapter 3). Briefly, cells
were stained on the cell-surface with appropriate primary and/or secondary antibodies and

washed in staining buffer containing 1% FCS and 0.1% sodium azide in PBS. Following
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fixation in 4% paraformaldehyde in PBS, cells were stained with staining buffer containing

0.1% saponin and antibodies against intracellular antigens. All staining was performed in
the presence of 50 pg/ml normal mouse immunoglobulin and 2.4G3 anti-Fc receptor
blocking antibody. Competitor peptide (murine Syk-derived, amino acids 306-333) was
added at 10 pg/ml for negative control staining. Stained cells were analyzed by flow

cytometry on a FACScan (Becton-Dickinson) using CellQuest software (Becton-

Dickinson).
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CHAPTER 5
CONCLUDING REMARKS
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Summary

I have observed and characterized roles for the Syk protein tyrosine kinase (PTK) in T cell
signaling and development that had been previously unappreciated. Growing evidence
suggests that Syk and ZAP-70 may play some unique and non-overlapping roles in T cell
biology. I now suggest future areas of investigation that will help to clarify the biological
significance of the differences in activities of the Syk and ZAP-70 PTKs and their

importance in immune function.
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Participation of Syk in TCR signaling
Based on the studies reported here, it is apparent that Syk is able to function independently
of CD45 or Lck, and presumably independently of Src family kinase activation. However,

e

the mechanism by which the TCR signaling cascade is initiated in the absence of CD45 or
Lck is not clear. There have been some indications that Syk is capable of phosphorylating
immunoreceptor tyrosine-based activation motifs (ITAMs) within antigen receptor
complexes, but these results have come from cotransfection and overexpression

experiments in heterologous COS cell systems, which may not accurately reflect the

physiological situation in a T cell (61, 62). One way to assess the ability of Syk to
phosphorylate ITAMs in T cells would be to express different forms of Syk in the Lck-
deficient JCaM 1.6 Jurkat line. In a stable line expressing Syk in the absence of Lck, it
would be possible to assess the ability of Syk to restore ITAM phosphorylation. This

biochemical analysis was not possible in the transient transfection studies reported here

1LV )

because of the insensitivity of the biochemical analysis. Next, generating a stable JCaM1.6
line expressing the kinase inactive mutant of Syk would allow the determination of whether
Syk kinase activity is required for the phosphorylation of the ITAMs. If, as in expression
of kinase inactive ZAP-70, kinase inactive Syk protects ITAMs from dephosphorylation

(WAVAV ]

(106), one might expect to increase the amount of phosphorylation of ITAMs mediated by a
different kinase. This experiment would clarify whether Syk or some other kinase is ‘

responsible for the phosphorylation of ITAMs in the absence of Lck.

Further applications of intracellular staining and flow cytometry

The Syk family of protein tyrosine kinases (PTKs) is an interesting one to study both in
terms of understanding the events in TCR signaling and in studying differences in closely
related family members. Analysis by intracellular staining and flow cytometry allows for
the detection of a protein within small subpopulations of cells with great purity and

sensitivity. This methodology can be expanded for use in examining the expression and
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coexpression of many different signaling molecules when small subpopulations need to be
examined. Thymic and peripheral cell subpopulations are prime examples, as I have
demonstrated. Studies of the coexpression of other signaling molecules would be an
interesting subject to investigate in peripheral populations. These can be used to look at the
expression of ZAP-70 and related kinases to document any changes in expression in the T
cell lineage. Furthermore, these studies can be extended to examine the expression of other
families of tyrosine kinases or signaling molecules of interest, to ascertain if any are

controlled in a development-specific or activation-specific manner.

The effect of Syk expression on T cell repertoire development

I have suggested that Syk plays a role in pre-T cell receptor signaling (see Chapter 3). The
fact that Syk expression can restore development in ZAP-70-deficient mice (57) raises the
question of why Syk expression is downregulated prior to positive and negative selection.
Perhaps if Syk is capable of increasing sensitivity of signaling of the TCR, the thresholds
for TCR signals mediating selection events could be perturbed in a manner independent of
avidity or affinity of the extracellular interactions between the TCR and antigen presenting
cells (127). Looking at shifts in repertoire or at TCR transgenic models of selection in the
presence of Syk overexpression would help address this issue. The CD4 knockout mouse
would be an interesting model to use, since CD4-lineage cells do develop in these mice
(128). Whether Syk is upregulated in those mice, and what effects that has on the affinity

of the receptors that are selected, are intriguing questions to examine.

