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Abstract
The Abl family of protein tyrosine kinases regulates diverse cellular processes by
coordinating cytoskeletal rearrangements. Recent data indicate that pharmacological
inhibition of Abl kinases reduces inflammation in preclinical models and in the clinic.
While a previous role for Abl kinases in lymphocytes had been described, it remained
unclear if Abl kinases regulate innate immune function. To explore this possibility, we
generated a myeloid-specific conditional Abl knockout mouse. Using a combination of
molecular, genetic, and pharmacological approaches, we demonstrate a role for Abl
kinases in regulating the efficiency of macrophage phagocytosis and inflammatory
responses. Bone marrow-derived macrophages from mice lacking Abl and Arg kinases
exhibit inefficient phagocytosis of sheep erythrocytes and zymosan particles. Treatment
with the Abl kinase inhibitors imatinib and GNF-2 or overexpression of kinase-inactive
forms of the Abl family kinases also impairs particle internalization in murine
macrophages, indicating Abl kinase activity is required for efficient phagocytosis.
Further, Abl kinases are present at the phagocytic cup and are activated by Fcγ receptor
(FcγR) engagement. The regulation of phagocytosis by Abl family kinases is mediated in
part by the Syk kinase. Loss of Abl and Arg expression or treatment with Abl inhibitors
reduced Syk phosphorylation in response to FcγR ligation. The link between Abl family
kinases and Syk may be direct as purified Arg kinase phosphorylates Syk in vitro.
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Further, overexpression of membrane-targeted Syk in cells treated with Abl kinase
inhibitors partially rescues the impairment in phagocytosis.
Our studies also revealed a role for Abl kinases in macrophage and cancer cell
invasion. Inhibition of Abl kinases suppressed cell invasion in vitro, whereas
overexpression of Abl kinases enhanced extracellular matrix degradation. We found that
partial loss of Abl kinase expression in myeloid cells reduced macrophage infiltration
into tumors in a mouse model of breast cancer. Furthermore, pharmacological
inhibition of Abl kinases reduced myeloid cell infiltration and slowed tumor growth in
subcutaneous tumor models. We also found that Abl expression and activity are
elevated in subsets of human tumor samples. Taken together, our results suggest Abl
kinases have an important role in cancer and inflammation, and represent important
therapeutic targets for their treatment.
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1. Introduction
1.1 Macrophages in Host Defense & Homeostasis
The mammalian immune system is broadly classified into two arms: the adaptive
arm and the innate arm, which are distinguished from one another by the ability to learn
from previous exposures to antigens (1). While the adaptive immune system mediates
rapid responses to previously encountered pathogens, the innate immune system is
more evolutionarily ancient, found in both invertebrates as well as vertebrates, and has
evolved to permit multicellular organisms to recognize conserved features of pathogens
and target them for destruction (2). There are two main branches of the innate immune
system: the humoral branch, which consists of antimicrobial peptides and opsonins, and
the cellular branch, which consists of effector cells known as phagocytes (3).
Macrophages are professional phagocytes that guard against infection by
mobilizing to sites of injury, internalizing and digesting foreign particles, scavenging
toxic compounds, and producing inflammatory mediators (4). In addition, macrophages
can serve as antigen presenting cells, thus linking the innate and adaptive immune
systems (4). The activation of macrophages helps to control microbial growth, however,
the consequence of this activation can lead to inflammation and tissue damage, which in
the long term, may contribute to the development of inflammatory diseases including
atherosclerosis, autoimmune disorders, and cancer (5).
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In recent years, homeostatic roles for macrophages in development, tissue
remodeling, and immunomodulation have been recognized (6). Macrophages
phagocytose apoptotic cells and other debris, suppress cytotoxic immune responses,
secrete factors involved in extracellular matrix (ECM) remodeling, and promote
angiogenesis (7). Accumulating evidence suggests that these “alternatively” activated
macrophages are not only important in development and for tissue homeostasis, but
contribute to the progression of cancer (7). Thus, understanding macrophage biology
has important implications for diverse pathologies.

