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Summary

Reciprocal regulation of tyrosine phosphorylation by protein tyrosine kinases and phosphatases is
central to normal immune cell function. Disruption of the equilibrium between protein tyrosine kinase
and phosphatase activity can result in immunodeficiency, autoimmunity, or malignancy. Src family
kinases play a central role in both immune cell function and disease due to their proximal position
in numerous signal transduction cascades including those emanating from integrin, T and B cell
antigen receptors, Fc, growth factor, and cytokine receptors. Given that tight regulation of Src family
kinase activity is critical for appropriate responses to stimulation of these various signaling pathways,
itis perhaps not surprising that multiple protein tyrosine phosphatases are involved in their regulation.
Here, we focus on the role of three phosphatases, CD45, CD148, and LYP/PEP, which are critical
regulators of src family kinase activity in hematopoietic cells. We review our current understanding
of their structures, expression, functions in different hematopoietic cell subsets, regulation, and
putative roles in disease. Finally, we discuss remaining questions that must be addressed if we are
to have a clearer understanding of the coordinated regulation of tyrosine phosphorylation and
signaling networks in hematopoietic cells and how they could potentially be manipulated
therapeutically in disease.
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Introduction

A key function of all cells is to integrate environmental signals into appropriate cellular
responses. Regulated tyrosine phosphorylation plays a central role in this process. This is
achieved by the reciprocal actions of protein tyrosine kinases (PTKs) and protein tyrosine
phosphatases (PTPs). This equilibrium defines the signal transduction threshold for a given
response and is critical for normal immune cell development and function (1-3). For example,
precise and coordinated regulation tyrosine phosphorylation is essential for rapid responses to
foreign antigens. Conversely, dysregulation of the equilibrium between PTK and PTP function
can have pathologic consequences, resulting in immunodeficiency, autoimmunity, or
malignancy.
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In hematopoietic cells, Src family kinases (SFKSs) play a central role in mediating
communication between a cell and its environment (4). This is due to the fact that these non-
receptor PTKs occupy a proximal position in numerous signaling transduction cascades
including those emanating from the T and B cell antigen receptors, Fc receptors, growth factor
receptors, cytokine receptors, and integrins. In addition to these positive regulatory roles, SFKs
can also function as negative regulators of cellular signaling by phosphorylating
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) on inhibitory receptors, resulting in
recruitment and activation of inhibitory molecules such as the phosphatases SHP-1 and SH2
containing 5’ inositol phosphatase (SHIP-1).

Given that SFKSs regulate multiple signaling networks, it is perhaps not surprising that their
inappropriate activation has been implicated in both autoimmunity and cancer ((4) and
references therein). Thus, a major effort in current immunology and signal transduction
research has focused on understanding the regulation of SFK activity. In large part, the relative
activity of SFKs is defined by the regulated phosphorylation of two key residues that are highly
conserved in all nine SFK family members (Figure 1) (4,5). Transphosphorylation of a site in
the activation loop of the catalytic domain is required for full kinase activity. Conversely,
phosphorylation of a tyrosine in the carboxy-terminal tail by the ubiquitous PTK C-terminal
Src Kinase (Csk) inhibits kinase activity. This is due to an intramolecular interaction between
the inhibitory phosphotyrosine and the SFKs own SH2 domain that blocks access to the
substrate-binding site. This ‘closed” conformation is further stabilized by interactions between
the adjacent SH3 domain and a linker sequence between the SH2 and kinase domain (6,7).
Intermediate between the active (or open) and closed conformations is an unphosphorylated,
or ‘primed’ conformation that is capable of rapid activation in response to extracellular
stimulation, which leads to clustering of SFKs on the cell surface and permits
transphosphorylation of the kinase (Figure 1) (8,9).

Complicating this model is the observation that the interaction between the SH2 domain and
the inhibitory tyrosine is a relatively low affinity interaction that can be overcome by
interactions of the SFK SH2 or SH3 domain with other proteins (6,7,10). This results in an
‘open’ conformation that can potentially become activated despite persistent phosphorylation
of the C-terminal tyrosine. It has been proposed that the status of the catalytic pocket tyrosine
dominates in this situation, determining whether or not the kinase is active (6,7,10). While this
may explain why the levels of inhibitory tyrosine phosphorylation do not always correlate with
kinase activity in some systems, caution must be exercised when interpreting these studies.
Current biochemical approaches measure the phosphorylation status of a population and not
individual molecules or subcellular pools of kinase. Indeed, while multiple studies support dual
phosphorylation of both the C-terminal inhibitory and catalytic pocket activating tyrosines,
whether these represent dual phosphorylation of single molecules or distinct kinases in separate
pools are unclear. Recent data has shown that the phosphorylation status of SFKs can vary not
only between thymocytes at different stages of development but also within different
subcellular fractions (11).

Despite these complexities, it is clear that multiple PTPs play a central and essential role in the
appropriate regulation of SFKs. Here, we focus on the role of three phosphatases, CD45,
CD148, and Lyp/Pep, which are critical regulators of SFKs in hematopoietic cells. We review
our current understanding of their structure, expression, functions in different hematopoietic
cell subsets, regulation, and putative roles in disease. Finally, we discuss remaining questions
that must be addressed if we are to have a clearer understanding of the coordinated regulation
of tyrosine phosphorylation and signaling networks in hematopoietic cells and how they could
potentially be manipulated therapeutically in disease.

Immunol Rev. Author manuscript; available in PMC 2009 September 8.
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PTPRC; CD45

CD45, encoded by Ptprc, is the prototypical receptor-like PTP on immune cells. It has long
captivated the attention of immunologists due to its high levels of expression on all nucleated
hematopoietic cells (up to 10% of the cell surface protein) (12), its highly regulated and
complex patterns of isoform expression (12,13), and its central role in antigen receptor
signaling (13,14). In both mice and humans, CD45 deficiency results in a severe combined
immunodeficiency (SCID) phenotype (15-19). More recently, it has been implicated as a
potential genetic modifier in autoimmune, infectious, and malignant diseases (20).

CD45 Structure

CD45 is atype 1 glycoprotein containing a large extracellular domain, a single transmembrane
domain, and a cytoplasmic portion that consists of a wedge-like structure followed by tandem
PTP domains (D1 and D2; only D1 is enzymatically active), and a 79 amino acid C-terminal
tail (Figure 2) (12,13). The extracellular domain exists as multiple isoforms due to alternative
splicing of three exons (4,5, and 6; designated in the protein structure as A, B, and C). Sequence
homology in the extracellular domain is only 35%. However, comparison of the extracellular
domain of CD45 from multiple species indicates conserved overall organization. The most N-
terminal domain contains the alternatively spliced exons, which have multiple sites for O-
linked glycosylation. This glycosylation results in a dramatic increase in the size and charge
of the extracellular domain of the higher molecular weight isoforms. These variable domains
are followed by a cysteine-rich globular domain and three fibronectin type 111 domains.
Multiple sites for N-linked glycosylation are present in both the cysteine-rich and fibronectin
domains. The size, charge, and composition of these glycans depend upon the complement of
glycosyltransferases expressed in a cell, which varies with cell lineage, maturation, and
activation state (12,13). It is postulated that differential glycosylation of multiple cell surface
proteins, including CD45, may influence their interactions with multi-valent lectins and their
subsequent organization into defined microdomains on the cell surface (21-24). This in turn
may alter access to substrate and thereby modulate responses to cellular stimulation.

In contrast to the extracellular domain, the cytoplasmic portion of CD45 is highly conserved
between all mammalian species analyzed (12-14). The crystal structure of the cytoplasmic
domain, minus the C-terminal 79 amino acids, has been solved to 2.9 angstroms (25). The
structures of the phosphatase domains D1 and D2 are quite similar to other phosphatases,
consisting of nine highly twisted beta sheets flanked by alpha helices. While functional studies
have clearly demonstrated that only the proximal PTP domain (D1) possesses enzymatic
activity, both domains are required for optimal phosphatase function in vivo (26). However,
the physiologic role of the D2 domain remains incompletely elucidated. The D2 domain
contains a unique 19 amino acid insert rich in serine and acidic residues that can be
phosphorylated by casein kinase 11 (27,28). This modification appears necessary for optimal
phosphatase activity, although the mechanistic basis for this augmented activity is unclear.
Structure-function studies in a T cell line suggest that the D2 domain may also interact with
the CDA45 substrate Lck, one of the predominant SFKs in T cells, in a phosphotyrosine
independent manner, raising the possibility that the D2 domain could also play a role in
modulating substrate access and localization (29).

The most highly conserved region within the cytoplasmic portion of CD45 is the
juxtamembrane region (30,31). In the crystal structure of the juxtamembrane and D1 domain
of a related phosphatase, RPTPa, the juxtamembrane region formed a wedge-like structure
consisting of a helix-turn-helix. Interestingly, RPTPa crystallized as a dimer in multiple
crystals (30). In each, the wedge of one partner sat in and inhibited access to the catalytic pocket
of the partner PTP. This crystal structure suggested a mechanism by which dimerization could
inhibit phosphatase activity, thereby providing a novel level of regulation. Functional studies
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of the putative wedge in CD45 in both cell lines, primary human cells, and mice suggested that
the wedge might have a similar regulatory role to that of RPTPa (discussed in detail below)
(31,32).

The CD45 crystal structures, which unlike RPTPa consisted of both D1 and D2 domains and
crystallized only as monomers, confirmed that the CD45 juxtamembrane domain indeed forms
awedge (25,33). However, the orientation of the CD45 wedge differed from that seen in RPTPa
due to inhibitory constraints of the D2 domain. This led the authors to argue that wedge-
mediated inhibition of phosphatase activity during dimerization would not be possible for
CD45 (25). While this could certainly be the case, additional experimentation will be required
to determine whether this is the only conformation that CD45 adopts or whether other more
flexible conformations that could facilitate wedge-mediated PTP inhibition during
dimerization are possible. Interestingly, the only RPTP crystals that have been isolated as
dimers were those in which the D2 domain and C-terminal tail were removed (30). In this
regard, it is intriguing that the flexible C-terminal tail of CD45 precluded initial attempts to
form a stable crystal.