Syk and its role in peripheral T cell signaling--memory and coreceptor
independence

The speculation that Syk may be involved in situations in which TCR signals are not as
stringently controlled arises from the differences in activation requirements between Syk

and ZAP-70. Because Syk is less dependent on Src family kinases for activation, Syk may
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have increased importance in situations when less coreceptor-associated Lck is available.
This situation may occur in coreceptor-independent signaling or in memory cells, which
have been shown to be less dependent on costimulation or coreceptor function for
activation (108-112). The fact that Syk may be involved in memory is further supported by
our evidence that Syk is upregulated in a subpopulation of cells which express some
markers characteristic of memory cells (see Chapter 4). This correlation with a memory
cell population is suggestive that Syk may be involved, but a true test of the requirement for
Syk in memory induction would have to be done in a Syk-deficient background. Because
Syk-deficient mice die perinatally, the assessment of this function is not trivial. However,
it is possible to reconstitute irradiated or immunocompromised hosts with fetal liver cells
from Syk-deficient mice. This will allow for the restoration of the T cell immune system
with Syk-deficient cells. These mice can then be assessed for memory responses after
immunization. The immunogens used can be alloantigens, to assess the general memory
response, or more specific antigens such as hen egg lysozyme, which have been well-
characterized and for which transgenic TCR models exist. Because B cells fail to develop
in Syk-deficient animals, it is possible that mixed fetal liver reconstitutions will be required
to provide B cell function. Ideally, such a B cell donor would be T cell-deficient, such as a
CD3- or ZAP-70-deficient mouse, so that any T cell memory responses would result solely
from the Syk-deficient T cells.

The importance of Syk in T cell signaling need not correspond strictly to memory
responses. It is possible that Syk may play a more general role in coreceptor-independent
signaling. Thus, it is of interest to study if coreceptor-independent function can be
correlated with the induction of Syk expression. CD8-independent clones can be assayed
by performing CTL assays in the presence of anti-CD8 blocking antibodies and comparing
the CTL activity compared to the absence of anti-CD8 antibodies (116). Alternatively,
coreceptor-independent clones can be generated by culturing bulk populations of cells in the

presence of anti-CD8 antibodies (115). Mice can be primed with an allogeneic stimulus,
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such as P815 cells in C57B1/6 mice, in order to increase the frequency of coreceptor-
independent clones, and spleens harvested and cultured from these animals. These
coreceptor-independent clones can then be assayed for Syk expression. Correlation of
increased levels of Syk in coreceptor-independent but not coreceptor-dependent T cell
clones would suggest that Syk expression may be important for the differences in receptor

signaling.

Identification of Syk-expressing cells in vivo

The value of intracellular staining in conjunction with flow cytometry for the assessment of
expression of proteins has been demonstrated in studies of expression of Syk. One
particular shortcoming of this assay, however, is the requirement for fixation of these cells
prior to intracellular staining. Ideally, one would like to have an assay whereby Syk
expression could be assayed on viable cells, so that they could be sorted and studied for
their biochemical properties. One method for distinguishing Syk-expressing cells is the
generation of a mouse that expresses a reporter gene under transcriptional control of the
endogenous syk locus (a “knock-in” mouse). I have attempted to construct such a mouse
(see Appendix B) but have been unsuccessful in expressing our particular reporter of
interest, a human CD2 cDNA targeted to the initiation codon of the syk gene. One
consequence of this strategy is that the targeted syk allele is disrupted upon introduction of
the reporter gene. If syk were haploinsufficient, this approach would not work; however,
syk*” mice do not have any reported abnormalities (72, 73). Similarly, if syk were
monoallelically expressed, the strategy to study reporter-containing heterozygotes would
not work, since the reporter would have to be silenced to maintain viability. Again, there is
currently no evidence that this is the case, although it has not been studied in detail. One
attractive alternative strategy for overcoming these complications is to use internal

ribosomal entry sequences (IRES) to create a bicistronic message that includes the
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endogenous transcript as well as that of the reporter, so that the message from the
endogenous locus will remain unaffected (129-131).