1.1.1 Macrophage Development
Macrophages are found in virtually all tissues (8). They are derived from
circulating peripheral-blood mononuclear cells (PBMCs), which extravasate from the
blood into tissues during steady state conditions and in response to injury (9). The
PBMCs develop from hematopoietic stem cells (HSCs) in the bone marrow (6, 9). The
HSCs give rise to the common myeloid progenitor cell, which further differentiates into
many cell types including neutrophils, eosinophils, basophils, mast cells, dendritic cells
and macrophages (6, 9). While in the bone marrow, myeloid progenitor cells give rise to
monoblasts, pro-monoblasts, and finally monocytes, which exit the marrow and enter
the bloodstream (6). The development of monocytes is influenced by many extracellular
factors, but critical among them is the hematopoietic growth factor, colony-stimulating
2

factor-1 (CSF-1 also known as macrophage colony-stimulating factor, M-CSF) (10, 11).
Monocytes circulate in the blood for several days, after which they emigrate into the
tissues and differentiate further into macrophages that replenish tissue macrophages or
augment resident macrophages during infection (9).

1.1.2 Macrophage Heterogeneity
Although macrophages in different tissues share common features, including
abundant lysosomes and expression of the CSF-1 receptor (CSF-1R, CD115, c-fms), they
can vary widely in morphology, functionality, and gene expression (8, 9). Large
macrophage populations exist in the intestine, the liver (Kupffer cells), and the central
nervous system (migroglial cells), and can contribute up to 10-20% of the cellularity of
these organs (7). Macrophages are also found in the lungs (alveolar and interstitial
macrophages), the skin (Langerhans cells), the spleen, lymph nodes, bone marrow, bone
(osteoclasts), peritoneum, kidneys, endocrine glands, and in connective tissues
(histiocytes) ((6, 8, 9) and Figure 1.1). These diverse tissue macrophages vary in the
expression of different cell surface receptors, reflecting the specialization of macrophage
populations within different microenvironments and in response to different
extracellular stresses. The factors that determine macrophage differentiation within a
tissue are not yet fully understood and remain an active area of research (9).

3

Figure 1.1 Macrophage Development and Heterogeneity
Macrophages are derived from HSCs in the bone marrow, which give rise to monocytes.
Monocytes circulate in the peripheral blood before emigrating into terminal tissues
where they further differentiate in tissue-specific macrophages. Reprinted by permission
from Macmillan Publishers Ltd: Nat. Rev. Immunol. 8:958-969, © 2008 (6).

1.1.3 Functions of Macrophages in Immunity
Macrophages were first discovered over 100 years ago by the Nobel laureate Élie
Metchnikoff, who proposed that these cells were the key to understanding immunity
(12). Pivoting off his work, many of the studies in the 20th century were aimed at
understanding macrophages in the context of infection and inflammation. In response
to cytokines and microbial products, macrophages are polarized to mediate pathogen
killing. Interferon-γ (IFN-γ), in concert with microbial stimuli or cytokines, can induce
macrophage expression of inflammatory interleukins (IL) including, IL-12, IL-23, IL-6,
and IL-1β; reactive oxygen and nitrogen species (ROS, RNS); and tumor necrosis factor4

α (TNF-α) (13). The importance of macrophage activation in mediating host defense is
underscored by observation that mice lacking IL-12 or humans with mutations in the IL12/23-IFN-γ signaling pathway are more susceptible to bacterial and viral infections (1416).
In addition, macrophages are able to ingest large (> 0.5 μm) substrates through
phagocytosis (17). Macrophages express specialized phagocytic receptors, including
complement and immunoglobulin receptors, which recognize opsonized pathogens (18).
Furthermore, macrophages express pattern recognition receptors (PRRs), including
mannose receptors which recognize polysaccharide motifs commonly found on
microbial glycoproteins and glycolipids (19). Upon stimulating these receptors,
macrophages orchestrate pathogen internalization, digestion, and antigen presentation
(18). Through phagocytosis, macrophages coordinate and activate lymphocytes to
neutralize pathogenic insults.

