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Summary

Lyn is a Src-family kinase (SFK) present in B-lymphocytes and myeloid cells. In these cell types
Lyn establishes signaling thresholds by acting as both a positive and a negative modulator of a
variety of signaling responses and effector functions. Lyn-deficiency in mice results in the
development of myeloproliferation and autoimmunity. The latter has been attributed to the hyper-
reactivity of Lyn-deficient B cells due to the unique role of Lyn in down-modulating B-cell
receptor (BCR) activation, mainly through phosphorylation of inhibitory molecules and receptors.
Myeloproliferation results, on the other hand, from the enhanced sensitivity of Lyn-deficient
progenitors to a number Colony Stimulating Factors (CSFs). The hyper-sensitivity to myeloid
growth factors may also be secondary to poor inhibitory receptor phosphorylation, leading to
impaired recruitment/activation of tyrosine phosphatases and reduced down-modulation of CSF
signaling responses. Despite these observations, the overall role of Lyn in the modulation of
myeloid cell effector functions is much less well understood, as often both positive and negative
roles of this kinase have been reported. In this review we discuss the current knowledge of the
duplicitous nature of Lyn in the modulation of myeloid cell signaling and function.
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Introduction

Members of the Src-family of protein tyrosine kinase (SFKs) have been implicated in
multiple signaling pathways where they play critical roles in the regulation of immune
system function and cellular homeostasis. There are nine SFKs, which are expressed in
overlapping patterns in both immune cells and non-hematopoietic cells. The SFKs
participate in a variety of signaling pathways through different receptor types in response to
multiple environmental stimuli (reviewed in 1, 2-7). SFKSs interact with a large repertoire of
receptors in immune cells, including a number of different types of immunoreceptors (such
as the T-cell/B-cell receptors or the Fc receptors), growth factor receptors, integrins, trimeric
G protein-coupled receptors and selectin counter-receptors. As a result, SFKs are implicated
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in the modulation of key leukocyte functions, including cell migration, adhesion,
phagocytosis, cell survival and proliferation. To date, the role SKFs has been most heavily
studied in the immunoreceptor and integrin signaling pathways. Though structurally
different, both of these receptor types utilize common protein domains (either within the
receptor or on associated protein subunits) known as immunoreceptor tyrosine-based
activation motifs (ITAM), to initiate signaling that leads to activation of the tyrosine kinase
Syk/ZAP70 and downstream pathways and functional responses (reviewed in 8). In myeloid
cells in particular, the similar phenotype of immune cells derived from SFK and Syk-
deficient mice has clearly revealed the interrelationships between these two key kinases in
the activation of different signaling pathways. In general, SFKSs initiate the ITAM/Syk/
ZAP70 pathway to affect a positive functional role in activation of leukocyte functional
responses (such as phagocytosis and adhesion-dependent activation). SFKs have also been
implicated as positive regulators of pathways that are independent of Syk/ZAP70, such as
signaling downstream of chemoattractant G protein-coupled or cytokine receptors. On the
other hand, it is now clear that SFKs, have also a negative or inhibitory role in the
modulation of signaling responses (3, 9). In these inhibitory pathways, SFKs phosphorylate
residues within receptor cytoplasmic domains referred to as immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) that are present on molecules such as PIR-B (paired Ig-like
receptor) and/or SIRPa (signal regulatory protein-a). Phospho-1TIM domains serve as
docking sites for several types of phosphatases, such as SHP-1 (Src homology 2 domain
containing protein tyrosine phosphatase-1/2) or SHIP-1 (SH-2-containing inositol
phosphatase), which then become active and function to downmodulate signaling responses.
SFKs can also inhibit signaling responses via phosphorylation of p62 DOK family
cytoplasmic proteins that in turn recruit the Ras GTPase-activating protein (rasGAP) and
SHIP-1 to downmodulate further signaling reactions (3). Overall, it is now clear that
different SFKs have a duplicitous nature that allows them to act as rheostats of positive or
negative signaling in response to a number of stimulatory conditions.

Lyn is a SFK-member expressed in all blood cells, other than T lymphocytes, and is the first
Src-family kinase member found to have a dual role acting both as a positive and a negative
signaling molecule (Fig. 1) (3, 9). The evidence that Lyn is playing a crucial role in
downmodulating signaling responses was revealed by the observation that lyn 7~ mutant
mice develop a lupus-like disease and immune complex nephritis (10-13). To date, the
autoimmune phenotype of lyn 7~ mice has been mainly attributed to the hyper-
responsiveness of lyn = B cells to B cell receptor (BCR) ligation leading to abnormal B-cell
selection and/or tolerance resulting in production of self-reactive antibodies (9, 14). In B
cells, due to the redundant expression of multiple SFKs, the role of Lyn in the positive
modulation of signaling responses seems to be dispensable, while this SFK member plays a
unique role in down-modulating BCR signaling events. As extensively reviewed (3, 9, 14),
Lyn is responsible for phosphorylating several inhibitory (ITIM-containing) receptors in B
cells, such as CD22 and Fc receptor gamma Ilb (FcyRIIb) and for the subsequent
recruitment of tyrosine phosphatases such as SHP-1, SHP-2 or the inositol phosphatase
SHIP-1 required to turn off activating responses in B cells.

However, there are numerous other cell types where Lyn has been found to have both
positive and negative regulatory functions, including hematopoietic progenitors, mature
myeloid cells (neutrophils, macrophages and dendritic cells), platelets and erythrocytes
(Table 1) (15-19). In these cell types, Lyn acts downstream not only from immunoreceptors
(such as FcyRs) but from non-immunoreceptors, such as cytokine and integrin receptors,
often both activating certain functional responses and inhibiting others. In this dual signaling
mode, the loss of inhibitory function is usually dominant; as a result, lyn 7~ mice display
strong perturbations in myelopoiesis and have hyper-active mature innate immune cells.
Interestingly, a positive role for Lyn in the modulation of signaling pathways in myeloid
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cells has also been reported (15, 20). Besides Lyn, the other main SFKs expressed in
myeloid cells are Hck and Fgr in granulocytes, monocyte/macrophages and dendritic cells,
and Hck, Src and Fyn in mast cells (3, 21). According to the cell type and the receptor/
signaling pathways implicated, Lyn seems to exert its positive or negative role
synergistically with, or in opposition to, the other SFKs expressed in the different myeloid
cell subtypes.

In this review we will summarize the reported observations for the role of Lyn in modulating
signaling in myeloid progenitors and different subtypes of mature myeloid cells, mainly
focusing on data obtained with cells derived from Lyn-deficient mice. The possible
implications of deregulated effector functions in Lyn-deficient myeloid cells during
inflammatory and autoimmune diseases will also be discussed.

The role of Lyn in myeloid progenitors and myelopoiesis

A number of studies have demonstrated that Lyn functions as a negative regulator of
myelopoiesis (16, 22). Lyn 7~ mice (on a mixed B6/129 genetic background) develop an
age-dependent increase in spleen size (Fig. 2A) beginning at about 6 weeks of age, which
progressively increases with time to a size of 10 — 20 fold that of wild-type (WT) animals by
50 weeks of age (on the inbred B6 genetic background the splenomegaly is roughly Y2 of
this). Microscopic examination of splenic cells from 28 week old lyn 7~ mice reveals the
presence of large numbers of cells with a blast-like phenotype, compared to mainly the
mature lymphocytes found in WT spleens (Fig. 2B). Furthermore, flow cytometric analysis
of splenic cells stained with anti-Gr-1 and anti-Mac-1 specific antibodies demonstrates a
dramatic increase in myeloid cell percentage in lyn~ mice beginning at 6 weeks of age,
with over 38% of the splenic compartment being represented by cells of the myeloid lineage
by 28 weeks (Fig. 2C). Additionally, as often observed in disease conditions such as
leukemia (23, 24), the enhanced myeloproliferation correlates with perturbations in
erythropoiesis and development of extramedullary hematopoiesis in the spleens of lyn 7~
mice, as revealed by the progressive increase in splenic TER-119+ erythroid progenitors
(Fig. 2D). The bone marrow (BM) of Lyn-deficient mice also fills with myeloid cells,
mainly mature granulocytes, which in turn displace erythroid cells (Fig. 3A, B). The
replacement of erythroid and other BM cell types by mature granulocytes is especially
apparent in immunohistochemical staining for Ter-119 (Fig. 3C). Eventually the bones of
lyn~~ mice appear completely white to the naked eye.