In any event, construction of a mouse with a reporter gene to monitor Syk
expression will be useful for the physical sorting of Syk-expressing cells and will allow for
further biochemical studies on the Syk-expressing versus Syk-nonexpressing populations.
Comparison of the sensitivity of the TCR to antigen stimulation and evaluation of
coreceptor and costimulatory dependence between Syk-expressing and Syk-nonexpressing
cells will be important for the establishment of a connection between Syk expression and

memory or coreceptor independent function (112).

Evaluation of the functional redundancy of Syk PTK family members

The use of knock-in technology has also been reported for studying the effects of related
family members or isoforms of particular genes in place of other family members (132-
135). To do so, gene targeting by homologous recombination has been used to introduce
the alternate gene in the endogenous locus of the target gene of interest. This technology
could also be applied to study the functional differences between Syk and ZAP-70.
Although a Syk transgene has been demonstrated to reconstitute thymic development in
ZAP-70-deficient mice, the promoter used is active only in the thymus, so further
characterization of peripheral cells is not possible (57). Furthermore, that experiment does
not address the potentially more interesting question of when it is that ZAP-70, a PTK with
more restricted activity and expression, is unable to compensate for Syk. To develop a
system for studying the situations in which Syk and ZAP-70 are not interchangeable, one
could construct a mouse that expressed ZAP-70 under control of the endogenous Syk
regulatory elements. It would then be possible to assess the ability of ZAP-70, which has
more stringent regulation by Src family kinases, to restore development and signaling in

hematopoietic lineages that normally depend on Syk. These lineages include platelets, B
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cells, mast cells, and macrophages, cells that require a Syk family PTK to be recruited to
ITAM s for proper receptor signaling (72, 73, 136-139).

The role of Syk PTKSs in vd T cells
Syk family PTKs have been shown to be critical not only in of T cell development, but in
Y0 T cell development as well (57, 71, 88). ¥ T cell development is not as well-

characterized as aff T cell development, although the Syk and ZAP-70 kinases have proven

to be important in the developmental process of these cells. As discussed earlier, adult

Syk-deficient mice do not have an apparent off T cell defect, but they do show a peripheral

T cell defect in the development of a specific population of 3 cells, the intraepithelial

lymphocytes (IELs) of the intestine (88). Surprisingly, a similar defect in IEL development

is also observed in ZAP-70-deficient mice (57, 71). Although normal numbers of y3 T

cells are present in the spleen and lymph nodes of ZAP-70-deficient mice, dendritic

epidermal T cells, another subset of ¥d cells, are decreased in number and show an

abnormal morphology in these animals (57, 71). Thus, in certain ¥3 T cell subpopulations,

Syk and ZAP-70 do not fully compensate for each other in the case of a deficiency in either
kinase. It is not clear that the required functions provided by these tyrosine kinases occur

during the same time of development. Therefore, Syk and ZAP-70, although they seem to

have overlapping functions in o T cell development, may in fact have divergent functions
in the development and/or signaling of yd T cells. Analysis of Syk expression in the
ontogeny of the Y3 T cell lineage, using the methods that I have described for studying Syk

in the af T cell lineage, may provide some insights with regard to these processes.
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Transcriptional control of the syk locus

The biological role of Syk in T cells in vivo is only beginning to be understood. These
studies have generated a number of questions that will lead to heightened appreciation for
this kinase in T cell biology. First, what is its role in development? Is it a signal amplifier
that allows a weak pre-TCR signal to be transmitted that indicates that further progression
is possible? Our studies would suggest this to be the case and that this function is only
required during a specific developmental period (see Chapter 3). After the pre-TCR signal,
it appears that Syk is rapidly decreased in expression via a signal that has not been
characterized. The downregulation of Syk would be consistent with the need for tighter
regulation of mature TCR signaling at the CD4'CD8"* selection checkpoint. How is syk
expression regulated? It may be controlled at the transcriptional level, in which case the

promoter region of the syk locus could be interesting to study. Indeed, expression of syk

LI/l v

message appears to correlate with the expression of Syk protein in many cell lines and
tissues (14). Thus, it may be that some early elements of transcription, specific for pro-
and pre-T cells, are the ones that are responsible for the expression of Syk at this stage.

Alternatively, there may be a transcriptional silencer that becomes activated following pre-

(WRAVAW |

TCR signal, which then remains active throughout the rest of development and for the most
part in the periphery.