1.1.4 Functions of Macrophages in Development & Cancer
In the past twenty years, additional, non-immunogenic functions of
macrophages have been described. Mice lacking the pleiotropic macrophage growth
factor CSF-1 have dramatic reductions in the numbers of tissue macrophages and
osteoclasts; and exhibit osteopetrosis, skeletal abnormalities, nervous system defects,
and low fertility, owing to reduced sperm counts and ovulation rates (reviewed in (20)).
5

Subsequent studies have revealed that loss of CSF-1 impairs the branching
morphogenesis of the mammary and pancreatic ducts (21-24). Macrophages are actively
recruited during the development of these glands, and their loss impairs collagen
fibrillogenesis and matrix remodeling (21, 22). Surprisingly, mice lacking CSF-1 have
few immunological deficiencies, although they are more susceptible to bacterial
infection (25). Genetic inactivation of the CSF-1R also resulted in reduced macrophage
numbers, osteopetrosis, and reduced fertility, however, these mice also exhibited more
severe phenotypes, including low post-natal viability (26). The more severe phenotypes
in the CSF-1R knockout may be explained by the discovery that IL-34 can also serve as a
CSF-1R ligand (27). Taken together, the phenotypes of CSF-1 and CSF-1R knockout mice
support that a major physiological role for macrophages is in development and tissue
homeostasis.
In addition, alternatively activated, regulatory macrophages are involved in
wound healing and angiogenesis. Macrophages have been observed in close proximity
to the sprouting vasculature during embryonic development and express proangiogenic
factors including vascular endothelial growth factor (VEGF) and placental growth factor
(PlGF) (reviewed in (28)). During post-natal development, macrophages are required for
remodeling the vasculature of the eye (29). In the context of tissue injury and repair,
macrophages promote vascularization and epithelialization during wound healing (30).
6

One feature common to all solid tumors is a requirement to recruit new blood
vessels in order to support tumor growth and expansion. Macrophages are recruited to a
variety of solid tumors where they produce VEGF to promote angiogenesis and
metastasis (31). In addition, similar to their roles in development, macrophages secrete
proteases and other enzymes important for tissue digestion and ECM remodeling (32).
Thus, the idea of targeting macrophages in cancer has become attractive. That
macrophages are a heterogeneous cell type, capable of undergoing complex
morphological and transcriptional changes to migrate, phagocytose, and function in
tissue repair suggests that molecules which regulate these processes may be ideal
therapeutic candidates. Macrophages depend on tyrosine phosphorylation signaling
events to coordinate diverse processes (reviewed in (33)), thus, a greater understanding
of tyrosine kinase signaling in these cells underlies the motivation for this project.

1.2 The Abl Family of Nonreceptor Tyrosine Kinases
Phosphorylation of cellular proteins constitutes a major regulatory mechanism in
the control of wide variety of cellular processes, including cell growth, cell death, and in
coordinating responses to extracellular signals and stresses. While only 2% of the human
genome encodes protein kinases, collectively, these enzymes regulate up to 30% of
cellular proteins (34). Protein phosphorylation is a dynamic process, which is balanced
by the opposing activities of protein kinases, which catalyze the phosphorylation of
7

substrates and phosphatases, which remove phosphate residues (35). Dysregulated
kinase signaling underlies a variety of pathologies; understanding the biology of protein
kinases may lead to discoveries for the treatment of diseases including autoimmunity
and cancer. The Abl family of tyrosine kinases represents one subgroup among the
larger protein kinase family (36), and this kinase family regulates many fundamental
cellular processes (37, 38).