CD45 Expression

CD45 expression is restricted to all nucleated hematopoietic cells (12). In general, its
expression levels increase with cellular maturation (12,13). For example, expression on double
positive (DP) thymocytes is two-fold greater than on double negative (DN) thymocytes (34).
The pattern of isoform expression on different hematopoietic cell subsets is highly conserved,
suggesting that it is physiologically relevant (reviewed in (12,13)). Alternative splicing of
exons 4, 5, and 6 (and potentially 7) can generate at least 8 different isoforms at an RNA level;
evidence for five of these has been detected at the protein level in humans (13). By convention,
the lowest molecular weight (MW) isoform is termed CD45R0O and the highest MW isoform
is CD45RABC. Protein evidence for existence of the isoforms RB, RAB, and RBC also exists.
Naive T cells express primarily the RB isoforms (although lower levels of other isoforms are
also expressed). Upon activation, they undergo a ras- and protein kinase C-mediated switch to
the low MW isoform RO (35). B cells primarily express the highest MW isoform RABC while
myeloid lineage cells generally express the RO isoform until activated, when they switch to
RA+ isoforms. The mechanisms governing isoform switching are still incompletely elucidated
(36). The global splicing factor polypyriidine tract binding protein-associated splicing factor
(PSF) appears to be important in activation induced splicing of CD45 exon 4 (37). In addition,
two groups recently identified the heterogeneous ribonucleoprotein hnRNPLL as a key
regulator of signal-induced repression of the CD45 variable exon (38,39).

CD45 Substrates

While SFKs are the most definitive CD45 substrates identified to date, multiple additional
substrates have been reported including TCRE, Skap66, Jak family kinases, Dap12, and Pag/
Cbp (40-43). However, whether these latter putative interactions are physiologically relevant
remains incompletely elucidated. Like most phosphatases, CD45 has relatively low specificity
in vitro. Moreover, since SFKSs are positioned so proximally in signaling cascades, any of the
observed alterations in phosphorylation seen in CD45 deficient mice or cell lines in vivo could
be indirect consequences of dysregulated SFK activity. Conversely, genuine CD45-substrates
may appear unaffected due to a balanced combination of decreased kinase and phosphatase
activity (14). Thus, for the purposes of this review we will focus on the role of CD45 in
modulating signaling networks mediated by SFKs.

Studies emerging from CD45 deficient cell lines, mice, and humans indicate a critical role for
CD45 as a positive regulator in immunoreceptor mediated signaling by directly regulating SFK
activity (Figure 3) (reviewed in (13,14,44-46). It performs this function by opposing Csk and
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dephosphorylating the SFK negative regulatory tyrosine. While this scenario has been the
dogma, recent work indicates that understanding CD45 function in specific hematopoietic cell
subtypes is more complex than initially appreciated. Depending upon cell type and activation
status, several studies have suggested that CD45 may also negatively regulate SFKs by
dephosphorylating the activating catalytic site tyrosine. Interestingly, CD45's relative ability
to dephosphorylate these tyrosines appears to differ, with hyperphosphorylation of the negative
regulatory tyrosine being most pronounced in CD45 deficient cells. This leaves open the caveat
that CD45's impact on the catalytic pocket tyrosine could be either direct or indirect (45).
Regardless, an emerging theme is that CD45 can have differential effects on SFKs in different
hematopoietic cell lineages and even within the same lineage at different developmental stages
or with different activation states.

Here, we review what is known about CD45 biology in these different cellular contexts and
point out major gaps in understanding that will serve as fruitful areas for future research. We
focus first on its role in the adaptive immune response followed by recent studies highlighting
its emerging role in innate immunity. Throughout this discussion it should be kept in mind that
biochemical analyses are limited in that they reflect the status of an entire population of cells
and are insensitive to the effects of CD45 on the individual pools (e.g., free, raft, CD4 or other
protein-associated, and intracellular) of SFKs within a single cell. As discussed below, such
approaches also do not account for additional phosphatases, some of which are likely to be
redundant, that also modulate SFK phosphorylation status (e.g., PEP, SHP1, CD148). These
may co-exist with CD45 in these pools, further complicating interpretation of the data.

CD45 Function in T cells

The majority of studies examining CD45 function have focused on T cells because its absence
affects this lineage most profoundly. In three independently generated CD45 deficient mouse
lines thymocyte development is partially blocked at B selection and severely blocked at the
double positive (DP) selection stage due to the dysfunctional signaling through the preTCR
and TCR, respectively (15-17,47). Biochemical analyses of TCR signaling in CD45 deficient
thymocytes and cell lines initially highlighted Lck and Fyn, the primary SFK members in T
cells, as potential CD45 substrates due to their hyperphosphorylation at the inhibitory tyrosine
(8,48-50). The physiologic relevance of this site as a CD45 substrate was confirmed by
expression of a Lck transgene containing Phe rather than Tyr at residue 505 (Y505F), which
overcame the block in thymic development (47,51). This led to a model proposing that a
primary function of CD45 was to counteract the inhibitory effect of Csk on SFKs by
dephosphorylating the negative regulatory tyrosine, thereby generating a pool of signal
competent or ‘primed’ SFK that could phosphorylate the TCR immunoreceptor tyrosine-based
activation motifs (ITAMs) if foreign antigen was encountered.

Complicating this model was the observation that the phenotype of CD45 deficient mice did
not phenocopy mice lacking both Lck and Fyn. Lck/Fyn deficient mice have a severe block in
thymic development at the double negative (DN) stage while this block is quite mild in CD45
deficient mice (47,52). Instead, CD45 deficient mice exhibit a more profound block at the DP
to single positive (SP) transition (15-17). This raises the possibilities that there exists a
redundant phosphatase in double negative (DN) thymocytes that could dephosphorylate
Lck505 (e.g., CD148) and/or that CD45 functions are more complex than simply
dephosphorylating the negative regulatory tyrosine.

It is also hard to reconcile this model with the finding that CD45 deficient macrophages and
T cells were abnormally adherent due to augmented SFK dependent integrin signaling (53,
54). This hyperresponsiveness was associated with increased phosphorylation of both the
autocatalytic and negative regulatory tyrosines, as well as increased kinase activity in in
vitro assays. This led to the suggestion that CD45 might also dephosphorylate the catalytic site
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tyrosine and thereby also negatively regulate SFKs (10,46,55). One caveat to these biochemical
analyses is the propensity of SFKs to transphosphorylate themselves when placed in close
proximity, as is the nature of these biochemical studies. However, providing genetic evidence
for the catalytic site tyrosine as a potential CD45 target (either direct or indirect), expression
of non-oncogenic levels of the Lck'Y505F transgene in CD45 null mice resulted in
hyperphosphorylation of Lck tyrosine Y394 and thymoma development (56). Together, these
data led to the proposal that CD45 could regulate both SFK phosphotyrosines. Whichever
dominated would depend upon access to substrate and cellular context.

Recent work by McNeill, Alexander, and colleagues has provided some clarity to this paradox
(57). They reconstituted CD45 deficient mice with a series of CD45R0 transgenes that resulted
in titration of CD45 cell surface expression levels ranging from 1 to 60% of wildtype (wt)
levels. Surprisingly, as little as 3% of normal CD45 activity was able to reconstitute T cell
development. Even more striking, expression of a transgene at 30% of wt CD45 levels resulted
in augmented production of CD4 SP and CD8 SP cells relative to wt. Consistent with increased
positive selection, both thymocytes and peripheral T cells with intermediate levels of CD45
expression had augmented phospho-ERK levels in response to TCR stimulation relative to
cells with wt levels of CD45.

Analysis of Lck phosphorylation status by phosphoflow cytometry provided potential insight
into these observations (57). In CD45 deficient thymocytes, while both phosphotyrosines were
hyperphosphorylated, hyperphosphorylation of the negative regulatory tyrosine, Y505, was
disproportionately higher than that seen at the autocatalytic tyrosine, Y394. This pattern was
maintained in very low expressing transgenics. However, with higher levels of transgene
expression, phosphorylation of both sites became more equal. Correspondingly, both
thymocytes and peripheral T cells became hyperresponsive to TCR stimulation as evidenced
by enhanced phospho-ERK and phospho-AKT induction and increased proliferation rates.
Based on these observations, the authors argued that CD45 differentially regulates pTyr-505
and pTyr-394 in Lck. At low CD45 expression levels, pTyr505 dominates but at intermediate
levels the negative influence of increased pTyr-505 might be counterbalanced by an enhanced
positive contribution from hyperphosphorylation of pTyr-394. This suggests that it takes very
little phosphatase activity to generate sufficient primed Lck for initiation of signaling but much
more phosphatase activity to inhibit the autocatalytic site (44). They postulate that the normal
high expression levels of CD45 may be essential for efficient dephosphorylation of Tyr394
and termination of TCR signaling. An important issue that remains to be addressed
experimentally is the mechanistic basis by which CD45 differentially regulates these two
phosphotyrosines and whether they are direct or indirect functions of CD45. For example, one
could imagine a scenario where altered phosphorylation is an indirect consequence of perturbed
activity of feedback loops.

An interesting caveat to these observations is that they only report the quantitative
consequences of these transgenes but do not address qualitative differences in the repertoire.
Interestingly, mice heterozygous for CD45 deficiency have normal thymocyte numbers.
However, enhanced positive selection is unmasked when a TCR transgene is introduced into
these mice (58). Based upon this observation, one might predict that the repertoires of the
McNeil and Alexander transgenic mice, as well as their relative sensitivity or resistance to
autoimmune disease, may well be different. Perhaps a small amount of CD45 is sufficient to
reconstitute TCR signals necessary for the production of mature peripheral T cells. However,
fine-tuning the level of phosphatase activity may be critical for defining the composition, or
quality, of the peripheral T cell repertoire.