It is also unclear what controls the expression of Syk in a subset of T cells in the
periphery. It is possible that a small subset of these cells is constitutively expressing Syk
from the time it exits the thymus. On the other hand, it may be that a second event that
causes a subsequent upregulation of Syk expression. Such an inductive signal could be a
cytokine that is expressed after T cell activation or a signal directly from the TCR itself.
Determining the timecourse of induction of Syk expression would be of interest in trying to
sort out this problem. Examination of the syk promoter region may reveal the presence of

binding sites for transcriptional activators or repressors that are expressed in a similar
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temporal/activation-specific manner. These transcriptional regulators may indicate what is
controlling the expression of this kinase in such a tightly regulated manner. Transcriptional
reporter assays based on the syk gene could aid in this analysis. Whether the thymic
expression of Syk is controlled by the same elements that control its peripheral
reexpression, or whether there are “proximal” and “distal” syk promoter elements, as there

are in Ick, remains to be clarified.

Consequences of loss of regulation of murine and human Syk expression
Not only does the transcriptional regulation of syk present an interesting problem for the
study of normal gene regulation, but it may have important consequences in disease states
as well. Based on our model of Syk activity, one would imagine that if Syk were
misexpressed in the periphery, an autoimmune state might develop. Because Syk can
increase the sensitivity of a TCR to stimulation, T cells whose receptors are slightly cross-
reactive to self-antigen may now become activated. It would be interesting to determine if
such a state could be induced experimentally. For example, mice carrying a syk transgene
selectively expressed in peripheral T cells, but not during thymic selection, could provide
such a system. One would predict that, in these Syk-misexpressing mice, autoimmune
disease would be observed. By coupling such Syk expression with a TCR transgenic
mouse specific for certain organ-specific antigens such as myelin basic protein, it might be
possible to increase the incidence or speed the progression of a disease state.

The expression and potential misexpression of Syk may also be important in human
disease. Correlation of the upregulation of Syk-expressing T cells in autoimmune diseases
such as diabetes or rheumatoid arthritis would provide an important molecular mechanism
for these diseases and provide a new target for pharmacological intervention. If
misexpression of Syk is a contributory factor for autoimmunity, screening for elevated
levels of Syk in patients with a genetic predisposition to certain rheumatological diseases

may become an important diagnostic tool.
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Identification of new members of the Syk gene family

Because I have seen a functional difference between Syk and ZAP-70, the question arises
about the presence of other family members and what their role is in signaling. In fact, this
family of kinases has been conserved throughout evolution; other Syk family kinases have
been identified in more primitive organisms, Hydra vulgaris and Drosophila melanogaster.
These other tyrosine kinases, HTK16 in Hydra and SHARK in Drosophila, both contain
tandem SH2 domains in a similar configuration to Syk and ZAP-70 (140, 141). Although
the sequences of the individual SH2 domains are more similar to the Src and Abl families
of tyrosine kinases, Syk family kinases are the only cytoplasmic tyrosine kinases that have
two consecutive SH2 domains at the N-terminus of the protein. Both HTK and SHARK
also contain the extended interdomain B between the C-terminal SH2 domain and kinase
domain found in Syk and ZAP-70 (Figure 1). Furthermore, the kinase domains of HTK
and SHARK are highly similar to those of Syk and ZAP-70 (Figure 1) (140, 141). Based
on these shared structural features, it seems reasonable to consider HTK and SHARK as
part of the Syk gene family.

One distinction between the Hydra and Drosophila proteins and the mammalian Syk
family kinases is that both HTK16 and SHARK contain five ankyrin repeats in interdomain
A, between the SH2 domains, that are not present in their vertebrate counterparts (140,
141). Thus, HTK and SHARK appear to be more related to each other than to Syk or
ZAP-70. The secondary structure of the ankyrin repeat domains has not been determined
for either HTK16 or SHARK, although the structure of ankyrin repeats from other proteins
suggests that they may form helix-turn-helix motifs (142, 143). It would be interesting to
determine if the SH2 domains in HTK16 or SHARK exhibit the same cooperative binding
to their targets as those of Syk and ZAP-70 and if the ankyrin-repeat-containing inter-SH2
domain can stabilize this interaction. Following the ankyrin repeats is another portion of

interdomain B that appears to be more conserved between all the Syk family members,
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Figure 1. Sequence alignment of Syk family kinases. Human Syk and ZAP-70,
Drosophila melanogaster SHARK, and Hydra vulgaris HTK16 are compared. Identical
amino acids are indicated by red capital letters. Conserved or similar amino acids are

indicated by lower case letters.
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suggesting a potential conservation of function (Figure 1). Conservation of these
characteristics would support the idea of a common evolutionary origin of the Syk family
of PTKs. Recently, another HTK-related gene was cloned from Hydra. Interestingly, this
kinase does not contain the ankyrin repeats found in HTK and SHARK, suggesting that
this kinase may be the true Hydra homolog of Syk and ZAP-70 (R. Steele, personal
communication).