1.2.1 The Abl Gene Family
The Abl family of non-receptor tyrosine kinases consists of two members Abl
(Abl1) and Arg (Abl2). The Abl gene was first discovered as an oncogene in the Abelson
murine lymphosarcoma virus (39). The viral oncogene, v-abl, encodes a constitutively
active tyrosine kinase (40, 41), which is homologous to the cellular gene, Abl1 (42, 43).
The human ortholog of Abl1 was identified in the fusion oncoprotein, BCR-ABL1, which
drives the progression of chronic myeloid leukemia (CML) (44). The Abl-related gene,
Arg, was discovered later as a gene having high sequence homology to Abl1 (45).
Oncogenic ARG gene fusions have been identified in cases of acute myeloid leukemia
(AML) and T-cell acute lymphoblastic leukemia (T-ALL) (46).
All metazoan genomes have Abl gene(s); vertebrates genomes have two genes,
Abl1 and Abl2, with similar exon/intron boundaries, while nonvertebrate metazoans
have only one (47). The mammalian Abl1 has two alternative first exons, which generate
8

two distinct mRNAs that only diverge in their N-terminal sequences (48). There are
eight unique splice variants of the Arg gene (49), although the function of these different
isoforms is not well understood.
While Abl and Arg are ubiquitously expressed in mammalian cells, their
expression is not uniform in all tissues (50), and the factors controlling Abl and Arg gene
expression are not well defined. Recent work showed that the microRNA-203 (miRNA)
and miRNA-29b repressed Abl expression (51, 52), and there is speculation other
miRNAs also regulate Abl levels (47). Arg is targeted by at least five different miRNAs
(miR-223, miR-143, miR-25, miR-27, miR-17) in myeloid cells (53). How miRNAs control
Abl and Arg expression in different cell types requires further study.

1.2.2 Abl and Arg Protein Kinases
Like other non-receptor tyrosine kinases, including the well-characterized Src
family, Abl kinases share an N-terminal tandem Src homology 3 (SH3), Src homology 2
(SH2) and tyrosine kinase (SH3-SH2-TK) domain structure (Figure 1.2). This SH3-SH2TK cassette is over 90% identical between Abl and Arg (47). The SH3 domains allows for
binding to polyproline motifs (54), while the SH2 domain confers binding to
phosphotyrosine (55). The kinase domain preferentially phosphorylates tyrosine
residues in the consensus sequence I/VYXXP, where I is isoleucine, V is valine, Y is
tyrosine, P is proline, and X is any amino acid (37). Downstream of the SH3-SH2-TK
9

cassette, Abl and Arg share conserved proline-rich sequences, which mediate binding to
the SH3 domains of other proteins (37).
The Abl family of tyrosine kinases is distinguished from other nonreceptor
tyrosine kinase families by its large C-terminal domain. This domain is not highly
conserved between Abl and Arg, but both proteins have a calponin homology (CH)
filamentous (F-) actin binding domains (38, 56, 57). Abl has a globular (G-) actin binding
domain that precedes the F-actin binding domain (56). Arg does not have a binding site
for G-actin, but it has a talin-like I/LWEQ motif, which binds F-actin, located N-terminal
to its CH actin binding domain ((58) and in Figure 1.2). Arg also has a microtubule (MT)
binding domain and has been shown to crosslink actin and microtubule filaments in
vitro (59). Both Abl and Arg are capable of bundling F-actin in vitro (56, 57).
One main difference between Abl and Arg is that Abl has three conserved
nuclear localization sequences (NLSs) in its C-terminus (60, 61) and a nuclear export
sequence (NES) (62), which allows for nuclear-cytoplasmic shuttling. Abl is also capable
of binding to DNA and has been implicated in the DNA damage response (63-65). That
the DNA binding domain, NLS, and NES motifs are not present in fruit fly or sea urchin
Abl, or in the mammalian Arg gene, suggests that DNA regulatory functions of Abl
developed late in evolution (47).
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Figure 1.2 Multidomain Structure of the Abl Family of Tyrosine Kinases
Schematic representation of the modular domains of the Abl kinases. Alternative
splicing of Abl1 and Abl2 (Arg) produces several isoforms, including 1a isoforms (solid
line) and the 1b isoforms (jagged line), which are targeted for N-terminal myristoylation
(49). The Abl and Arg N-termini contain conserved Src homology 3 (SH3), SH2 and
tyrosine kinase domains. Abl and Arg both have F-actin-binding domains. Abl has a Gactin binding domain whereas Arg has a second internal F-actin binding domain. Abl
has three nuclear localization signal (NLS) motifs and one nuclear export signal (NES) in
its C-terminus. Both Abl and Arg have conserved PXXP motifs to mediate proteinprotein interactions. Phosphorylation (P) of Abl at Y412 within the activation loop (Arg
Y439) and Y245 in the SH2-kinase domain linker (Arg Y272) stabilizes the active
conformation. Adapted from (38).