The assessment of hematopoietic progenitor numbers in colony-forming cell assays further
confirms the myeloproliferative phenotype of lyn ™~ mice. The number of hematopoietic
progenitors responsive to myeloid specific growth factors such as GM-CSF, G-CSF, M-CSF
(or CSF-1), interleukin-3 (IL-3), IL-6, stem cell factor (SCF) is dramatically increased in the
spleen, peripheral blood and lymph nodes of lyn 7~ mice (S.P. and C.L., unpublished
observations, 16, 22). Splenic progenitor numbers steadily increase and reach nearly 100
fold over WT animals by 30+ weeks of age (Fig. 4A). However, with increasing age,
myeloid progenitor numbers start to fall in the BM, concomitant with the replacement most
of the BM by mature neutrophils and the loss of Ter-119+ cells (Fig. 4A). The shift of
progenitors from the BM to the spleen in aging lyn ~ mice is reflected also in counts of
SCF responsive cells: splenic SCF-responsive progenitors are higher while BM lineage
negative (Lin™) progenitor cells produce lower number of colonies with reduced
proliferative capacity to SCF (15, 22). It is possible that the dramatic expansion of mature
myeloid cells observed in the BM of lyn ™~ mice, and consequent potential limitation in
stromal-cell support, might induce significant secondary changes in the Lin™ progenitors
(such as changes in c-Kit expression or alterations in downstream signaling molecules), that
would limit interpretation of the colony-forming assay results in the BM. Nevertheless, the
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overall hematopoietic picture in Lyn deficiency is of relentless accumulation of myeloid
cells (including monocytes/macrophages, neutrophils, eosinophils, mast cells and dendritic
cells) in the spleen, lymph nodes and BM accompanied by the development of severe
extramedullary hematopoiesis, which together strongly suggests that Lyn is playing a
negative role in the modulation of myelopoiesis.

In relationship to human disease, this process most resembles a myelodysplastic syndrome
seen in many pre-leukemic patients. However, there is no evidence that lyn 7~ mice develop
frank leukemia — there are no reports of overwhelming blast cell proliferation or
accumulation of blasts in multiple tissue sites. Instead, this process mainly reflects
expansion of mixed myeloid cells, ranging from mostly mature phenotypes to increased
progenitors. Under some conditions, the extramedullary accumulation of myeloid cells can
be extreme, to the point where older (> 1 year) lyn~mice sporadically develop large
aggregates of myelomonocytic cells on the tail, ears, and legs (22). These abnormal
monocyte/macrophage cells are tumorigenic when transferred to SCID hosts, indicating that
rarely the loss of Lyn kinase can lead to transformation of myeloid lineage cells, though not
frank myeloid leukemia. The potential tumor suppressive function of Lyn is undoubtedly
affected by genetic background and other environmental factors (such as chronic infection
or spectrum of commensal flora), since we have never observed monocyte/macrophage like
tumors in lyn ™~ mice within the UCSF animal facility.

Mice lacking both Lyn and Hck develop an even more exaggerated form of myelodysplasia
(25). Lyn~hck 7~ double mutants rapidly develop severe extramedullary hematopoiesis,
with accumulation of abnormal progenitors that manifest increased proliferative responses
and reduced apoptosis. These animals accumulate large numbers of mature myeloid cells,
including M2 macrophages that invade the lungs, resulting in early (8 weeks or less) death.
The myeloproliferative disease can be conferred to naive recipient mice by transfer of Lin™
hematopoietic progenitors. Despite the very aggressive nature of this disease, there is no
evidence that loss of these SFKs results in transformation to frank leukemia or lymphoma.
The accumulated cells appear morphologically heterogeneous, with mainly mature cells
present, as eventually develops in lyn ™~ single mutant mice. Single mutant hck 7~ animals
show none of these hematopoietic phenotypes, demonstrating that this SFK mainly
facilitates the inhibitory function of Lyn. However, in vitro the hck”~ myeloid progenitors
do show a modestly increased response to G-CSF stimulation thus helping explain the
synergistic effect of loss of both of these SFKs (26).

As in many myelodysplastic syndromes, lyn~~ progenitor cells show obvious hyper-
responsiveness to colony stimulating factors in liquid culture, producing a left shift in the
dose-response curves to both GM-CSF and M-CSF (Fig. 4B). Lyn~~ progenitors also
proliferate more rapidly, reaching saturation density one to two days in advance of WT cells,
at fully activating CSF concentrations (S.P. and C.L., unpublished observations, 16). It is
quite likely that this hyper-proliferative phenotype contributes to both the increased numbers
of myeloid progenitor cells (mainly in the spleen) and the relentless development of
myelodysplasia described above. However, at least in the lyn 7~ hck 7~ double mutant mice,
impairments in the rates of spontaneous apoptosis (as determined by annexin V staining)
may also be contributory (25). In contrast, we have found no changes in the rates of
apoptosis of mature lyn ™~ macrophages following cytokine/growth factor withdrawal,
though Harder et al (22) did report a subtle resistance to cytokine withdrawal-induced
apoptosis in lyn”~ mature macrophages. Thus, the myelodysplasia in lyn”~mice seems to
be mainly a consequence of hyper-responsiveness to cytokine stimulation and not impaired
apoptosis.
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Myleoproliferative phenotypes are observed in a number of mouse models, most often in
animals with associated autoimmunity. A good example is the disease spectrum of SHP-1
mutant mice (motheaten animals) or animals lacking the inositol phosphatase SHIP-1 (27,
28). Though much more severe, the general similarity of the myeloproliferative phenotype
in motheaten, SHIP-1 and lyn 7~ mice was the first evidence suggesting that Lyn’s negative
regulatory function involves activation of these phosphatase pathways. However,
myeloproliferation is also seen in other mouse models of autoimmunity, such as the NZB/
NZW model (29), where myeloid cell expansion could be a consequence of the
inflammatory effects of immune complexes produced by self-reactive B-lymphocytes. The
latter observation raises the question whether the myeloproliferation in lyn 7~ mice results
from an intrinsic defect in stem cell or progenitor signaling or is more of a consequence of
the inflammation and autoimmune phenotype developed by these animals. Harder and co-
workers showed that myeloproliferation in lyn 7~ mice is not dependent on B-cell mediated
autoimmunity, as lyn 7 uMT/uMT mice (mice that lack mature B cells), still develop
myeloproliferation indistinguishable from lyn 7~ mice (22). Similarly, myeloproliferation
and expansion of splenic progenitor numbers still occurs when lyn ™~ mice are crossed to
Rag mutant animals (lacking mature B and T cells; Fig. 4A). These observations suggest
that the increased myeloproliferation in lyn ™~ mice is due to intrinsic hyper-responsiveness
of progenitors and not just a consequence of autoimmunity. Indeed, the myeloproliferative
disease of SHP-1 mutant motheaten mice is also unaffected when these animals are rendered
genetically deficient of lymphocytes (30). Of course, this raises the question of what the
progenitors in lyn ™~ or motheaten mice are hyper-responding to? We have observed that
aged lyn ™~ mice have elevated blood levels of a number of inflammatory cytokines (P.S.
and C.L., unpublished observation), while lyn 7~ hck 7~ BM cells spontaneously secrete
IL-3 and GM-CSF (25), which undoubtedly drives myeloproliferation. It is possible that
increased responses to endogenous Toll-like receptor (TLR) ligands, present in normal
bacterial flora, may drive these responses since disruption of TLR signaling in lyn”~ mice
(by crossing to MyD88 7~ animals) blocks development of autoimmunity and
myeloproliferation (31). MyD88 deficiency also blocks autoimmunity and
myeloproliferation in motheaten mice (32). The hypothesis that increased inflammatory
cytokine release, and subsequent hyper-responsiveness to these cytokines could drive the
disease in lyn 7~ mice is supported by the observation that when lyn 7~ mice are crossed to
transgenic animals expressing a low level of Bruton’s tyrosine kinase (Btk), the bi-genic
lyn =~ Btk!®W mice manifest a strong reduction of myeloproliferation and autoimmunity
despite the fact that the intrinsic B-cell hyper-responsive phenotype is still present (33). In
this study the authors suggest that Btk-dependent increased cytokine secretion, either
directly by the expanded and hyper-activated myeloid cells or, indirectly, by T cells
receiving antigenic stimulation from the hyper-activated myeloid cells, may sustain the
inflammation and myeloproliferation in lyn 7~ mice ultimately leading to autoimmunity. In
support of the latter hypothesis we recently found that the secretion of interferon y (IFNy) by
activated T cells strongly contributes to the development of both myeloproliferation and
autoimmunity in lyn ™~ mice (P.S. and C.L., unpublished observation). The mechanisms
responsible for this phenomenon are currently under investigation, but they correlate with an
IFNy-dependent increased production of inflammatory cytokines and myeloid cell growth
factors induced by Lyn-deficiency. It is therefore possible, that the intrinsic hyper-
responsiveness of lyn 7~ progenitors and myeloid cells leads to activation of T-cells, which
in turn further activate myeloid cells (through production of INFy) leading to a positive
feedback loop that contributes to myeloproliferation and autoimmunity.