The biological functions of HTK16 and SHARK have not been determined;
however, it is interesting to note that Src family PTKs have been identified in both Hydra
and Drosophila as well, suggesting that the signaling pathway involving the Src and Syk
family PTKs may also have been conserved during evolution (144-146). One test of the
conservation of signaling function of the new family members would be to assess the
ability of these PTKs to reconstitute Syk-deficient or ZAP-70 deficient cell lines. Study of
these conserved kinases in genetically tractable systems such as Drosophila would be
useful for identifying interacting genes that could be potential regulators or effectors of this
family of PTKs.

Final thoughts

I have characterized biochemical differences between Syk and ZAP-70 that have suggested
differing in vivo roles for these two related PTKs. To study these differences in a
physiological context, I have developed new reagents and demonstrated a powerful
application of intracellular staining and flow cytometry as a means for detecting expression
of proteins in small subpopulations of cells. These results have provided intriguing
evidence with regard to the potential nonredundant functions of Syk compared to ZAP-70.
These issues of overlapping and distinct functions are commonly encountered in biology,
and the T cell system of activation and development provides a useful model for the study
of such issues. The knowledge gained from studying the Syk PTK in T cells has raised

interesting and complex questions about immune regulation, memory induction, and
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APPENDIX A

STRUCTURE-FUNCTION ANALYSIS OF THE DIFFERENCES
BETWEEN SYK AND ZAP-70
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Summary

Syk and ZAP-70 are two protein tyrosine kinases that participate in early events of T cell
antigen receptor (TCR) signal transduction. I have previously shown that Syk, but not
ZAP-70, can function independently of CD45 or Lck in Jurkat T cells. Iextended these
results by demonstrating that the qualitative differences in Syk and ZAP-70 kinase
activation reside in the kinase domain, although additional modification of kinase activity

by other domains has not been ruled out.
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Introduction

Syk and ZAP-70 are two protein tyrosine kinases (PTKs) of the same gene family that

fJ

participate in early events of T cell antigen receptor (TCR) signal transduction. My recent
results have demonstrated that although both PTKs are similar in structure, the function of
Syk and ZAP-70 can be differentially regulated (Chapter 2). In Jurkat cells, I demonstrated
that Syk can function independently of CD45 or Lck in TCR signaling. Furthermore, I

determined that the Syk SH2 and kinase domains, as well as activation loop tyrosines, are

required for that function.

an . 3

Despite these differences, in other systems, Syk and ZAP-70 have been shown to
act similarly. For example, both Syk and ZAP-70 have been shown to reconstitute the
Syk-deficient avian B cell line DT-40, in terms of antigen receptor-induced tyrosine

phosphoproteins as well as IL-2 and NF-AT signaling restoration (49, 56).

B | B’ 2 N2

In an attempt to dissect the functional domains that are responsible for the
differences between Syk and ZAP-70 function, I constructed chimeric kinases using Syk
and ZAP-70, replacing the SH2 domains, kinase domain, or interdomain B from one

kinase with that of the other. I used the reconstitution of the mutant lymphocyte cell lines

\J N1

described above as our functional readouts for the reconstitution of signaling. Specifically,
I'used reconstitution of the Syk-deficient DT-40 cells as an assay to confirm the integrity of

the chimeras, as well as the J45.01 and JCaM 1.6 Jurkat mutants to assay each chimera for

the ability to behave like Syk. o
I have determined that the kinase domains are primarily responsible for the
differences in kinase regulation between Syk and ZAP-70, both functionally and in terms

of kinase activity.
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Results and Discussion

I have previously shown that Syk, but not ZAP-70, is capable of reconstituting signaling in

i

the Jurkat mutant lines J45.01 and JCaM1.6. To determine the domains responsible for
these differences between Syk and ZAP-70, I constructed chimeric kinases in which the
three major domains of the kinases were interchanged (Figure 1).