We have begun to explore this issue using mice that express a germline point mutation
(CD45E613R) in the juxtamembrane wedge of CD45 (Hermiston et al., manuscript submitted).
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The CD45E613R mutation is predicted to result in constitutive phosphatase activity due to lack
of dimerization mediated inhibition of phosphatase activity (32). To control for potential
differences in the T cell repertoire, the CD45E613R mice were placed on a Ragl deficient
background and then crossed to mice expressing a MHC Il restricted TCR transgene in order
to generate animals with a homogeneous TCR repertoire. While thymic development is grossly
normal in CD45E613R mice with an endogenous repertoire, augmented positive selection is
unmasked in CD45E613R mice expressing a TCR transgene. Consistent with increased signal
strength, CD45E613R DP thymocytes demonstrate hyperresponsive calcium and pERK
signals in response to TCR stimulation. However, in contrast to McNeill and Alexander's mice
where central and peripheral hyperresponsiveness were similar, CD45E613R peripheral T cells
are hyporesponsive to TCR stimulation.

Interpreting these results is challenging. Our working hypothesis is that CD45 functions as a
rheostat that dials a set point for TCR activation and signal strength. By potentially titrating
phosphatase activity, the wedge may contribute to this set point. We postulate that the set point
for signal activation may be quite different between central and peripheral T cell compartments.
Supporting this notion, evidence for differential signaling networks in thymocytes and
peripheral T cells exists 2 (59,60). For example, Fyn appears to play a more important role in
peripheral T cells (5,60). This is interesting given that given that while Lck is strongly
influenced by the presence or absence of CD45, Fyn appears to be less affected. Interestingly,
analysis of PTPa deficient mice indicates selective hyperphosphorylation of Fyn but not Lck,
suggesting that different RPTPs may preferentially impact distinct SFKs (61).

CD45 Function in B cells

The phenotypic and functional consequences of CD45 deficiency are less severe in B cells
relative to T cells (15-17,33,62-64). Despite this, in contrast to the T cell lineage, CD45
transgenes are unable to reconstitute B cell development and functional responses, for reasons
that are not yet clear (13,14) and references therein). Contrasting the block in thymic
development, peripheral B cell numbers are actually increased in CD45 deficient mice
(15-17,33). Moreover, significant differences in peripheral B cell development exist in CD45
deficient mice. Marginal zone B cells are increased while B1 cell production is inhibited, a
developmental pattern consistent with decreased BCR signal strength (33). There also appears
to be a block at the T2 transitional to mature follicular B cell step (33,62,64). Taken together,
these data argue that CD45 is not just a simple positive regulator of SFKs in B cells. Indeed,
if this were the case one would predict that CD45 deficient mice should phenocopy animals
lacking BIk, Lyn, and Fyn, the predominant B cell SFKs (65). These mice exhibit a severe
block in B cell development at the pro-B cell stage. Functional redundancy with other
phosphatases, in particular CD148 (see below), may contribute to these differences.

CD45 deficient peripheral B cells do not signal normally: PI3 kinase, NF-kB, and ERK
phosphorylation are decreased upon BCR ligation (64,66,67). Interestingly however, calcium
flux is less severely affected relative to CD45 deficient thymocytes. Despite these BCR
signaling defects, CD45 deficient mice have normal immunoglobulin levels and normal
responses to T-cell dependent and -independent stimuli provided CD45 wt helper T cells are
present in trans (16,66,68). This likely reflects the intact response to co-stimulation through
CDA40 in CD45 deficient cells that appears to overcome the defective BCR signaling (66).
Nonetheless, elegant studies employing the hen egg lysozyme (HEL) transgenic system clearly
demonstrated that despite these apparently normal functional responses, the B cell repertoire
in CDA45 deficient mice is qualitatively abnormal (69,70). In wt B cells expressing an anti-HEL
BCR transgene, presence of circulating HEL autoantigen results in anergy. However, CD45
deficient B cells expressing the same transgene are positively selected when exposed to soluble
HEL. In contrast, exposure of transgenic IgHEL CD45E613R B cells, which demonstrate
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hyperresponsive BCR-induced signals including augmented pERK and calcium responses, to
the same autoantigen results in their deletion (33). Taken together, these data argue that CD45
functions as a rheostat to control the strength of the BCR signaling threshold.

So how are SFKs regulated by CD45? Studies of CD45 deficient B cell lines and mice indicate
that Lyn is constitutively hyperphosphorylated at the C-terminal tyrosine (71-73). Despite this,
in vitro kinase assays suggest that Lyn is actually hyperactive. A potential molecular
explanation for this finding was provided by the observation that the catalytic site tyrosine was
also hyperphosphorylated in CD45 deficient B cells, albeit to a lesser degree than the negative
regulatory tyrosine (71). It was proposed that this overrides hyperphosporylation of the
negative regulatory site. Whether this is a direct or indirect consequence of CD45 deficiency
was not addressed. It is also unclear whether this dual hyperphosphorylation (which has not
been observed by all groups (67)) is on the same molecule or represents differential
phosphorylation of distinct pools of Lyn.

On the surface, augmented kinase activity appears paradoxical as CD45 deficient B cells
proliferate poorly in response to BCR stimulation (15-17). It is also perplexing, given that
either loss or constitutive activation of Lyn results in autoimmunity in mice (74-76), that CD45
deficient mice are well (evenif T cell help is provided in trans). This suggests that stoichiometry
may be important and raises the possibility that the levels of increased kinase activity in
CD45KO0 mice are substantially less than that seen in mice expressing constitutively active
Lyn (45). The fact that Lyn has both positive and negative regulatory effects in BCR signaling
could also contribute to these paradoxical findings. While Lyn's positive effects are redundant
with Blk and Fyn, its ability to phosphorylate ITIMs and thereby facilitate the recruitment of
negative regulators of BCR signaling such as SHP-1 and SHIP are unique (4). Highlighting
the possibility that increased phosphorylation of Lyn's autocatalytic site could be an indirect
effect in CD45 deficient mice, one function of SHP-1 is to dephosphorylate this tyrosine and
dampen kinase activity (77). Inefficient recruitment of SHP-1 could result in a net increase in
catalytic site phosphorylation in Lyn.

Contrasting CD45 deficient B cells, B1 cell production is augmented in CD45E613R mice and
CD45E613R follicular B cells are hyperresponsive to BCR stimulation (33). Interestingly,
calcium flux is sustained, mirroring that seen in Lyn deficient mice (Gross A, Hermiston M,
DeFranco A, and Weiss A, unpublished observation). Evaluation of Lyn phosphorylation in
CD45E613R B cells reveals that the autocatalytic tyrosine is hypophosphorylated while the C-
terminal tyrosine is hyperphosphorylated, a pattern consistent with Lyn inactivation (33).
Given this model, it is perhaps not surprising that the CD45E613R mice phenocopy many
aspects of Lyn deficient mice.

CD45 Function in Natural Killer (NK) Cells

NK cells are increased in a cell-intrinsic manner in CD45 deficient mice, suggesting that CD45
functions in this lineage (78). Two groups have recently explored this possibility by comparing
effector functions in CD45 wt and CD45 deficient NK cells (79,80). Upon ligation of ITAM
containing activating receptors on NK cells, SFKs initiate a signaling cascade that culminates
in both target cell lysis and cytokine production. Surprisingly, CD45 deficiency has differential
effects on these effector functions. While both ERK and JNK phosphorylation are severely
impaired in CD45 deficient NK cells in response to receptor stimulation, cytotoxicity is only
slightly reduced while cytokine and chemokine production were severely inhibited. Hesslein
and colleagues propose that this paradox may be explained by differential requirements for
MAPK activation in cytoxicity versus cytokine production. Consistent with this notion, the
ICsq for the MEK inhibitor PD098059 is much higher for cytotoxicity than for IFNy production
(79).
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A second surprising finding from these studies was the observation that basal phosphorylation
of multiple phosphoproteins was observed in both freshly isolated and IL2 expanded CD45
deficient NK cells (79). This is a striking contrast to findings in T, B, and myeloid lineage cells
where alterations in basal phosphorylation are more limited, primarily manifesting as
hyperphosphorylation of the SFKs. This observation raises some intriguing possibilities
regarding the function of CD45 in NK cells. It is currently unclear whether CD45 has a net
negative or positive impact on SFK activity in NK cells. If CD45 is having a net positive effect
on SFKSs, the increased basal phosphorylation could reflect increased activity of SFKs on their
substrates. In this scenario, the defects in MAPK activation could then be the result of
adaptation of cells to elevated constitutive signaling and compensating inhibitory feedback
loops. Alternatively, if the net effect of CD45 deficiency on SFKSs is an inhibitory one, it is
possible that loss of SFK-mediated phosphorylation of inhibitory tyrosine inhibition motifs
(ITIMs) results in increased basal phosphorylation due to loss of downstream inhibitory
signals. Finally, it is possible that CD45 has unique substrates in addition to SFKs in NK cells
and that hyperphosphorylation in the basal state is reflective of this function. Supporting this
notion, Mason et. al. have shown that Dap12, the ITAM containing adapter for Ly-49 family
of NK cell receptors, is hyperphosphorylated in CD45 deficient NK cells and propose that it
may be a direct substrate of CD45 (81). However, whether the hyperphosphorylation of Dap12
was a direct consequence of CD45 deficiency or instead reflected the indirect effects of
excessive SFK activity in these cells was not addressed. While further studies will be needed
to fully elucidate the function of CD45 in NK cells, these observations do highlight the
importance of studying this phosphatase in multiple cell types, as its functions appear to be
distinct in different cellular contexts.

CD45 Function in the Myeloid Lineage

Despite high levels of expression, historically there has been a paucity of data, relative to T or
B cells, on the function of CD45 in myeloid lineage cells (e.g., neutrophils, monocytes,
macrophages, mast cells, and dendritic cells (DCs)). Studies employing antisense
oligonucleotides to CD45 or anti-CD45 monoclonal antibodies have implicated CD45 in the
phagocyte respiratory burst, neutrophil chemotaxis, and proliferative responses to GM-CSF
and IL-3 ((13) and references therein). However, it is unclear whether these antibodies are
activating or inhibitory, which makes interpreting these studies difficult.