The signaling mechanisms in primary myeloid progenitors through which Lyn is down
modulating responses to growth factors are poorly studied. To our knowledge, the only
finding obtained in less differentiated myeloid cells is the observation of increased Erk
activation in lyn 7~ granulocyte precursors following G-CSF stimulation (26). More detailed
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studies have been performed in mature lyn 7~ macrophages and granulocytes (see below).
However, the overall hypothesis for Lyn’s signaling function in myeloid progenitors is the
same as reported for mature B-cells — namely that Lyn must be phosphorylating ITIM
containing receptors or intracellular molecules to recruit phosphatases such as SHP-1 and
SHIP-1 (Fig. 1). However, the nature of the inhibitory ITIM containing receptors is
unknown. Notably, deficiency of the major myeloid inhibitory molecules PIR-B and SIRPa,
which Lyn phosphorylates in mature cells, does not produce a myeloproliferative phenotype
(34, 35). Thus it is likely that other Lyn substrates in myeloid progenitors are involved in the
activation of phosphatases to mediate the inhibitory function of Lyn kinase. It is possible
that, downstream of the phosphatases, one of the pathways regulated by Lyn kinase involves
STATS activation, as shown below for GM-CSF-stimulated macrophages (Fig. 1). In line
with this hypothesis, SHIP-1~~mice and lyn 7~ hck ™~ double mutant progenitors show
hyper-activation of STAT5 (25). The substrates on which Lyn and/or Hck are operating in
this model must involve recruitment of SHIP-1 to the membrane, since expression of a
constitutively membrane localized version of SHIP-1 will reverse the STAT5 hyper-
activation seen in lyn ™~ hck 7~ cells and blocks development of myeloproliferation. Hence,
it is possible that some transmembrane receptor to which (at least) SHIP-1 associates is a
primary target of Lyn and/or Hck in hematopoietic stem cells and progenitors.

The role of Lyn in myeloid leukemia

Given the clear role of Lyn kinase as an inhibitor of myeloid progenitor responses to CSFs,
it is surprising that a number of studies have shown that various myeloid leukemias depend
on Lyn signaling for survival and proliferation. Indeed, therapeutic targeting of Lyn kinase
and other SFKs is now entering advanced stage trials in various forms of myeloid leukemia
(36). The most convincing evidence comes from studies of cell lines established from
patients with chronic myelogenous leukemia (CML) (37). In many of these cell lines, Lyn is
hyper-activated (as judged by tyrosine phosphorylation) and this correlates with the
resistance of these lines to inhibitors that target the BCR/ABL fusion protein that causes
CML. Knock-down of Lyn expression, by siRNA targeting, results in increased apoptosis
and a renewed susceptibility of the CML lines to BCR/ABL inhibitors. Therapeutic targeting
of Lyn (and other SFKSs present in the CML cells) using novel inhibitors (such as dasatinib)
leads to remission of CML disease in patients not responding to the BCR/ABL inhibitors. In
some studies, the development of Lyn kinase dependent signaling is associated with new
mutations in the kinase, or at least the appearance of new phosphorylation sites and
associated molecules (36). However, the specific pathways that Lyn is modulating in this
positive signaling function are unknown, but may involve activation of Gab2 and
downregulation of another inhibitory molecule, c-Cbl (38). Correlating with the involvement
of STATS in the myeloproliferative disease in lyn~hck ™~ mice, inhibitors such as
dasatinib also reduce phospho-STATS levels in myeloid leukemia cell lines (39).

A similar result has been reported in acute myeloid leukemia (AML). Though a very
different disease that CML, cell lines and primary progenitors from patients with AML also
show high levels of phospho-Lyn kinase (40). Inhibition of SFKs with semi-selective
inhibitor PP2 (7) markedly reduces AML cell proliferation and leads to induction of
apoptosis of blasts in patient samples without affecting the normal myeloid progenitors.
Similar effects are seen by siRNA mediated Lyn knockdown. In these cells, disruption of
Lyn kinase signaling leads to diminished mTOR activation, suggesting that Lyn is
functioning somewhere in this pathway as a positive regulator. In the well established
myeloid 32D cell line, Lyn kinase associates with Fms-like tyrosine kinase receptor FLT3 to
mediate constitutive activation of STAT5 phosphorylation; PP2 mediated inhibition of Lyn
or siRNA knockdown blocks the FLT3/Lyn dependent STATS activation (41).
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Thus, we are left with the very paradoxical result that Lyn kinase seems to be an inhibitor of
normal myeloid cell development, yet is positive regulator of myeloid leukemic cell
proliferation, and at least in the case of STAT5, through the very same signaling pathways.
Even more confusing is the fact that mice with a gain-of-function mutation in Lyn, resulting
in a constitutively active kinase, do not develop myeloproliferative disease and are not prone
to myeloid tumors (22). Obviously, there can be many reasons why signaling responses in
normal versus malignant myeloid progenitors show such opposite effects of Lyn inhibition.
Nevertheless, these observations are prime examples of the duplicitous nature of Lyn in
myeloid cell signaling.

Role of Lyn in macrophages

The role of Lyn in the modulation of macrophage function has been mainly investigated in
response to cytokine stimulation or adhesion. As in myeloid progenitors, Lyn exerts mainly
a negative role in the modulation of these responses in primary macrophages, primarily
through phosphorylation of ITIM receptors such as PIR-B and SIRPa (Fig. 1 and Table 1).
In contrast, most other SFKs have a positive regulatory role in these cells (reviewed in 7).

The primary cytokines to which macrophages respond include M-CSF and GM-CSF, which
induce macrophage proliferation and survival. The inhibitory role of Lyn kinase in the CSF
signaling has been clearly demonstrated using both cell line models and in primary bone
marrow-derived (BMD) macrophages from WT and lyn ™~ mice (16). Most convincingly,
primary BMD macrophages treated with either M-CSF or GM-CSF show robust activation
of the Erk1/2 pathway; in lyn”~ macrophages, Erk1/2 activation is higher and more
prolonged (Fig. 5A). These cytokines also induce STAT5 activation in BMD macrophages.
As seen in lyn 7~ hck 7~ myeloid progenitors, formation of phospho-STATS5 is much
stronger in GM-CSF stimulated lyn 7~ macrophages compared to WT cells (S.P. and C.L.,
unpublished observation). In the case of M-CSF stimulation, lyn 7~ BMD macrophages also
display much higher phosphorylation of the M-CSF receptor itself (S.P. and C.L.,
unpublished observation), which directly suggests that loss of the kinase results in impaired
recruitment of a tyrosine phosphatase such as SHP-1.