My initial strategy was to create identical restriction enzyme sites within the two

kinases to facilitate the swapping of domains, as well as to provide modularity to the

different domains for more detailed mutagenesis. This was achieved by introducing short

am 9 8

spacers of alanines and/or glycines into the junctions of the predicted domains (Figure

1)(14). Using PCR mutagenesis, I created these linker-containing constructs, which I
termed SSS and ZZZ. These were subcloned into the pEF-BOS expression vector and
transiently transfected into Syk-deficient DT-40 chicken B cells. Both SSS and ZZZ

Boss } B B s

restored BCR-mediated NF-AT induction, consistent with the level of induction seen with
the wild-type versions of each enzyme (Figure 2, Figure 3, and data not shown). Thus,
the function of the kinases in DT-40 cells did not appear to be perturbed substantially by

insertion of these junctions.

\J NI\

Next, to test whether these constructs behaved like their wild-type counterparts in a
T cell context, I transfected the new SSS and ZZZ constructs into JCaM1.6 and J45.01
cells. Iexpected SSS, but not ZZZ, to reconstitute TCR signaling in these mutant cell
lines. The qualitative trend observed between wild-type Syk and ZAP-70 remained ‘
consistent in the SSS vs. ZZZ constructs, namely that SSS was active in the absence of
CD45 or Lck, but ZZZ was not (Figure 4 and data not shown). To my surprise, however,
the SSS construct constitutively activated the NF-AT reporter, even in the absence of
receptor stimulation (Figure 4). These results have also been observed in other chimeras
between Syk and ZAP-70 whose junctions are in interdomain B [S. Hunter and A.
Schreiber, submitted; (147)]. I therefore believe that interdomain B is sensitive to

“ .
e

131



82 Oy Loy WOTE Y

,..
K
!



i F

Figure 1. Schematic representation of the Syk/ZAP-70 chimeric kinases. The boundaries
of the three major domains of the kinases, the tandem SH2 domains (SH2); interdomain B
(IB); and the kinase domain (Kinase), are indicated. The insertion points for the alanine
and glycine spacers in ZZZ and SSS are depicted. For the chimeric kinases, the shaded

domains are derived from Syk, whereas the open domains are derived from ZAP-70.

132



SH2

Kinase

133

[4
.
wt ZAP-70
, By
b
. -
H
| ]
)
-
]l
- ':
) I
p)
p)
S7Z
7
SSZ
ZSZ ~



14

o
;
i~
i
oL

“. ~—
T 1
. Lo



Figure 2. Syk and ZAP-70 can both reconstitute BCR signaling in Syk-deficient DT40 B

cells. Syk-deficient DT40 B cells were transfected with 20 pg of the indicated plasmid and

10 pg of the NF-AT-Luc reporter. After 20 hr, cells were left unstimulated (open

histogram) or stimulated with an anti-BCR antibody (anti-IgM, black histogram) or with
PMA and ionomycin (PMA + Iono, shaded histogram) for 6 hr. Luciferase activity was
then assessed and expressed as the ratio of the activity from the stimulation of interest to the

unstimulated vector control (NF-AT Fold Induction).
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Figure 3. Wild-type Syk and SSS can both reconstitute BCR-inducible NF-AT responses
in Syk-deficient DT40 B cells. Syk-deficient DT40 B cells were transfected with the

indicated amount of plasmid, along with 10 ug of the NF-AT-Luc reporter. Empty vector

plasmid was added so that the total amount of DNA transfected was the same for every
sample. After 20 hr, cells were left unstimulated (open histogram) or stimulated with an
anti-BCR antibody (anti-IgM, shaded histogram) for 6 hr. Luciferase activity was then
assessed and expressed as the ratio of the activity from the stimulation of interest to the

unstimulated vector control (NF-AT Fold Induction).
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Figure 4. The SSS chimera is constitutively active in CD45-deficient J45.01 Jurkat T cells.

J45.01 Jurkat T cells cells were transfected with the indicated amount of plasmid, along

with 10 pg of the NF-AT-Luc reporter. Empty vector plasmid was added so that the total

amount of DNA transfected was the same for every sample. After 20 hr, cells were left
unstimulated (open histogram) or stimulated with an anti-TCR antibody (anti-TCR, shaded
histogram) for 6 hr. Luciferase activity was then assessed and expressed as the ratio of the
activity from the stimulation of interest to the unstimulated vector control (NF-AT Fold

Induction).
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conformational changes that can activate the kinase activity of Syk. The introduction of
extra amino acids into ZAP-70, however, did not rende<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>