More enlightening was analysis of cell adhesion in primary CD45-deficient bone marrow
derived macrophages (BMDM) (53). In wt cells, CD45 was found to localize to sites of focal
contacts, suggesting a role in cell adhesion. Further analysis of CD45 deficient BMDM
revealed striking adhesion abnormalities. While CD45 deficient macrophages adhered more
rapidly to plastic, they were unable to maintain this adhesion over time. Detachment was found
to be due to aberrant integrin mediated signaling due to dysregulation of the SFKs Hck and
Lyn, but not Fgr, in CD45 deficient macrophages. Interestingly, detailed biochemical analyses
indicated that the initial augmented adherence was due to increased kinase activity in the CD45
deficient cells. Metabolic labeling revealed hyperphosphorylation of both the carboxy terminal
and autocatalytic tyrosines in Hck and Lyn. Correlative studies in a cell line using SFKs with
a'Y to F mutation at the C-terminal tyrosine co-transfected with either catalytically active or
inactive CD45 confirmed that the autocatalytic tyrosine was regulated by CD45. While one
cannot conclude from these studies whether this was a direct or indirect event, the results
support the authors' conclusion that CD45 functions primarily as a negative regulator of SFK-
mediated integrin signaling in macrophages. This study was also important in that it
demonstrated that SFK members could be differentially regulated within the same cell.

In mast cells, CD45 deficiency results in defective histamine degranulation after IgE receptor
cross-linking (82). We have recently revisited this issue and compared the impact of CD45
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null and CD45E613R mutations on mast cell function (Growchovy et al., manuscript
submitted). We also found that CD45-deficient mast cells had drastically reduced IgE
mediated-degranulation and cytokine secretion. In contrast, these effector responses were
augmented in CD45E613R mast cells. Surprisingly, despite these dichotomous phenotypes,
Lyn was hyperphosphorylated at the inhibitory tyrosine in both sets of cells. A potential
explanation for this finding was attenuated interaction between CD45 and Lyn, as well as
hyperactivation of the Fyn-regulated P13 kinase pathway in CD45E613R but not CD45
deficient cells. A second surprising finding from this study was that depending upon the
receptor system addressed, CD45 deficient and CD45E613R mast cells also exhibited similar
phenotypes such as hyperproliferation in response to IL-3. While the mechanistic basis for
these different phenotypes is currently incompletely elucidated, they highlight the complex
behavior of this phosphatase.

There has also been a recent flurry of papers beginning to address the function of CD45 in DCs
with some intriguing findings (83-85). While production and maturation of DCs is relatively
intact in CD45 deficient animals, several groups have noted modest skewing of DC subsets
towards the CD11cM9"8q population at the expense of CD11cM911b* DCs (83,85). There is
also a consistent increase in cell surface levels of the co-stimulatory and activation markers
CD80, CD86, and MHC Il in the basal state. These developmental differences are cell intrinsic
as they persist in bone marrow chimeras between CD45 deficient and wt mice (83). However,
whether these developmental differences translate to a functional impact remains to be
determined.

The more dramatic finding in these studies is the altered responsiveness to toll-like receptor
(TLR) ligation in CD45 deficient DCs. While several studies have demonstrated a role for
SFKs in TLR responses, how this is mediated mechanistically remains unclear (86,86,87).
Interestingly, both positive and negative effects of CD45 were observed in BM and splenic
DCs, depending on which TLR receptor was stimulated (83,84). CD45 deficient BMDC and
splenic DCs demonstrated increased production of the proinflammatory cytokines TNFa and
IL6 and upregulation of activation markers when stimulation with the TLR3 ligand poly(l:C)
or the TLR9 ligand CpG }. In contrast, no difference was observed in IFNa production.
Together, these data imply that the role of CD45 in TLR responses is more complex than a
simple linear pathway emanating from the TLR and could be indirect.

This complexity has been recently examined by Cross, Johnson and colleagues (83). They
carefully interrogated responses of DCs to multiple TLR ligands. Suggesting a negative
regulatory effect for CD45, they found that TLR2 and 9 stimulation, which both signal via
MyD88 dependent pathways, resulted in augmented proinflammatory cytokine secretion,
including IFNB in the case of TLR9, in CD45 deficient DCs. In contrast, TLR3 (MyD88
independent) and TLR4 (MyD88 dependent and independent) stimulation, resulted in
decreased IFN secretion, suggesting that CD45 plays a positive role in MyD88 independent
signaling networks. Interestingly, analysis of LPS responses in CD45 deficient bone marrow
derived macrophages (BMDM) showed no difference from wt cells, suggesting that the impact
of this phosphatase on the same ligand-receptor pathway may differ in a cell-type specific
manner.

Taken together, these results implicate a role for CD45 in regulation of innate immune
responses. An important remaining issue is how CD45 impacts these pathways mechanistically.
While Beverley's group found alternations in NFkB activation, Johnson's group did not see
this (83,84). The latter group found hyperphosphorylation of Hck, Lyn, Fyn, and SHIP in
BMDC. Despite dramatic alterations if SFK phosphorylation, analysis of downstream events
including MAPK, Akt, and NF«kB were similar between mutant and wt BMDC. Further studies
are needed to clarify how CD45 influences TLR signaling. Is it via its actions on SFKs, and if
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so, which ones? Is it directly mediated by the TLR signaling pathway or is it indirect due to
paracrine or autocrine effects of cytokines/chemokines? For example, the SFKs Hck and Fgr
negatively regulate chemokine signaling by maintaining tonic phosphorylation of the inhibitor
receptor PIR-B (86).

Taken together, these results highlight emerging themes from studies of CD45 function in the
myeloid lineage: 1) regulation of SFKs by CD45 is complex, 2) different SFKs may be
regulated in distinct manners by CD45; and 3) CD45 may have unique effects on different
ligand-receptor pathways. One should also keep in mind that a caveat to all of these studies is
potential functional redundancy between CD45 and CD148 in the myeloid lineage (see below).
Indeed, studies of doubly deficient BMDM indicate that these phosphatases cooperate in
regulation of Fc receptor-mediated signaling (67).

Regulation of Homeostasis by CD45

Given its roles in antigen receptor, cytokine, and adhesion signaling, all pathways important
for promoting cell survival and death, it is perhaps not surprising that several investigators
have suggested that CD45 may regulate apoptosis (21) and references therein). The majority
of these studies have relied upon cross-linking anti-CD45 antibodies or lectin binding to induce
T cell death. However, the relative non-specific nature of these interactions has made these
studies difficult to interpret. More intriguing are studies employing CD45 deficient cell lines
that demonstrate increased propensity to apoptosis, suggesting that CD45 is a negative
regulator of cell death (88-90). Interestingly, reconstitution of a CD45 deficient cell line with
various CD45 mutants indicated that the intracellular domain and active phosphatase activity
are dispensable for this phenotype (88). However, other studies have produced conflicting
results, suggesting that CD45-mediated upregulation of Fas ligand and phosphoinositide 3-
kinase (P13K)/Akt pathways may be important for CD45-mediated apoptosis (89,91). Finally,
aberrant interactions with the extracellular matrix and/or cytoskeleton could also play a role
(92). In a cell line study, CD45 was found to promote cell survival by modulating integrin-
mediated FAK/ERK signaling (93). In the absence of CD45, cytoskeletal organization was
abnormal and postulated to contribute to cell death in this system. An issue with each of these
studies is that they employed transformed cell lines that, by definition, are likely to have altered
regulation of cell proliferation and death pathways.

Surprising, there is a paucity of data addressing the role of CD45 in regulation of proliferation
or cell death in animal models. Huntington et al. demonstrated decreased survival of CD45
deficient B cells at the germinal center stage. This correlated with defective AKT and ERK
signaling and poor induction of Bcl-2 and Bcl-X|_expression in response to BCR stimulation.
This defect could be overcome by enforced expression of Bcl-X|_ (80). In addition,
CD45E613R mice develop a lymphoproliferative disease on multiple genetic backgrounds that
is exacerbated in the presence of FAS deficiency (Gupta et al., in press). A challenge to these
studies, however, is determining how much of this phenotype is a direct consequence of altered
phosphatase activity and how much reflects appropriate responses to an abnormal cytokine
milieu.

Regulation of PTPase Activity

Given CD45's pivotal role in signal transduction in multiple cell types, elucidating how it is
regulated is critical to our understanding of hematopoietic cell development and function.
Ligand/lectin binding, dimerization, differential localization with regulated access to substrate,
phosphorylation, and oxidation have all been proposed as possible means of CD45 regulation
(13,14). It should be emphasized that these methods are not mutually exclusive and conceivably
could be distinct in different cell types and/or activation states.
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The highly conserved patterns of isoform expression and overall organization of the CD45
extracellular domain led to the hypothesis that CD45 would be regulated, similar to receptor
tyrosine kinases, by differential interactions with protein ligands. In particular, the cysteine-
rich motif in the CD45 extracellular domain is analogous to that of the EGFR, where it is
involved in binding of EGF (13). However, despite extensive efforts in multiple labs, a bona
fide ligand has not been identified. Several glycoproteins, including CD22 (94), galectin-1
(24,95), glucosidase Il (96), and the C-type lectin MGL (23), have been shown to bind
nonspecifically to T cell glycoproteins, including CD45. Whether these interactions directly
modulate CD45 phosphatase activity is presently unclear. One possibility is that they influence
phosphatase activity by regulating the localization of CD45 on the cell surface (21,22). For
example, by inducing clustering of CD45 one could potentially influencing the extent of
receptor dimerization and/or regulate localization of the phosphatase in relation to its substrate
(see below).