SHP-1 and SHIP-1 are well established negative regulators of growth factor signaling (27,
28). It was therefore likely that the potential mechanism of Lyn-deficient macrophages
hyper-responsiveness to M-CSF and GM-CSF is related to an impaired recruitment and
activation of these phosphatases (Fig. 1). This hypothesis has been supported by many
experiments performed by several groups, including ours.

SIRP1a and PIR-B are the major macrophage inhibitory receptors that recruit SHP-1 and
SHP-2 (42-44). We have found that phosphorylation of both SIRPa and PIR-B is reduced in
both resting and GM-CSF stimulated lyn 7~ BMD macrophages (Fig. 5B). In addition to
these receptors, the intracellular ITIM containing molecule Dok-1, which is know to recruit
the phosphatase SHIP-1 and RasGAP to downmodulate growth factor signaling (45-47), is
also poorly phosphorylated in GM-CSF stimulated lyn 7~ macrophages (Fig. 5B). Impaired
phosphorylation of PIR-B, SIRPo and Dok-1 also occurs in M-CSF stimulated lyn 7~ BMD
macrophages (S.P. and C.L., unpublished observation). The lack of phosphorylation of these
receptors leads to poor recruitment and activation of the phosphatases. Indeed, membrane
fractions from lyn~ BMD macrophages have reduced levels of both SHP-1 and SHP-2 as
well as reduced overall phosphatase activity, suggesting poor recruitment of these enzymes
to inhibitory receptors (22). Poor association of SIRPa and PIR-B with SHP-1 was also
observed by co-immunoprecipitation experiments from lyn”~ macrophages (22). These data
directly implicate Lyn as the primary SFK that phosphorylates these inhibitory receptors
leading to phosphatase activation — lack of this activation explains the hyper-proliferative
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response of lyn 7~ myeloid progenitors and mature cells to growth factors such as GM and
M-CSF.

A role of Lyn in the recruitment of SHIP-1, and consequent negative regulation of M-CSF-
induced Akt activation, has been suggested by Baran C.P. and co-workers (48). These
authors showed that Lyn and SHIP-1 co-associate, via an SH2 interaction, when co-
transfected into the human monocyte cell line THP-1. Furthermore, in 3T3-Fms cells, which
express the human M-CSF-R, Lyn enhanced the ability of SHIP-1 to regulate Akt activation
by stabilizing SHIP-1 at the cellular membrane. In line with these observations, BMD
macrophages isolated from both SHIP-1 and Lyn-deficient mice exhibited enhanced Akt
phosphorylation following M-CSF stimulation (48). Impaired recruitment of SHIP-1 to
phospho-Dok-1 may also contribute to poor regulation of Akt phosphorylation in lyn™~
macrophages.

Lyn also operates as a negative regulator of integrin signaling during adhesion-dependent
macrophage activation (49). Lyn 7~ BMD macrophages display an increased rate of
macrophage spreading following plating on non-tissue culture plastic (VALMARK) plates,
which have been shown to engage B2 integrins leading to firm adhesion and integrin-
dependent signaling (49). Similar to M-CSF and GM-CSF signaling responses, the hyper-
adhesive phenotype of Lyn-deficient macrophages is due to an impaired PIR-B and SIRPa.
mediated recruitment of SHP-1 and consequent lack of down-regulation of signaling events.
Following adhesion to VALMARK plates WT BMD macrophages display increased
phosphorylation of both PIR-B and SIRPa. However, adhesion-dependent phosphorylation
of these two proteins is decreased in lyn 7~ BMD macrophages (49). Furthermore, in line
with the reduced phosphorylation of both PIR-B and SIRPa, co-immunoprecipitation of
these molecules with SHP-1 is strongly reduced in lyn~ BMD-macrophages compared to
WT cells. Consistent with these findings, BMD macrophages from SHP-1 mutant motheaten
mice display a hyper-adhesive phenotype (50). Lyn has also been implicated as a negative
regulator of LFA-1 mediated adhesion of monocytes to activated endothelial cells — siRNA
knockdown of Lyn in monocytes induced increased adhesion, as observed in lyn ™~
macrophages (51). Interestingly, Hck- and Fgr-double deficiency induces an opposite
phenotype to Lyn-deficiency, as hck ™~ fgr 7~ macrophages display an impaired integrin-
mediated signaling transduction and functions (52), suggesting a positive role of Hck and
Fgr in the modulation of these responses.

In contrast to the inhibitory role in integrin signaling, Lyn seems to play a positive role in
macrophage adhesion through the class A scavenger receptor (SR-A) (53). During SR-A
mediated spreading of peritoneal macrophages Lyn kinase displays prolonged (up to 2h)
activation while other SFKs present in these cells are not activated. Treatment with PP2
blocks SR-A-dependent Lyn phosphorylation, phosphatidylinositol-3 kinase (P1-3K)
activation, paxillin phosphorylation and consequent SR-A-induced cell adhesion.

Lyn kinase has also been implicated as a positive modulator in chemokine/chemoattractant
signaling events in macrophages. Signaling through CCR5 in primary human macrophages
depends on Lyn Kinase, since peptide mediated inhibition of Lyn results in reduced Erk
activation following MIP-1p stimulation of macrophages (54). Similarly, knockdown of Lyn
in monocytes using SiRNA decreases SDF-1a-mediated migration through monolayers of
endothelial cells (51). CXCR4 signaling in hematopoietic progenitors is also dependent on
Lyn kinase, since siRNA knockdown of Lyn in these cells also reduces responses to CXCR4
agonists (SDF-1a) (55). However, assays assessing migration of Lyn-deficient cells in
response to chemokine stimulation are complicated by the hyper-adhesive phenotype
observed in these cells. Decreased migratory responses may reflect the increased integrin
mediated adhesion seen in lyn ™ ~cells and not defects in chemokine/chemoattractant
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signaling per se. In contrast, it is well established that macrophage migration depends on
signaling from other SFKSs. In both in vitro wound healing and transwell assays, the
migration of hck 7~ fgr 7~ macrophages is significantly decreased. Furthermore, hck 7~
fgr 7~ lyn 7~ macrophages display reduced migration in the thioglycollate-induced
peritonitis model in vivo (4, 6, 56). To our knowledge, no similar studies have been
performed with Lyn single mutant macrophages, although such experiments might help to
better understand the increased macrophage infiltration in different tissues displayed by
lyn ™~ mice (22).

Lyn seems to play a redundant role in the modulation of macrophage phagocytosis. This
kinase is activated during Fc receptor y (FcyR)- mediated phagocytosis (57, 58) but defects
in 1gG-dependent phagocytosis are only evident in macrophages lacking all the three SFKs
(lyn™~hck ™~ fgr 7~ macrophages) and not in hck 7~ fgr 7~ double mutant or lyn 7~ single
mutant cells (58). On the other hand, Lyn-deficient macrophages do show a modest
signaling defect (reduced overall levels of tyrosine phosphorylation) following engagement
of FcyRs while hck @~ fgr 7~ cells do not, but this mild signaling impairment has no
consequences in functional uptake of 1gG coated particles. Macrophages lacking the
membrane tyrosine kinase c-mer have defective phagocytosis of apoptotic cells, despite
normal phagocytosis of other particles (59). Deficiency of this kinase and other members of
the TAM family of receptor kinases results in a number of signaling abnormalities and
development of autoimmune disease similar to lyn”~mice (60). We therefore investigated
whether a similar defect was present in lyn 7~ macrophages, but as shown in Fig. 6 there
were no differences in the phagocytosis of apoptotic cells between lyn~~ macrophages and
WT cells, further excluding an important role of Lyn in the modulation of phagocytosis in
macrophages.