1.2.3 Regulation of Abl Kinase Activity
1.2.3.1 Intramolecular Regulation
Abl kinase activity is tightly regulated by intramolecular interactions. The SH3
and SH2 domains form an inhibitory scaffold on the back side of the kinase domain,
which keeps the kinase in an inactive conformation ((66) and depicted in Figure 1.3). The
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importance of the SH3 domain in controlling Abl activity is underscored by experiments
showing deletion of this domain results in up-regulation of kinase activity and increased
tyrosine phosphorylation of Abl (67). The SH3 domain binds to a proline-rich sequence
in the interlinker region between the SH2 and kinase domain. Mutating a single proline
residue in the interlinker region results in constitutive Abl activation (68), suggesting the
SH3 domain-interlinker region inhibitory interactions are critical for controlling kinase
activation. In addition, kinase activity is regulated by myristoylation; certain splice
variants of the Abl kinases (human Abl isoform 1b/mouse isoform IV) have an Nterminal myristoylation site, which when myristoylated can bind a myristate binding
pocket within the C-lobe of the kinase domain, stabilizing the kinase in an inactive
conformation (69). It is possible that splice variants lacking the N-terminal
myristoylation site may also bind myristate groups in trans to stabilize the inactive
conformation of the kinase. Indeed, there is precedent for lipid-regulation of Abl kinase
activity: when membrane lipid PIP2 is cleaved by phospholipase C, the Abl kinase
becomes highly active (70). Activation of the Abl kinases involves displacing the SH3
and SH2 domains from the kinase domain through the binding of high affinity ligands,
similar to what has been observed with Src kinases ((71) and reviewed in (72)). These
ligands are likely to be tyrosine-phosphorylated receptors or adaptor proteins which
have high affinity binding sites for Abl/Arg SH2 domains. After the contacts between
12