A second potential means of regulation of phosphatase activity is by spontaneous receptor
dimerization. Several groups have identified CD45 dimers physiologically. However, the
factors regulating dimerization and its subsequent physiologic consequences have not been
fully elucidated (32,97-100). The Weiss lab initially hypothesized that CD45, similar to
receptor PTKSs, would be positively regulated by ligand-mediated dimerization (101).
However, forced dimerization of a chimeric molecule consisting of the extracellular and
transmembrane domains of the epidermal growth factor (EGF) receptor and the CD45
cytoplasmic domain surprisingly inhibited CD45 functional activity (101). A potential
molecular mechanism for this was suggested by the crystal structures of the juxtamembrane
and N-terminal phosphatase domain of a related RPTP, PTPa, which crystallized as a
symmetric dimer (30). The juxtamembrane region of each monomer formed a “wedge”-like
structure that blocked the catalytic site of its binding partner. The wedge motif is highly
conserved in multiple RPTPs, including CD45, suggesting a critical regulatory role. To test its
importance, a point mutation was introduced into the tip of the wedge in human CD45 and
found to eliminate the inhibitory effects of forced dimerization (31). Introduction of the
analogous mutation (CD45E613R) in mice confirmed the physiologic importance of the wedge
(32). On a mixed genetic background, the mice developed a lymphoproliferative disease, anti-
double stranded DNA antibody formation, and immune complex mediated glomerulonephritis,
a phenotype resembling lupus in humans.

While the CD45E613R mice clearly demonstrate that the wedge is physiologically relevant,
at least in mice, the mechanistic basis by which it performs its actions is controversial. Since
a definitive ligand had not been identified, spontaneous homodimerization, potentially
influenced by isoform usage and/or cell surface expression levels, was proposed as an
alternative means of regulating CD45 dimerization (32). Indeed, low MW CDA45 isoforms were
found to spontaneously homodimerize more efficiently than high MW isoforms (100). It was
reasoned that this was due to differences in steric hindrance and electrostatic charge between
the extracellular domains of these isoforms. Supporting this notion, sialidase treatment or
inhibition of O-glycosylation preferentially facilitated the dimerization of the high MW
isoforms (which contain more of these modifications). These data led to a model whereby
CD45 phosphatase activity would be negatively regulated by the wedge by differential
homodimerization of various isoforms.

This model predicts that cells expressing the wedge mutation should be insensitive to the effects
of CD45 dimerization, resulting in augmented phosphatase activity and hyperresponsive
antigen receptor signals. Evaluation of CD45E613R mice shows this is indeed the case for B
cells (33) and thymocytes (Hermiston et al., in press). The finding that B cells were affected
by the wedge mutation was unexpected since they express primarily the high MW CD45
isoform. However, even though dimerization of high MW isoforms is less efficient, they do
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form. Moreover, since expression of CD45 on B cells is highest of all lineages examined, it is
possible that this increased expression enables CD45 to overcome potential steric hindrance.
Alternatively, B cells could be more sensitive to consequences of dimerization and/or the
wedge could function by a means other than inhibiting phosphatase activity during receptor
dimerization.

As noted above, challenging the wedge model is structural data demonstrating that steric
hindrance between the D1 and D2 domains in the obtained crystals would preclude inhibition
of the catalytic site via the wedge during receptor dimerization (25). Can we reconcile the
wedge hypothesis with this structural data? The dramatic phenotype of the wedge mutant mice
and the biochemical differences in T and B cell hyperresponsiveness indicate that this single
point mutation has important physiologic consequences. It is certainly possible that the model
is incorrect and that the wedge functions by other means such as altering the spatial or temporal
localization of CD45 relative to its substrate or by affecting interactions with other proteins.
Conversely, the CD45 crystal structure may represent only one selected conformation that was
amenable to crystallization. This does not exclude the possibility that other conformations,
including intermolecular dimers, also exist. Perhaps certain physiologic modifications (see
below) such as phosphorylation or oxidation induce conformational changes that restore
flexibility to the molecule and overcome the steric hindrance. Supporting this possibility,
RPTPa. dimers are stabilized due to an oxidation-induced conformational change in the D2
domain (102). Additional structural studies will be required to test the dimer model and to
understand how the wedge impacts CD45 function.

Localization of components of signaling networks with a cell is a dynamic process. For
example, SFKs traffic in and out of lipid rafts, which are platforms for cell signaling (103).
Thus, another possible (or contributing) means of CD45 regulation is modification of CD45
localization. Regulating CD45 localization could directly affect phosphatase activity by
facilitating dimerization due to increased ‘crowding’ of CD45 on the cell surface. Alternatively
or in addition, regulated localization of CD45 could have indirect effects on the pathways it
mediates by facilitating or inhibiting its access to substrates (104). For example, the kinetic
segregation model proposes that CD45 exclusion from sites of TCR engagement with peptide
is a primary event in signal initiation (105). Consistent with this hypothesis, Dustin and
colleagues have presented convincing data for the regulated localization of CD45 (106). They
find that during T cell activation, CD45 is concentrated in the TCR-rich central supramolecular
activation cluster (cSMAC) but excluded from TCR microclusters. Interestingly, TCR
microclusters appear to be the site for sustained TCR signaling while the cSMAC is the primary
site for termination of TCR signals (107,108). They hypothesize that CD45 plays a pivotal role
in both of these processes: First, by generating the pool of primed Lck that diffuses into the
microclusters from surrounding CD45-rich domains and second, by inactivating SFKs such as
Lck in the cSMAC. Limited biochemical data are consistent with these observations. Studies
exploring the consequences of CDA45 localization in T cells suggest that raft-excluded CD45
promotes TCR responsiveness while raft or cSMAC localized CD45 antagonizes TCR signals
(109,110). However, the relative effects of CD45 on specific SFK phosphotyrosines in these
various locations require further study.

Cell lineage, developmental stage, and/or activation state differences in the localization of
CD45 relative to its substrate could potentially explain some of the differences in SFK
phosphorylation that have been reported. For example, thymocytes, which are about 10 times
more sensitive to TCR stimulation than peripheral T cells, do not form a cSMAC. Instead, they
form a more decentralized synapse with multifocal signaling clusters (111). A potential
consequence of this observation is that lack of coordinated CD45-mediated downregulation of
the signal, as is seen in peripheral T cell blasts, could result in more signal per agonist peptide
and the enhanced sensitivity of thymocytes. This model could also potentially explain the
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observed difference in TCR responses between CD45E613R DP thymocytes and peripheral T
cells. Unregulated CD45 activity (due to the wedge mutation) in thymocytes could lead to
increased TCR responsiveness due to enhanced generation of primed Lck that then localizes
to microclusters. However, in the periphery, unregulated phosphatase activity in the cSMAC
could result in enhanced downregulation of Lck activity due to augmented dephosphorylation
of the autocatalytic tyrosine and peripheral T cell hyporesponsiveness. Further experimentation
will be necessary to validate these possibilities.

An important remaining question is how localization of CD45 itself is regulated. Steric
exclusion (112), lateral interactions with other proteins (41,113), and differential interactions
with the spectrin-ankyrin cytoskeleton (114) are potential mechanisms that warrant further
investigation. The latter is particularly interesting. These investigators found that CD45
associated with B1 spectrin and ankyrin and that trafficking of intracellular pools of CD45 and
spectrin are coupled (114). Inhibiting spectrin resulted in decreased recruitment of CD45 to
the cell surface and had a subsequent negative regulatory effect on TCR signaling. In light of
this data, it is interesting to note that cytoskeletal polarization is less efficient in DP thymocytes
(115). It will be important to test whether this also affects CD45 trafficking and whether it
could influence the difference in signal transduction thresholds between thymocytes and
peripheral T cells. Whether this mechanism of regulated localization also functions in B, NK,
and/or myeloid cells should also be addressed.

Several other proteins have been suggested to interact with and potentially define the
localization of CD45 relative to substrate. The most prominent of these is CD45 associated
protein (CD45-AP). This protein was initially identified due to its association with CD45 and
can directly interact with CD45 via its transmembrane domain (116). It is thought to stabilize
the association of CD45 with Lck and regulate its localization within the cell. Biochemical
studies suggest that it may promote or stabilize the association of CD45 with substrates and
thus regulate the threshold of T cell activation (117). However, the physiological significance
of this interaction is controversial. It has been deleted by three different groups and has a very
mild to no appreciable phenotype (118-120). Moreover, we have tested whether its absence
can influence the TCR repertoire by breeding the CD45-AP mice to two different TCR
transgenes but were not able to identify an impact on TCR development (Hermiston and Weiss,
unpublished data).

Further studies aimed at defining the relative access of CD45 to its substrates in different
cellular contexts are clearly needed. The fact that CD45 deficient mice do not accurately
phenocopy the consequences of SFK deficiency in the same lineage argues that there is either
redundancy in phosphatase function and/or that some SFKSs are better substrates for CD45 than
others. Emerging data from Falahati and Leitenberg indicates that CD45 preferentially interacts
with a CD4 associated pool of LCK in DP thymocytes but has minimal effects on the
phosphorylation status of non-CD4 associated Lck (11). Interestingly, Lck phosphorylation is
also relatively unaffected in DN cells, suggesting that CD4 co-receptor localization of SFK
and CD45 may be necessary for optimal PTP-kinase interactions. How this translates to
peripheral T cells or to other hematopoietic lineages is currently unclear. It will be important
to understand not only the relative localization of CD45 and the relevant SFK, but also the
localization of CSK, redundant phosphatases (see below), and adapters (e.g. PAG/Cbp) in order
to gain a clearer picture of this localization.

Finally, as alluded to above, protein modifications such as phosphorylation and/or oxidation

could modulate CD45 phosphatase activity. Casein kinase Il has been shown to phosphorylate
the acidic loop of the D2 domain (27,28). Mutation of these serines reduces the ability of CD45
to restore TCR signaling to a CD45-deficient cell line. Transient tyrosine phosphorylation of
CD45 has also been reported, although the physiologic significance of this modification is
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unclear (121,122). Reactive oxygen intermediates have been shown to inhibit phosphatase
activity in neutrophils (123). This is intriguing given the role of oxidation in stabilizing dimers
in PTP a (102). Further analysis of the potential functional impacts of these modifications is
warranted.