No conclusive data has been reported on the role of Lyn in the modulation of cytokine
production by macrophages. Macrophages lacking Hck, Fgr and Lyn display a mild
enhancement in cytokine secretion (IL-1, IL-6 and TNFa) following stimulation with the
TLR ligand, lipopolysaccharide (LPS) (61). Similar results have been reported for syk 7~
cells and map to a role of SFKs and Syk acting on the TREM-2 receptor, and its ITAM
containing adapter protein DAP-12, to downmodulate TLR responses (62). These results
reflect the growing recognition of interactions between ITAM pathways and TLR pathways
(63). On the other hand it has been reported that PP2, inhibits cytokine production in
response to LPS and a number of other TLR agonists (64). This effect of PP2 seems to be
due to the ability of this molecule to block AP-1 nuclear accumulation in response to LPS
(64), although possible off-target effects of PP2 may explain its ability to block TLR
signaling. Further studies are needed to better clarify the specific role of Lyn in the
modulation of cytokine production by macrophages in response to different agonists.

No studies have so far investigated the role of Lyn-deficient macrophages in inflammatory
or host-defense responses in vivo. Given the general enhancement of macrophage responses
to growth factors and integrin signaling seen in Lyn-deficient mice, it is quite possible that
these animals may manifest increased resistance to bacterial (or other pathogen) challenge.
This remains to be tested.

Role of Lyn in neutrophils

Lyn seems to exert both a positive and a negative role in the modulation of neutrophil
function. To date, a role of Lyn in the modulation of neutrophil granulopoiesis, apoptosis
and adhesion are the main responses that have been investigated.

With age, lyn™~ mice develop increased peripheral blood (and splenic) neutrophil counts
(26). G-CSF is one of the main regulators of granulopoiesis (65) and the progressive
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neutrophilia observed in lyn 7~ mice suggests that this kinase functions as a negative
regulator of G-CSF signaling. Unfortunately, this is not well established. In vivo lyn ™~ mice
display an exaggerated granulopoiesis in response to low-dose G-CSF injection, while Lyn-
deficient c-kit*Lin™ progenitors display decreased proliferative responses to G-CSF in
culture (26). This apparently confusing result may be explained by the fact that Lyn-
deficiency results in development of higher numbers of myeloid committed progenitors,
suggesting that the real effect of Lyn is on signaling pathways earlier in myelopoiesis. As
mentioned in the myeloid progenitor section, an inhibitory role for Lyn in the G-CSF
pathway is also suggested by the observation that primary lyn ™~ c-kit*Lin™ progenitors
manifest increased and prolonged activation of Erk kinase following G-CSF stimulation.
Nevertheless, many other studies in both primary cells and cell lines suggest just the
opposite — concluding that Lyn is an important positive transducer of G-CSF responses
(reviewed in 66). Stimulation of mature neutrophils with G-CSF induces the activation of
Lyn, which co-precipitates with the G-CSF receptor (67). In Ba/F3 cells, G-CSF stimulation
leads to Lyn dependent phosphorylation of the Gab2 adapter protein, which helps link G-
CSF receptor signaling to downstream PI-3K and Erk pathways, to regulate differentiation
responses (68). Furthermore, Lyn has been shown to act as a positive modulator of G-CSF
induced reactive oxygen species (ROS) production (69). Therefore, it is possible that Lyn is
a negative modulator of G-CSF induced responses in neutrophil precursors, while it acts as a
positive modulator of G-CSF induced responses in more differentiated cells (Table 1), but
clearly more studies are required to provide a molecular understanding of these
observations.

Apoptosis is the major mechanism for limiting neutrophil numbers in vivo. Extracellular
stimuli, such as proinflammatory cytokines, cell adhesion, phagocytosis, can modulate
neutrophil apoptotic death (70). Controversial data for both a positive and a negative role of
Lyn in the regulation of neutrophil apoptosis have been reported. GM-CSF is a well known
inhibitor of neutrophil apoptosis (71). Lyn is physically associated with GM-CSF receptor in
neutrophils and rapidly activated after GM-CSF stimulation of these cells (20). GM-CSF
inhibition of neutrophil apoptosis seems to be completely dependent on Lyn as antisense
knockdown of Lyn completely reverses the cell survival advantage provided by GM-CSF in
human neutrophils (20). In line with this evidence, we also found that GM-CSF as well as
IFNy-induced survival is impaired in lyn~ neutrophils, although G-CSF-induced survival
is not affected by Lyn-deficiency (P.S. and C.L., unpublished observation). In addition, the
mechanism through which death domain-containing receptors of the TNF family disrupt
anti-apoptosis pathways initiated by survival factors, such as GM-CSF, in neutrophils has
been shown to be dependent on a SHP-1-induced inhibition of Lyn activation (72). Daigle
and co-workers found that death-receptor activation blocks GM-CSF-mediated pro-survival
signal by increasing SHP-1 binding to Lyn, thus decreasing Lyn activity (72). Furthermore,
a role for Lyn in the inhibition of constitutive neutrophil apoptosis, as well as in the
mediation of the pro-survival effect of LPS, has also been reported (73). In this study, the
authors show that Lyn-mediated phosphorylation of caspase-8, both under resting conditions
and after LPS stimulation, renders it resistant to activation cleavage and inhibits progression
of apoptosis. Lyn exerts this effect in antagonism with SHP-1, which is responsible of
caspase-8 dephosphorylation and activation of the apoptosis cascade (73). These
observations suggest that Lyn may be a negative regulator of neutrophil apoptosis under
specific stimulatory conditions. On the other hand, a positive role of Lyn in modulation of
neutrophil apoptosis has also been suggested. Gardai and co-workers reported that Lyn is a
key activator of accelerated apoptosis induced by combined anti- and pro-apoptotic stimuli
(74). The authors report that in the combined presence of integrin engagement (pro-survival
stimulus) and pro-apoptotic stress stimuli, such as TNFa and Fas ligand stimulation, Lyn is
involved in the recruitment of SHIP-1 to the plasma membrane which in turn blocks the pro-
survival effect of integrin-induced Akt activation by reducing phosphoinositide 3,4,5-
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trisphosphate (P1P3) levels. As a result, lyn 7~ neutrophils and SHIP-1~~ neutrophils do not
manifest enhanced apoptosis with this stimulus combination (74). The inhibitory function of
Lyn in regulation of integrin signaling (49) may confound these results by differentially
affecting the pro-survival cascade induced by integrin engagement versus the pro-survival
effect induced by other stimuli such as GM-CSF, where the kinase may have a more positive
role (Table 1). Considering the relevant role of integrin engagement during the inflammatory
response, further study of Lyn function in the modulation of neutrophil apoptosis in vivo
should be performed.

As in macrophages, it is clear that Lyn is a major negative regulator of integrin-dependent
functional responses in neutrophils (Table 1), while Hck and Fgr and Syk are positive
modulators of these responses (49, 75, 76). While hck 7~ fgr 7~ and syk—/— neutrophils
manifest a strong impairment of adhesion-induced functions (75-77), lyn~ neutrophils
display hyper-adhesive phenotype resulting in enhanced respiratory burst and secondary
granule release when adherent to surfaces coated with either cellular counter-receptors
(ICAM-1) or extracellular matrix proteins (fibrinogen or fibronectin) that engage integrins
(49). As in macrophages, it is likely that Lyn functions to phosphorylate neutrophil
inhibitory receptors, which in turn recruit SHP-1 (and other phosphatases) to downmodulate
signaling (Fig. 1). Indeed, lyn ™~ neutrophils display an exaggerated tyrosine
phosphorylation response after integrin engagement (49). In line with this hypothesis,
neutrophils isolated from SHP-1 mutant motheaten mice are also hyper-responsive
following integrin engagement (49). Curiously, a study performed with human neutrophils
treated with PP1 (the precursor SFK inhibitor to PP2) suggests a positive role of Lyn in
TNFa-stimulated superoxide production by neutrophils adherent to fibrinogen (78). The fact
that PP1 is a general SFK inhibitor and that hck~ fgr 7~ neutrophils display a defective
superoxide production in response to integrin engagement, strongly suggests that the data
obtained with lyn ™~ neutrophils are more reliable for the understanding of the effective role
of Lyn in the modulation of integrin signaling.