CD45 and Disease

Given its central role in regulating SFKs and thus multiple signaling networks essential for
immune cell function, arole for CD45 in disease would be logical. However, our understanding
of the potential impact of CD45 in disease is currently incomplete. While it is quite clear that
absence of CD45 results in SCID, whether CD45 affects susceptibility to other diseases is less
definitive. Most work has focused on polymorphic variants that alter CD45 isoform expression
and disease susceptibility ((20) and references therein). In at least some ethnic backgrounds,
individuals expressing a translationally silent polymorphism, C77G, in exon 4 of CD45 have
an increased incidence of multiple sclerosis, autoimmune hepatitis, systemic sclerosis,
Langerhans Cell Histiocytosis, hemophagocytic lymphohistiocytosis, and HIV infection.
Interestingly, this mutation disrupts an exonic splicing silencer such that these individuals are
unable to appropriately produce low MW CD45 isoforms. In contrast, a second polymorphism,
A138G, in exon 6 appears to promote exon skipping, resulting in increased expression of the
low MW isoform CD45R0O. The A138G allele has been associated with a protective effect in
hepatitis B infection and autoimmune Graves' thyroiditis. This, and its high allele frequency
in approximately 20% of Asians, raised the speculation that it might confer a selective
advantage, although this idea has yet to be substantiated.

One interpretation of these observations is that the presence of and/or ability to isoform switch
to low MW isoforms somehow enhances immune tolerance and decreases reactivity to self-
antigen. While T cells from C77G and A138G individuals appear to have altered TCR threshold
and cytokine profiles, it is not clear whether this a direct effect of the CD45 polymorphism or
another unrelated process (124,125). Indeed, a challenge in understanding whether these
alterations in CD45 expression are causal or simply coincidental in disease has been the paucity
of data, despite extensive efforts, demonstrating robust functional differences between the
different isoforms. Several groups have generated transgenic mice expressing a single CD45
isoform on a null background (13,14,20,44) and references therein). These transgenic animals
revealed the importance of CD45 dosage but did not identify significant differences between
different isoforms. Interestingly, all isoforms were capable of rescuing thymic development
and peripheral T cell function, even when expressed at very low levels. However, none of these
isoforms enabled normal B cell maturation, further emphasizing that CD45 function in these
lineages may be quite distinct. Overall, distinct and reproducible isoform-specific functional
differences have been modest at best. The fact that these transgenes do not recapitulate wt
levels of CD45 expression may contribute to the lack of findings in these studies.

It has also been proposed that other genetic modifiers could cooperate with CD45 in altering
sensitivity or resistance to disease. Aberrant CD45 expression has been reported in infantile
cholestasis, malnutrition, systemic lupus erythematosus, rheumatoid arthritis, HIV,
Alzheimer's disease, and multiple myeloma ((20) and references therein). In mice, we have
found that the CD45E613R phenotype is exquisitely sensitive to genetic modifiers (Hermiston
M and Weiss A, unpublished observation). On mixed C57BI/6 (B6)-129 genetic background,
these mice develop a lupus like phenotype. However, when backcrossed to B6 or 129
backgrounds, the autoimmune stigmata are absent, despite persistent hyperresponsiveness to
antigen receptor signaling at a biochemical level. In contrast, CD45E613R mice on a BALB/
¢ genetic background develop autoantibodies with 100% penetrance by 12 weeks of age.
Mapping studies between B6 and BALB/c CD45E613R mice identified contributions from
loci on chromosomes 9 and 17 that appear to mediate autoantibody production (Hermiston et
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al., manuscript in preparation). In addition to this unbiased screen, we have also used a
candidate gene approach to determine whether unregulated CD45 phosphatase activity could
increase the propensity for autoimmunity. Supporting this notion, CD45E613R mice also
carrying MRL/lpr (Gupta, V etal., in press), Pep (Zikherman, J. etal., in press), Aire (Hermiston
ML, Lam VC, Anderson M, and Weiss A, unpublished observation), or Dap12 (Hermiston
ML, Lam VC, Lanier LL, Weiss A, unpublished observations) (but not C4) mutations on a B6
background (a genetic background that is not associated with substantial autoimmunity for any
of these genes) developed significant lymphoproliferation and autoantibody production in the
doubly mutant state. Together, these data provide further support for a potential role for CD45
in modulation of susceptibility to autoimmune disease.

Unanswered questions

The questions plaguing the CDA45 field have been cited in multiple reviews spanning almost
two decades (14,44-46,112). Why is there so much CD45? Why so many isoforms? Why are
they expressed in such a precise pattern? Does this receptor have a ligand? How is phosphatase
activity regulated? While substantial progress has been made on these fronts, significant work
remains. With increasing investigation, the function of this molecule has seemingly become
increasingly complex. It is clear that CD45 can serve as both a positive and negative regulator
in a cell type- and context-dependent manner. Considering these cell and context dependent
scenarios is going to be crucial for understanding the biologic function of this protein. Likewise,
as discussed below, exploring the contribution of other PTPs such as CD148 and Lyp/Pep that
converge on the same substrates as CD45 will be critical for developing a more complete picture
of how this phosphatase regulates immune cell development and function.

PTPRJ; CD148

The variable effects of CD45 deficiency on different hematopoietic cell lineages in vivo are
intriguing. Why was the impact on T cell development so profound while the effect on myeloid
and B cell development and function much milder? Biochemically, CD45 deficient thymocytes
and B cells behave quite differently in response to antigen receptor stimulation. For example,
as noted above, calcium flux in CD45 deficient thymocytes is almost completely abolished but
largely preserved in CD45 deficient B cells (15,33,64). Several potential explanations could
explain these differences. Perhaps in non-T cell lineages CD45 is engaged in different signaling
pathways and/or CD45-independent pathways compensate for its absence. Alternatively,
perhaps the milder phenotypes in CD45 deficient B and myeloid cells reflect the presence of
another PTP that plays a functionally redundant role with CD45. Recent work from the Weiss
lab indicate that the RPTP CD148 can indeed subserve this function and regulate SFK activity,
together with CD45, in B cells and macrophages (67).

CD148 Structure

While CD148 (encoded by PTPRJ) is also a receptor type protein tyrosine phosphatase, its
structure is quite distinct from CD45 (Figure 2). CD148 belongs to the type I11 family of PTPs.
The extracellular domain consists of eight to nine fibronectin domains and 34 potential N-
linked glycosylation sites(126). It is not clear if there are different splice forms of CD148.
Contrasting the tandem PTP domains of CD45, CD148 has only a single PTP homology domain
in the cytoplasm (Figure 2). The PTP domain of CD148 contains a cysteine residue that is
critical for its catalytic activity. When the cysteine residue is mutated to serine, the catalytic
activity of CD148 is abolished.(127) The structure of the CD148 cytoplasmic domain has been
resolved (PBD database). Interestingly, it contains a juxtamembrane wedge structure similar
to those seen in both the CD45 and RPTPa crystal structures. It is currently unclear whether
CD148 can exist as dimers physiologically or if the wedge plays a regulatory role for this
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phosphatase. It will be interesting to test these possibilities given the striking structural
similarity between the wedge motifs in these different phosphatases.

CD148 Expression

In contrast to the exclusive expression of CD45 in hematopoietic cells, CD148 is widely
expressed in many cell types, including epithelial and endothelial cells, fibroblasts, and most
hematopoietic cells (128-131). Outside the immune system, CD148 expression has been shown
to be upregulated in cells that are cultured at high cell density as well as upon cellular
differentiation (132-135). Using monoclonal antibodies to CD148, the expression pattern of
CD148 in the murine and human immune systems has been examined (131,136,137).
Interestingly, the expression patterns of CD148 are different between mice and humans. In
mice, CD148 is expressed primarily in platelets, B cells, and myeloid lineage cells. Expression
inthe T cell lineage is more restricted. Transient expression has been noted in DN thymocytes
(Zhu and Weiss, unpublished data). In peripheral T cells, CD148 expression is induced only
after TCR activation (131). In contrast, in humans, CD148 is widely expressed on mature
thymocytes, peripheral T cells (with CD8 T cells having higher levels than CD4 T cells), B
cells, NK cells, granulocytes, macrophages and certain DC populations. The expression of
CD148 on human peripheral T cells is further induced upon TCR stimulation (136).

CD148 Function

Relative to CD45, our understanding of the function of CD148 and its role in governing
signaling networks in both immune and non-immune cells is much more limited. Several
genetic studies have implicated CD148 as a tumor suppressor. Loss of heterozygosity for
CD148 has been reported in colon, lung and breast carcinomas (138,139). In addition,
positional cloning of a gene responsible for Susceptibility to Colon Cancer (Sccl) in mice,
revealed CD148 as a major candidate (139). Whether or not CD148 may play a similar role in
hematologic malignancies is not clear. Interestingly, CD148 has been implicated in at least one
autoimmune disease. Cogan's syndrome is a chronic inflammatory disease characterized by
sensorineural hearing loss, keratitis, and vasculitis. A screen for autoantigens in this disease
revealed antibodies to CD148 (140). These autoantibodies inhibited proliferation of CD148
expressing cells and replicated the features of Cogan's disease when infused into mice. While
intriguing, further experimentation will be required to determine whether these antibodies
influence CD148 function and are thus causative for this or other autoimmune diseases.

To understand these potential disease associations, it will be important to define the
mechanisms by which CD148 regulates signaling cascades within cells. To date, many proteins
have been identified as potential CD148 substrates. These include PDGFR, HGFR (c-Met),
p120ctn, c-Src (C terminal inhibitory tyrosine), and PI13K (141-146). Unfortunately, the
majority of the these putative substrates were found using substrate trapping methodologies
in vitro or over-expression approaches in cell lines and have not been rigorously validated in
vivo.

The function of CD148 in leukocytes was initially analyzed using forced expression of CD148
inaJurkat T cell line. These studies indicated that induced expression of CD148 led to selective
dephosphorylation of PLCy-1 and LAT, resulting in downregulation of TCR dependent
signaling (127). However, it was not clear whether this was due to direct or indirection actions
of the phosphatase, since it was also plausible that the phosphatase could activate a negative
feedback loop resulting in activation of other phosphatases within the cell that then down-
regulate the TCR response. Consistent with a potential role in termination of the immune
response, immunofluorescence microscopy revealed that the extracellular domain of CD148
mediated its exclusion from the immunological synapse, sequestering it from potential
substrates (147). The authors proposed that upon T cell-APC disengagement, CD148 could
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then access and dephosphorylate its relevant substrates, resulting in termination of prolonged
TCR signaling.

Several labs attempted to generate CD148 deficient mice to study the role of this RPTP in
vivo. The replacement of the CD148 PTP domain with GFP led to early embryonic lethality
due to the defects in vasculature development (148). In contrast, Trapasso and Fusco generated
CD148 deficient mice by deleting exons 3, 4 and 5 (149). These mice were viable and healthy,
leading the authors to conclude that CD148 is dispensable for normal growth and development
in mice. However, a detailed analysis of the immune system function was not attempted.
Removing the exon encoding the transmembrane domain of CD148 generated a third CD148
mutant mouse line that lacked CD148 phosphatase activity, however a truncated soluble
CD148 protein was still expressed (67). These mice were also grossly normal; however,
detailed analysis of the hematopoietic lineage of these mice revealed a function for CD148 in
the immune system.

Extensive analysis of the T cell lineage, which expresses minimal CD148, failed to reveal any
alterations in thymic development or peripheral T cell function. In contrast, the impact of
CD148 deficiency on B cells, where considerable CD148 expression is found, was significant
(67). B cell development was blocked at the transitional stage, marginal zone B cells were
dramatically increased, and there was a paucity of B1 B cells in the peritoneal cavity. This
phenotype is almost an exact phenocopy of the B cell phenotype in CD45 deficient mice. Given
the phenotypic similarity of CD45 and CD148 deficient B cells, it was hypothesized that these
two phosphatases may have overlapping functions in B cells.

To test this hypothesis, CD45 and CD148 doubly deficient mice were generated (67). These
mice displayed substantial alterations in B and myeloid lineage development and defective
immunoreceptor signaling. In CD45 and CD148 doubly deficient B cells, BCR mediated
signaling events, including intracellular calcium mobilization, protein tyrosine
phosphorylation, and MAPK activation, were impaired. In macrophages, Fc receptor mediated
signaling, as well as phagocytosis and cytokine production, were also found to be dependent
on both CD45 and CD148. Further biochemical analysis of CD45 and CD148 doubly deficient
B cells and macrophages revealed hyperphosphorylation of the C-terminal inhibitory tyrosine
of SFKs. These findings suggested that C-terminal tyrosine of SFKs is a common substrate for
both CD45 and CD148 and that decreased activity of SFKs is most likely responsible for at
least some of the observed defects (Figure 3). These findings also highlight a previously
unappreciated level of functional redundancy between CD45 and CD148.

CD148: Unanswered questions

As a new player in the immune system, CD148 is gradually attracting the attention of
immunologists. The overlapping function of the structurally distinct phosphatases CD45 and
CD148 in regulating immunoreceptor signaling via dephosphorylation of Src-family kinase
inhibitory tyrosine was unexpected. Several intriguing questions remain: First, is there any
unique function of CD148, given its distinct structure and expression pattern? We recently
have turned our attention to platelets, which are devoid of CD45 but express high levels of
CD148. Loss of CD148 in platelets results in hyporesponsiveness of SFKs following collagen
and fibrinogen stimulation (Yotis A, Zhu J, Weiss A, Watson SP, unpublished observations).
Because CD148 is the only RPTP expressed in platelets, this will be a particularly useful cell
type in which to explore its functions. Second, since SFKs are critical regulators of many other
signaling pathways, what is the function of CD148 in these pathways, including integrin, G-
protein coupled receptor, and growth factor mediated pathways? Finally, since it is a receptor-
like PTP, is there any ligand or binding partner of CD148 in vivo? Only future studies can
provide deeper insights into these and potentially many other questions on the function of this
interesting phosphatase.
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PTPN22; Lyp/Pep

Although the inhibitory tyrosine of the SFKs appears to be uniquely regulated in hematopoietic
lineages by the phosphatases CD45 and CD148 and the kinase Csk, regulation of the activating
tyrosine is less well defined. Multiple unrelated phosphatases subserve this function in a
partially redundant fashion (e.g., SHP-1, PTP-PEST, Pep/Lyp) (1). Of particular interestamong
these is the PTPN22 gene product, Lyp (lymphoid tyrosine phosphatase) and its murine
ortholog PEST-domain enriched tyrosine phosphatase (Pep). This locus has been associated
with multiple human autoimmune diseases, focusing attention both on the function of Lyp/Pep
and the pathway(s) it regulates.

Lyp/Pep Structure

Lyp/Pep is a hematopoietic tyrosine phosphatase that contains an N-terminal phosphatase
domain and 4 proline-rich domains, the most C-terminal of which lies within a 20 amino acid
conserved region that defines a small family of phosphatases, the so-called PEST group (Figure
2) (3,150,151). This includes Pep as well as the ubiquitously expressed PTP-PEST and HSC-
PTP, which is expressed exclusively in hematopoietic stem cells. The function of this conserved
C-terminal domain remains unclear. Pep and Lyp are species orthologs but vary considerably
in their C-terminal halves (151). There is 89% sequence homology between the phosphatase
domains, but only 61% homology for the remaining portions of the proteins.

Two alternative splice isoforms of Lyp have been detected, Lypl and 2 (151). The full-length
protein is 105Kd, while Lyp2 is a shorter transcript that encodes an 85Kd isoform missing the
3 most C-terminal proline rich sequence (PRS) domains. The protein product of the short
isoform has not been characterized and analogous splicing has not been reported for Pep. The
in vivo functional significance of this splicing event remains to be determined.

Lyp/Pep Expression

The expression pattern of Pep/Lyp is not completely characterized. Lyp message has been
detected in human thymic and lymphoid tissue, including T and B cells as well as myeloid cell
lines (151). Lyp protein has been seen in thymocytes and peripheral T cells and appears to be
upregulated upon T cell activation (151). We have found Pep protein expression predominantly
inthe thymus and T cell lineage with little in bone marrow, B cells, or myeloid cells (Zikherman
et al., manuscript submitted). Subcellular localization of Pep/Lyp has been studied only with
overexpression systems. In these settings, Pep is predominantly cytoplasmic (151,152).

Lyp/Pep Function

Overexpression studies in T cell lines have demonstrated a negative regulatory role for Pep/
Lyp in T cell receptor signaling and identified its substrate as the activating loop tyrosine of
Lck (153,154). Additional putative targets have been identified by substrate trapping and
include TCR signal transduction machinery such as Zap70, CD3(, CD3e, and Vav (155). Since
all identified substrates are downstream of Lck and substrate trapping may pull down artifactual
interactions, it is less clear if these represent bona fide substrates.

Pep is cytoplasmic and a significant proportion (25-50%) is constitutively associated with Csk
(152). Pep is thought to be brought into proximity of its target, CD4-associated Lck, via its
association with Csk. Csk is in turn recruited to lipid rafts under basal conditions by the
phosphorylated adaptor, PAG (156,157). Upon receptor stimulation, PAG is rapidly
dephosphorylated and Csk/Pep are released to the cytoplasm (Figure 3). Both Pep and PTP-
PEST have each been shown to cooperatively inhibit TCR signaling together with Csk (153,
158). Both the physical association of Pep with Csk and their cooperative inhibition have been
demonstrated to depend upon the SH3 domain of Csk and the first proline-rich segment (PRS1)
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of Pep (152,153,159). This interaction domain has been mapped to an 8-residue stretch of the
proline rich segment (613-621 PPPLPERT) (152,159). Interestingly, this minimal domain is
well conserved in PRS2 of PTP-PEST and, together with adjacent residues, mediates
association with Csk (158). In contrast to Pep, PTP-PEST has a more extensive list of putative
interacting partners (e.g. Shc, paxillin, Cas) (160).

A Pep-deficient mouse was generated and confirmed a negative regulatory role for Pep in TCR
signaling (161). The phenotype was, however, surprisingly subtle. Mice developed mild-to-
moderate lymphadenopathy and splenomegaly on the B6 background along with an expanded
effector/memory compartment by 6 months of age. Positive selection was enhanced in the
thymus in the context of TCR transgenes. Peripheral T cells were found to be hyper-responsive
to TCR stimulation, but only in the effector/memory subset. In contrast, B cell signaling was
unperturbed. Although accelerated germinal center formation was observed, the mice remained
healthy with no obvious disease. More recently, the expression pattern of the redundant
phosphatase PTP-PEST has been refined and it has been shown to be down-regulated in
activated/effector T cells, and absent in the Jurkat T cell line (Zikherman and Weiss,
unpublished observations). This suggests a mechanism for the selective signaling phenotype
observed in the Pep-deficient mice. Analogous to CD45 and CD148, the phenotype of doubly
deficient PEP and PTP-PEST mice could prove quite interesting.

Regulation of Lyp/Pep

Recently, a novel relatively selective inhibitor of Lyp has been developed and a low-resolution
crystal structure of inhibitor-bound Lyp has been reported (162). The structure revealed
contacts not only in the active site (catalytic cysteine 129), but also in an adjacent cluster of
residues (S35-K47). This adjacent region could adopt loop or helical conformations depending
upon the presence or absence of substrate binding. This contact domain was noted to harbor a
putative PKC phosphorylation site at serine 35, which was validated in vitro and in vivo. A
S35E mutant of Lyp was generated to model constitutive phosphorylation of this residue. S35E
impaired Lyp interaction with both the novel inhibitor and physiological substrates. Finally,
in Jurkat overexpression studies, inhibition of T cell signaling by S35E Lyp was impaired.
Further work to identify the in vivo significance of this residue remains to be pursued.