In contrast to the negative role that Lyn exerts in integrin-induced adhesion, this kinase
seems to exert a positive role in the modulation of chemokine/chemoattractant-induced
signaling (Table 1). Indeed Lyn plays a critical role in the activation of PI-3K after
chemoattractant stimulation of human neutrophils (79, 80), similar to the role of Lyn in
monocyte SDF-1a signaling (51). In line with these findings, we observed a reduced Ca2*
flux, MAP kinase activation and actin polymerization in lyn~ neutrophils after stimulation
with different chemokine/chemoattractant agonists (H.Z. and C.L., unpublished
observation). Unfortunately, in vivo the situation seems to be more complicated and frankly
understudied. In one clear example, lyn ™~ neutrophils enter the skin normally and produce
an equivalent amount of inflammatory tissue injury following induction of cutaneous
inflammation in the LPS/TNF-induced local Schwartzman reaction (81). Interestingly, the
other major SFKs in neutrophils, Hck and Fgr, function in the opposite fashion in the
chemokine pathway. Neutrophils isolated from hck 7~ fgr 7~ mice display exaggerated
signaling and functional responses following MIP-1a or MIP-2 stimulation (82). On the
other hand, hck 7~ fgr=~ neutrophils manifest defective responses to the chemoattractant
fMLP (83). Hence, it is hard to make a general conclusion for the role of Lyn versus other
SFKs in neutrophil chemoattractant signaling during inflammatory responses in different
tissues. It is quite likely that signaling reactions elicited by different chemokines/
chemoattractants utilize different pathways that are influenced or regulated by SFKs in
different fashions. Clearly, this is an area needing further study.
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Role of Lyn in dendritic cells (DCs)

As in other cells, Lyn plays both positive and negative regulatory roles in DC differentiation
and maturation. The role SFKs, including Lyn, insignaling events in DCs has been studied
mainly downstream of TLRs (84-87). Collectively, these studies suggest the importance of
SFKs, in particular Lyn, in immune signaling in DCs. However, the majority of these studies
have relied on the use of tyrosine kinase inhibitors with broad specificity thus complicating
interpretation of the results.

Studies using lyn ™~ mice clearly demonstrate that this kinase is involved in DC generation
and maturation (88, 89). Loss of Lyn promotes DC expansion in vitro from BM precursors
due to enhanced GM-CSF-induced cell division and differentiation from DC progenitors as
well as higher survival rate of differentiated Lyn-deficient DCs (Table 1). In line with this in
vitro evidence, the DC-population is increased in aged Lyn-deficient mice. The alterations in
GM-CSF signaling in lyn 7~ DCs are likely due to reduced phosphorylation of inhibitory
receptors, as in macrophages. Indeed, antigen-pulsed BMD DCs from lyn™/~ mice display
less phosphorylation of PIR-B and diminished SHP-1 association, suggesting a synergistic
activity of PIR-B and Lyn in modulating DC maturation (89). The high degree of similarity
between lyn~and PIR-B~~ DC phenotypes strongly supports this hypothesis (34).
Interestingly, in contrast to their enhanced generation, lyn =~ BMD DCs display, both in
vitro and in vivo, a more immature phenotype as compare to WT cells. Lyn 7~ BMD DCs
fail to mature appropriately and display lower levels of MHC class Il and co-stimulatory
molecules even after stimulation with maturation stimuli such as TLR-ligands. In line with
their more immature phenotype, IL-12 production and Ag-specific T-cell activation is
reduced in lyn 7~ DCs, resulting in impaired T helper type 1 (Th1) responses (88). The poor
IL-12 production following TLR stimulation may be due to reduced activation of SHIP-1.
SHIP-1 shows minimal tyrosine phosphorylation in lyn~/~ DCs compared to WT cells,
suggesting that it is less active and hence poorly regulates the P1-3K pathway. Hyper-
activation of the PI-3K pathway leads to diminished IL-12 synthesis in DCs (89).

The immature, Th2 like phenotype of lyn~ DCs may contribute an exaggerated
development of Th2-dependent asthma following airway challenge with model Ags (89).
Following airway challenge, lyn 7~ mice display a dramatic increase in lung eosinophilia,
mast cell hyper-degranulation, and hyper-lIgE-production, which leads to prolonged
bronchospasm. Adoptive transfer of Lyn-deficient DCs to naive mice is sufficient to transfer
the exaggerated allergic response, suggesting the asthma prone phenotype of these animals
is caused by the immature/Th2 like DC phenotype versus B-cell dependent over production
of IgE. The fact that lyn 7 uMT/uMT mice develop a similar disease severity as lyn 7~ mice
also rules out B-cell contributions to the allergic response. On the other hand, as reviewed
below, Lyn is also expressed in eosinophils and mast cells where, at least for the latter cells,
it has been clearly shown to play a negative role in modulating degranulation. Therefore it is
possible that, besides the Th2-polarizing phenotype of lyn 7~ DCs, the hyper-activated
lyn~~ mast cells and eosinophils could be contributing to the severity of the immune
response, inflammation and cytokine production during allergic airway challenge.

While the immature lyn 7~ DCs may skew towards Th2 T-cell responses during lung
inflammation/allergy models, they certainly do not do so in the experimental allergic
encephalomyelitis (EAE) model (90). Following immunization with the myelin
oligodendrocyte protein (MOG) p35-55, lyn ™~ mice develop exaggerated CNS
inflammation, cytokine production and more clinical severe disease symptoms than do WT
mice. Transfer of serum from MOG-immunized lyn 7~ mice worsened EAE in WT animals,
suggesting that part of the increased response in the Lyn-deficient animals is due to
enhanced B-cell production of anti-MOG IgM. In general, the hyper-responsiveness of Lyn-
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deficient myeloid effector cells in these models seems to overwhelm the poor ability of
lyn~~ DCs to prime T-cell responses, resulting in just exaggerated inflammation, no matter
what the stimulus.

The role of DCs in driving the autoimmunity in Lyn-deficient mice has been only
peripherally examined. As in other models of murine autoimmunity, it is clear that signals
from TLRs are required for disease development in Lyn-deficient animals, since genetic
deletion of MyD88 strongly suppresses development of autoimmunity (as determined by
autoAb production and development of glomerulonephritis) (31). Whether the loss of TLR
signaling is affecting primarily DC maturation and presentation of self-Ags to T-cells
remains to be determined. The strong reduction of B-cell hyper-activation and autoAb
production by lyn™'~ B cells observed in MyD88~/~ lyn~/~ double mutant mice, suggests
that MyD88 deficiency is affecting B-cell responses, presumably through loss of TLR9
signals.

Finally, similar to hck ™~ fgr=/= neutrophils, DCs from hck ™~ fgr=/~ double mutant or fgr~/
single mutant mice, display enhanced intracellular signaling (Ca 2* flux, MAP kinase
activation and actin polarization) and enhanced migration in vitro and in vivo in response to
a number of different chemokines (82). This phenotype reminds the one of PIR-B-deficient
DCs, suggesting once more the important signaling axis between SFKs and this inhibitory
receptor. The role of Lyn in the modulation of chemokine responses in DCs has not been
investigated so far.

Role of Lyn in mast cells

The role of Lyn in the regulation of mast-cell functions has been studied extensively, but
many conflicting observations have been reported. Overall, Lyn seems to play mainly a
negative role in the regulation of mast-cell functions such as degranulation, proliferation and
cytokine production (Table 1). More complete reviews on the role of SFKs in mast cell
function and signaling have been recently published (91, 92).