Role of Lyp/Pep in Disease

PTPN22 received considerable attention in 2004 when a common human polymorphism,
C1858T/R620W, in the gene was identified and noted to be associated with the autoimmune
diseases type | diabetes (T1D), systemic lupus erythematosus (SLE), and rheumatoid arthritis
(RA) (163-165). Indeed, whole genome association studies in the past two years have
demonstrated that this polymorphism constitutes the second strongest common genetic risk
factor for RA outside of the major histocompatibility complex (166). Nevertheless, the relative
risk conferred by this polymorphism is less than two, implying critical dependence on
cooperating genetic loci.

Interestingly, the PTPN22 R620W polymorphism is associated with multiple other
autoimmune diseases such as thyroiditis and myasthenia gravis (167). Together with SLE, T1D
and RA, this panoply of disease associations places this genetic locus on the short-list of
“general” autoimmunity genes alongside such players as the inhibitory T cell co-receptor
CTLA-4. Of note, the disease associations of this polymorphism all have autoantibody
production as a significant and pathogenic feature (167). Indeed, the R620W allele has been
associated with autoantibody production in myasthenia gravis and with autoantibody positive
variants of RA (168,169). Additional clues to pathogenesis come from a genetic association
study that identified a protective effect of the “risk allele” against tuberculosis (170). This
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suggests at once both a selective evolutionary pressure and a possible mechanism of action for
the polymorphism.

Is the PTPN22 R620W polymorphism a hypo- or hypermorphic allele?

There isa vast human genetic literature about the PTPN22 R620W polymorphism, but a relative
paucity of functional data to address what effect this allele has on antigen receptor signaling
and by what mechanism. Since R620W is located in the critical proline-rich sequence (PRS1
domain) of Pep that mediates Csk association, it was initially postulated that the human
polymorphism generated a hypomorphic allele (163). Indeed, two independent reports identify
impaired interaction between R620W and Csk (163,171). However, a single overexpression
study conducted in the Jurkat cell line suggested that unexpectedly Lyp R620W might represent
a gain-of-function allele (171). Subsequently, a handful of functional studies using human
PBMCs from patients or healthy subjects who carry the risk allele, have been published
(172). Conflicting results have been reported. The most extensive and well controlled of these
studies, performed with healthy subjects heterozygous for the risk allele, identified hyper-
responsiveness of memory T and B lymphocytes to antigen-receptor signaling (169,172,173).
However, only certain signaling readouts demonstrated this behavior and controlling genetic
and environmental heterogeneity in human samples is challenging. Certainly a gain-of-function
risk allele might provoke disease by impairing central thymic tolerance, but a hypomorphic
allele continues to make sense biochemically and might be more consistent with known genetic
association with resistance to tuberculosis.

We have revisited this question by trying to address limitations of prior functional studies such
as genetic heterogeneity, and overexpression artifact (Zikherman and Weiss, unpublished
observations). We have co-expressed the obligate binding partner Csk in conjunction with wt
or R620W Pep in Jurkat cells. By using extremely sensitive flow cytometric assessment of Erk
phosphorylation in response to TCR stimulation, we have been able to dramatically limit the
degree of overexpression. By gating on co-transfected GFP, we have been able to control for
overexpression artifact. Our data suggests that the R620W allele indeed represents a
hypomorphic variant. Whether the contrasting earlier Jurkat study reflects differences in
expression level or biologically distinct functions of human Lyp and murine Pep remain to be
addressed. This has significant implications for pathogenesis, as well as future diagnosis and
therapy.

Although spontaneous germinal centers develop in the Pep-deficient mice, no frank
autoimmune disease was observed on the B6 background. As further proof of concept, we have
taken advantage of Pep deficient mice as a model of the human hypomorphic allele. We have
shown that in the context of a susceptible genetic background, Pep deficient T cells drive hyper-
responsive CD45E613R B cells to produce autoantibodies. Double mutant mice develop a
lupus-like disease characterized by glomerulonephritis and premature mortality, recapitulating
the human disease associations of the PTPN22 risk allele. The functional consequences of the
R620W polymorphism remain to be definitively established through the generation of a knock-
in animal. It is likely that modeling disease even in this context will require additional
cooperating genetic loci.

Lyp/Pep: Unanswered questions

While substantial progress has been made in our understanding of the phosphatase Lyp/Pep,
significant questions remain. Does Pep have Csk-independent functions and if so, how does it
access alternate substrates? What redundant functions are compensated for by PTP-PEST in
T cells and how severe a phenotype might be revealed by a double knockout? What other
structurally distinct phosphatases can compensate for Pep-deficiency to dephosphorylate the
activating tyrosine of the SFKs? What accomplishes this role in B cells where Pep does not
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appear to be highly expressed? Clearly, regulation of SFK activity has critical implications not
only for cancer but also for autoimmune diseases. In light of this fact, greater impetus exists
to address remaining questions about Lyp/Pep.

Summary and Prospectus

Can we reconcile the apparent paradoxes regarding SFK regulation that have emerged in the
literature over the past 20 years? Certainly, some of these paradoxes can be explained by
redundancy. For example, the more pronounced T cell phenotype versus B cell phenotype in
CD45 deficient mice can now be understood by the newly found redundancy between CD45
and CD148. However, still perplexing is the observation that CD45 transgenes cannot rescue
B cell differentiation in CD45 deficient mice. This might suggest that these SFKs are
differentially counter-regulated in B cells versus T cells. Perhaps this reflects Lyn's unique
status among SFKSs in having well-defined positive and negative roles. Alternatively,
trafficking of Csk/Lyp/Pep may be different in non-T cell lineages, an issue that has yet to be
addressed in detail.

How do we integrate functional contributions of these different phosphatases? The emerging
data indicates that regulation of SFKs is more complex than initially perceived. The data clearly
demonstrate that a simple paradigm based on one lineage will be misleading. As discussed,
cell type and context are important. Studying these three distinct PTPs and their relative
contributions to SFK regulation provides a unique opportunity to examine how evolutionally
different cell types have solved similar problems in different ways. For example, T lineage
cells appear to rely on segregating substrate access via CD4 while B cells have evolved multiple
co-receptors (CD40, CD19, CD22, etc.). It will also be important to evaluate the impact of
these PTPs on different signaling pathways within the same cell type (e.g., BCR, Fc, and TCR
signaling vs. TLR or integrin mediated signaling). One can imagine distinct outcomes on
different signaling nodes based upon differential regulated localization of the PTP and its
substrate.

Further work examining the potential dual positive and negative regulatory role of CD45 is
also needed. The evaluation of mice expressing intermediate levels of CD45 confirms prior
studies that suggested CD45 has negative as well positive roles in TCR signaling. However,
itis still unclear how the catalytic and C-terminal tyrosines are differentially regulated by these
PTPs, especially in non-T cell lineages or in the context of non-antigen receptor signaling.
Perhaps the redundancy of other phosphatases in these signaling pathways mirrors the
hyperresponsiveness seen with intermediate CD45 expression levels in T cells. Alternatively
or in addition, regulated localization of these kinases and phosphatases in these contexts might
drive these differences. Given the paradoxical roles and widespread expression of these
phosphatases within multiple hematopoietic lineages, it would be wise to clarify these issues
before treating patients with the anti-CD45 antibodies and Lyp inhibitors that are currently
being developed.
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Figure 1. SFKs are in a dynamic equilibrium between closed and active conformations
Interaction of the SH2 domain and the C-terminal negative regulatory phosphotyrosine results
inaclosed conformation with decreased access to the kinase's catalytic site. Dephosphorylation
of this site results in adoption of a more open, or ‘primed’, conformation. This conformation
can potentially also be facilitated when the relatively weak interaction between the SH2 domain
and the C-terminal phosphotyrosine is overcome by competing interactions of other proteins
(denoted in the schematic as X or Y) with the SH2 or SH3 domains of the SFK. Phosphorylation
of the catalytic site tyrosine is required for full kinase activity. (Adapted from (2,7)).
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Figure 2. CD45, CD148, and Lyp/Pep structures

Key functional domains are depicted. Both CD45 and CD148 are RPTPs while Lyp/Pep lacks
a transmembrane domain and is cytoplasmic. CD45 exists as multiple isoforms due to
alternative splicing of exons 4, 5, and 6 that encode three regions, designated A, B, and C, in
the extracellular domain, which contain multiple sites for O-linked glycosylation and
sialyation. The largest (RABC) and smallest (RO) isoforms are shown. While CD45 contains
two PTP domains (of which only D1 is active), CD148 and Lyp/Pep contain only a single PTP
domain.
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Figure 3. Reciprocal regulation of SFK activation by CD45, CD148, and Lyp/Pep

SFKs are in a dynamic equilibrium between their inactive and active conformations in both
the basal state and during immune cell activation (while B cell activation is depicted, similar
mechanisms likely exist in other hematopoietic cell lineages). In the basal state,
phosphorylation of the adapter PAG facilitates recruitment of Csk and Lyp/Pep. Csk
phosphorylates the negative regulatory tyrosine while Lyp/Pep dephosphorylates the
autocatalytic tyrosine. This results in the SFK adopting a closed conformation. By opposing
Csk and dephosphorylating the negative regulatory tyrosine, CD45 and CD148 generate a pool
of SFKs in an open or “‘primed’ conformation that can be rapidly activated should antigen be
encountered. We hypothesize that low levels of SFK transphosphorylation of the autocatalytic
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site occur in the basal state, which is necessary for tonic signaling and cell survival. This is
balanced by the action of PAG/Csk/Pep (and potentially CD45 targeting either directly or
indirectly the autocatalytic tyrosine). During antigen encounter and receptor activation, PAG
becomes dephosphorylated via mechanisms that are incompletely elucidated (but may involve
CD45), Csk and Lyp/Pep dissociate from the cell surface leaving CD45 and CD148 actions on
the negative regulatory tyrosine unopposed. Phosphorylation of the autocatalytic tyrosine is
now favored. The fully active SFK can phosphorylate the ITAMs of the immunoreceptor,
facilitating recruitment of Syk/Zap70 and amplification of downstream signaling cascades.
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