Mast cells proliferate mainly in response to SCF and IL-3. The data on the effect of Lyn in
the regulation of SCF-and IL-3-induced mast cells proliferation are controversial. Indeed,
evidence that Lyn-deficiency does not affect, or inhibits or enhances these responses have
all been reported (47). In line with the observation that lyn 7~ mice have more peritoneal
mast cells that WT mice, Hernandez-Hansen and colleagues showed that lyn 7~ BMD mast
cells expand faster and proliferate more rapidly than WT cells, possibly due to enhanced
IL-3-induced phosphorylation of Akt and ERK1/2 (93). The authors propose that the
contradiction between their results and others could potentially be explained by differences
in the culture conditions of the BMD mast-cell preparations or in the age or health of the
donor mice. It is also unclear whether the peritoneal mast-cell expansion observed in lyn7~
mice is due to a direct effect of increased proliferation to mast-cell growth factors or to an
enhanced survival response to the higher IgE serum levels present in these mice.

The role of Lyn in the modulation of mast cell migratory responses has been investigated
only in one study where a positive role for Lyn in the modulation of SCF-induced
chemotaxis has been suggested (15).

Several studies have been performed to investigate the role of Lyn in FceRI-induced
signaling and functional responses in mast cells. Old studies had initially proposed Lyn as a
positive modulator of the ITAM-Syk signaling cascade down-stream to FceRIp and vy chain,
similar to the FcyR in macrophages (3). However, more recent studies, mainly performed by
utilizing lyn 7~ BMD mast cells, generally demonstrate that Lyn-deficiency induces
enhanced FceRI mediated responses such as degranulation, cytokine and chemokine
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production. A partial explanation for these conflicting findings has been suggested by Xiao
and co-workers, who propose that the intensity of the activating signal controls the positive
versus negative nature of Lyn in FceRI-induced responses (94). The authors found that Lyn
is required for degranulation, cytokine production and survival in mast cells following “low
intensity” stimulation (monomeric IgE, 1gG plus anti-1gE Abs or IgE plus low antigen) but
that during “high intensity” stimulation (IgE plus high antigen) of FceRlI, lyn ™~ cells show
an exaggerated response (94). Downstream signaling molecules, such as Akt and p38, are
positively or negatively regulated by Lyn during the “low” versus “high intensity”
stimulation, respectively. This dual function of Lyn may be mediated by its association/
dissociation with FceRIB-ITAM chain. Low-intensity stimulation of the FceRI leads to
dissociation of Lyn from the FceRIp chain and phosphorylation of the canonical tyrosine
residue of the FceRIB—ITAM, while high-intensity stimulation leads to an increased
association of Lyn with the FceRIB—IITA and phosphorylation of non-canonical tyrosine
residues (21, 94). The latter event leads to the recruitment and activation of SHIP-1 and
SHP-1 and consequent down-modulation of FceRI-induced responses. Interestingly, Hck
may function as a crucial positive regulator of mast cell-induced activation by high-intensity
FceRlI stimulation by phosphorylating the canonical tyrosine residue in FceRIB-ITAM and
suppressing Lyn kinase activity (21).

The SFK Fyn is also an important positive mediator of FceRI-induced responses, in
pathways independent of Lyn, involving activation of the Gab2/P1-3K complex leading to
PIP3 production (95). By activating this pathway, Fyn crucially controls degranulation, as
revealed by the complete block of this response in FceR-stimulated BMD fyn™~ mast cells.
On the other hand, other more Lyn-dependent functions, such as Ca2* flux are unaffected by
Fyn-deficiency. The fact that Fyn kinase activity, as well as PI-3K and PIP3 production, are
enhanced in lyn™~ mast cells may explain their hyper-degranulation phenotype (95). In
addition to increased signaling through the Fyn/Gab2/PI-3K pathway, Lyn-deficient mast
cells also manifest reduced SHIP-1 phosphorylation. This may be due, in part, to an
imbalance of expression of activating versus inhibitory FcRs in lyn”~ mast cells — Lyn-
deficient BMD mast cells express lower levels of the inhibitory FcyRIIb and hence have
reduced recruitment of SHIP-1 to the membrane than do WT cells (96). This could lead to
the prolonged activation of the ERK1/2 pathway observed in FceRI stimulated lyn ™~ mast
cells, which would contribute to increased TNFo and I1L-2 release by these cells (97).
Finally, Lyn-dependent phosphorylation of the inhibitory receptor PIR-B, which recruits
SHP-1, has also been proposed as one of the mechanisms able to antagonize FceRI-
dependent signals (98). Overall these findings, suggest that the positive role of Lyn in the
modulation of FceRI-stimulated responses is probably non-crucial, due to the redundant
positive role of Hck and Fyn in these functions. On the other hand, similar to B cells,
macrophages and neutrophils, Lyn is playing a unique negative role in the modulation of
FceRI-induced responses.

The concept that Lyn is a negative modulator of mast-cell functions is further evidenced by
the hyper-responsiveness of these cells during anaphylactic or allergic responses in vivo in
lyn ™~ mice (89, 99). Not only are mast cell-mediated inflammatory responses enhanced in
Lyn-deficient mice, but the animals also spontaneously develop allergic-associated traits
such as increased IgE serum levels, mast-cell expansion, increased circulating histamine and
eosinophilia (99).

Role of Lyn in eosinophils

The role of Lyn in eosinophils has been less investigated than in other cells types, with most
studies focused on IL-5 signaling.
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IL-5 is the main cytokine regulating eosinophil differentiation, proliferation, survival and
activation (100). Surprisingly, despite the fact that Lyn exerts mainly a negative role in the
modulation of other myeloid cell-type responses to their specific growth factors, Lyn
functions as a positive regulator of IL-5-induced responses in eosinophils (Table 1). IL-5R
has two subunits, the ligand-specific o subunit and the g subunit which is in common with
the IL-3R and GM-CSFR (101). Lyn associates with IL-5Ra subunit under basal conditions
and phosphorylates both the IL-5Ra and 3 subunits in vitro (102). Lyn-deficiency, or the
suppression of its activity with antisense oligodeoxynucleotides or through use of a specific
peptide inhibitor, blocks eosinophil differentiation from BM stem cells (102, 103). Also, the
number of 1L-5-responsive eosinophil progenitors is strongly reduced in the BM of lyn 7~
mice (89). Despite these observations, however, Lyn-deficient animals have significantly
increased number of peritoneal eosinophils and develop progressive eosinophilia following
asthma challenge, although this phenomenon might be secondary to altered mast cell
activation and not a direct effect of IL-5 hyper-responsiveness (89, 99). This issue needs to
be further investigated.

The role of Lyn in the regulation of eosinophil apoptosis is also unclear. Indeed, Lyn has
been reported to play a positive role in IL-5/I1L-3/GM-CSF-induced survival (102, 104), but
also in Fas Receptor-mediated cell death (105).

Conclusion and future directions

Lyn is a SFK playing a fundamental role in the modulation of immune cell responses. In
contrast to the majority of the different SFK members Lyn seems to exert a unique (i.e non-
redundant) role in the modulation of effector functions in many different immune cell types.
The profound effects that Lyn is exerting in the immune system are clearly proved by the
dramatic phenotype induced by the genetic deletion of this kinase in mice which causes loss
of inhibitory signaling in myeloid cells and B cells, ultimately resulting in
myeloproliferation and autoimmunity (9, 16, 22). Whereas, the mechanisms through which
Lyn is regulating B cell-responses have been well characterized (9, 106), the mechanisms
involved in the modulation of myeloid cell-functions by Lyn are less clear. Indeed, as
discussed throughout this review, many studies have investigated the role of Lyn in the
modulation of multiple signaling pathways and effector responses in different subtypes of
myeloid cells, but many conflicting observations on the possible positive and/or negative
role of Lyn have been reported. Lyn can switch from being a positive to a negative modifier
downstream to the same agonist in different cell types (i.e Lyn is a negative regulator of
GM-CSF-induced proliferation in macrophages, but a positive modulator of GM-CSF-
induced survival in neutrophils). Furthermore, in the same cell type, Lyn can not only
positively and negatively modulate the responses to different stimulatory conditions, but
also responses to the same agonists (i.e FceR-induced responses in mast cells). What are the
mechanisms regulating this switch? Is this dual action of Lyn regulated by the intrinsic
activity of this kinase or due to complex interaction with other SFKs? Clearly,
understanding how one kinase can have such dual functions is an area of active future
research. In this context it is interesting that more recently a duplicitous nature of other
SFKs, such as Fgr and Hck, have also been reported (82).

A key to finding these answers must involve an understanding of the real physiological
implications of Lyn’s dual function. Too many separate observations in vitro have indeed
been performed, resulting in a compartmentalization of a positive or a negative role of Lyn
according to the cell type/function analyzed. But in the end, it is the in vivo picture for the
overall function of the kinase that really matters. So this is where the real investigations
should take place. For instance, in vitro Lyn plays both an inhibitory role in integrin-induced
adhesion and activation but a positive role in some chemokine/chemoattractant-induced
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function. Yet how hyper-adhesion plus reduced attractant signaling adds up to altered in vivo
migration in lyn ™~ mice to different pathogenic or inflammatory stimuli remains to be
determined. Similarly, how the dual functions of the kinase in multiple cell types affects
host immune responses is also unclear — does the functional roles of Lyn in mast cells
outweigh the inhibitory signaling in neutrophils? In this regard, we have recently found that
the autoimmunity in lyn 7~ mice results from the compound effect of this mutation on both
B-cell signaling thresholds and loss of myeloid cell regulation, resulting in reciprocal
cytokine production that establishes an amplification loop leading to immune complex
formation and glomerulonephritis (P.S. and C.L., unpublished observations). Obviously,
sorting out the interactive nature of Lyn mediated signaling in different cells types can only
be done using conditional lineage-specific Lyn mutant mice.

Why is it important to address these compounding (and frankly confusing) functions of Lyn
kinase in different immune cells types? Because we are giving patients Lyn kinase inhibitors
to treat myeloid leukemia - with surprising success despite the apparent inhibitory role of the
kinase in myelopoiesis. Perhaps we are missing the real therapeutic indication for these
drugs? Would inhibition of Lyn help prime neutrophils/macrophages for host-defense in
acute/chronic infection (for example in bacterial infection or AIDS)? How about using Lyn
inhibitors to activate anti-tumor immunity by enhancing or modifying DC and/or
macrophage antigen presentation/function? Although we have focused this review almost
completely on myeloid cell functions for Lyn, these same issues arise when examining Lyn
in other, non-hematopoietic cells. There is a growing body of literature suggesting an
important growth regulatory function for Lyn in prostate cancer cells, for example (107). At
this point, it is hard to make these therapeutic leaps without a more complete understanding
of this important tyrosine kinase.
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Figure 1. Proposed model of the dual role of Lyn in the modulation of signaling pathways in
myeloid cells

Lyn exerts its negative role in the modulation of signaling pathways in myeloid cells mainly
by phosphorylating ITIM-containing inhibitory receptors, such as PIR-B and SIRPa. thus
recruiting inhibitory phosphatases, such as SHP1/2 or SHIP-1, which in turn downmodulate
both proximal responses from Jak kinases and downstream responses at multiple sites distal
to Ras. Additionally, Lyn can negatively modulate signaling responses in myeloid cells
through the phosphorylation of the DOK family of cytoplasmic proteins that in turn recruit
the Ras GTPase-activating protein (rasGAP) and SHIP-1 to down-modulate further
signaling reactions. This inhibitory function of Lyn occurs especially in integrin, growth
factor receptor and FceRI signaling pathways. The mechanisms through which Lyn
positively modulates signaling responses in myeloid cells are, on the other hand, less clear.
Lyn can directly phosphorylate ITAM domains in various immunoreceptors associated
signaling adapters (such as the FcRy chain) leading to recruitment of Syk and activation of
downstreamreactions. This positive regulatory function of Lyn occurs mainly in Fc signaling
pathways. Lyn can also positively modulate signaling responses downstream to cytokine
receptors, such as GM-CSF, IL-5, or chemokine receptors, but the mechanisms responsible
for this phenomenon are not fully understood.
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Figure 2. Lyn-deficient mice develop splenomegaly due to myeloproliferation and extra-
medullary erythropoiesis

(A) Spleen weight of WT and lyn 7~ mice monitored over 60 weeks. (B) Splenic cells
derived from WT and lyn~~ mice stained with Wright/Giemsa. (C, D) Flow cytometric
analysis of WT and lyn ™~ splenocytes from 6 and 28 week old mice. Percentages of Mac-1/
Gr-1 double positive myeloid cells (C) or Ter-119 positive erythroid cells (D) are reported.
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Bone marrow

Figure 3. Myeloproliferation and loss of erythropoiesis in the bone marrow of Lyn-deficient mice
(A, B) Flow cytometric analysis of WT and lyn~bone marrow from 6 and 28 week old
mice. Percentages of Mac-1/Gr-1 double positive myeloid cells — mainly neutrophils — (A)
or Ter-119 positive erythroid cells (B) are reported. (C) Paraffin embedded bone marrow
sections from 28 week old WT and lyn 7~ mice probed with anti-TER-119 Ab.
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Figure 4. Hyper-responsiveness of Lyn-deficient bone marrow cells to cytokine stimulation

(A\) Cells derived from bone marrow and spleen obtained from WT, lyn7~and lyn 7~ rag ™~
(lacking mature B and T cells) mice at the indicated ages, were cultured in methylcellulose
media supplemented with IL-3, IL-6, SCF and erythropoietin for 7 days and the resultant
number of colony forming units were counted. Total CFU-C were calculated based on the
total cell yield from each site (bone marrow or spleen). The experiments were repeated a
minimum of three times in triplicate and averaged results are reported. (B) Equal numbers of
bone marrow derived cells from WT and lyn~~ mice were cultured with varying
concentrations of GM-CSF or M-CSF for 7 days. Adherent cells number at the end of the
culture period was determined using CyQuant fluorescent cell counting. The experiment was
repeated a minimum of three times and the data shown are representative.
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Figure 5. Lyn-deficient bone marrow derived macrophages manifest increased Erk1/2 activation
and reduced inhibitory receptor phosphorylation following GM-CSF stimulation

(A) WT and lyn 7~ BMD macrophages were stimulated with 100ng/ml GM-CSF for varying
lengths of time and Erk1/2 activation was determined by immunoblot (I1B) using phospho-
specific mAbs Lower panels show IBs with total Erk/1/2 to demonstrate equal loading. (B)
WT and lyn 7~ BMD macrophages were stimulated with 100ng/ml GM-CSF for 15 minutes
and cell lysates were immunoprecipitated (IP) with anti-Dok-1, anti-SIRPa and anti-PIR-B
followed by anti-phosphotyrosine (anti-PY) immunoblotting (IB) to determine
phosphorylation. Lower panels show IBs against the precipitated protein to demonstrate
equal loading.
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Figure 6. Lyn-deficient macrophages phagocytose apoptotic thymocytes normally

WT and lyn~~ peritoneal macrophages were collected 5 days after IP injection with aged
3% thioglycollate and cultured overnight. Macrophages were exposed to 20-fold excess of
apoptotic thymocytes, labeled with CellTracker green, for 30 min an examined by
fluorescence microscopy, as described (108).
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Dual role of Lyn in the modulation of myeloid-cell signaling responses and functions

RECEPTOR Ligand Cell type Function
Negative role
Type | cytokine receptors GM-CSF, G-CSF,IL-3, IL-6 MP, M¢,DC,MC proliferation, survival
Immunoglobuline superfamily receptors | M-CSF, SCF MP, Mg, MC proliferation
FceRI IgE MC proliferation, degranulation,
cytokine production
Integrin extracellular matrix proteins, Mo,PMN,MP adhesion, activation, survival
counter receptors
Positive role
Type | cytokine receptors IL-5, G-CSF, GM-CSF PMN, E survival, proliferation

7 transmembrane a-helical receptors

chemokines

PMN, Mo, MP, MC

activation, migration

The table list specific receptors, ligands, cell types and functions that are either positively or negatively regulated by Lyn. MP, myeloid precursors;
Me, macrophages; DC, dendritic cells; MC, mast cells; PMN, neutrophils; E, eosinophils.
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