Figure 1.3 Intramolecular Mechanisms for Abl Kinase Activation
Abl kinases are kept inactive by several intramolecular interactions, including: the
binding of the SH3 domain to the PXXP motif in the interlinker region between the SH2
and TK domains; the SH2 domain interaction with the kinase domain; and in splice
variants that are myristoylated, the N-terminal myristate residue binding the C-lobe of
the kinase domain. Activation of the kinase involves disruption of these interactions. In
the depiction, the SH3 domain is displaced from the interlinker region by PXXP motifcontaining ligands and the binding of the SH2 domain to tyrosine phosphorylated
substrates relieves its inhibition on the kinase domain. Additionally, displacing the
myristate residue from the kinase domain promotes kinase activation. To be maximally
activated, the Abl kinases are tyrosine phosphorylated on Y245 in the interlinker region
and on Y412 in the activation loop. The C-terminal region is not shown. Adapted from
(73, 74).
the SH3 and SH2 domain with the kinase domain have been disrupted, the Abl kinases
still require phosphorylation in order for the kinase to have maximal activity. There are
two critical sites implicated in kinase activation: one in the linker region between the
SH2 and kinase domains (Abl tyrosine (Y) 245, Arg Y272) and one in the activation loop
(Abl Y412, Arg Y439) (75, 76). These phosphotyrosines prevent the kinase from adopting
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its inactive conformation and help make the catalytic site accessible for substrate binding
(77). Phosphorylation of the Abl kinases is mediated by Src family kinases as well as by
autophosphorylation that occurs in trans between two Abl or Arg molecules (75, 78).
1.2.3.2 Effect of Intermolecular Interactions on Abl kinase activity
In addition to the intramolecular interactions that keep Abl inactive, interactions
with other molecules affect Abl kinase activation. Intermolecular interactions which
disturb the autoinhibitory interactions and stabilize the active conformation of the
kinase promote kinase activity, whereas molecules that stabilize the inactive
conformation attenuate Abl enzymatic activity. Proteins that inhibit Abl kinases through
binding to the SH3 domain include peroxiredoxin (PRDX1) and the Abl associated
protein, AAP1 (79, 80). The retinoblastoma protein, Rb, has been shown to bind the ATPbinding pocket of Abl and inhibit its activity (81). The binding of F-actin to C-terminus
of Abl also inhibits its kinase activity (82), although how C-terminal regions of the Abl
kinase control kinase activity are not well understood. Additionally, the tumor
suppressor gene, Fus1 binds to and inhibits Abl, although the mechanism for this is not
completely understood (83).
Conversely, several proteins have been shown to bind Abl and increase its
activity through relief of inhibitory interactions. The adaptor protein Rin1 interacts with
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both the SH3 and SH2 domain of Abl to potentiate kinase activity (84, 85).
Overexpression of the adaptors CRK, Nck, and Abi also increases Abl activity (86-88).
1.2.3.3 Post-translational Modifications of the Abl kinases
The enzymatic activity of the Abl kinases is also regulated by post-translational
modifications, including phosphorylation. Abl is phosphorylated on Y412 in the
activation loop (corresponds to Arg Y439) and Y245 in the SH2-kinase domain linker
(corresponds to Arg Y272). Phosphorylation of these tyrosines stabilizes the active
conformation of the Abl kinases, and can occur by autophosphorylation (76, 89) or may
be mediated by Src family kinases (75, 78, 89, 90). Mutating the activation loop tyrosine
to phenylalanine reduces Abl activity by over 90%, while mutating Y245 in the linker
region reduces Abl activity by 50% (76). Abl is also phosphorylated on serine and
threonine residues that regulate kinase activity; phosphorylation of an N-terminal serine
residue promotes its interaction with the linker region between the SH3 and SH2
domains and stabilizes the autoinhibited conformation (91). Further, phosphorylation of
Abl on C-terminal serine residues by the Ser/Thr kinase p21-activated kinase 2 (Pak2)
promotes its kinase activity (92). Tyrosine phosphorylation and activation of Abl are
reduced by interactions with the adaptor protein PSTPIP1 (proline/serine/threoninephosphatase-interacting protein 1), which promotes PTPN12-mediated tyrosine
dephosphorylation of Abl (93). Previous studies demonstrated that the phosphorylation
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of Abl is increased in PSTPIP1-deficient cells and in cells treated with phosphatase
inhibitors (90, 93).
The stability of Abl kinases is modulated by phosphorylation as tyrosine
phosphorylated Abl is ubiquitinated and degraded by the 26S proteasome machinery
(94). Similarly, increased tyrosine phosphorylation of Arg correlates with increased
ubiquitination and degradation (95).
1.2.3.4 Cellular signals which activate Abl kinase signaling
Abl kinases integrate signaling from multiple classes of transmembrane receptors
(reviewed in (37, 96) and Figure 1.4). Growth factor, adhesion, antigen, and chemokine
signaling all impinge on Abl kinases, thus making them a unique signaling node to
integrate multiple extracellular cues.
Importantly, Abl kinases are activated downstream of multiple receptor tyrosine
kinases (RTKs) including: platelet-derived growth factor receptor (PDGFR) (78, 97),
members of the epidermal growth factor receptor (EGFR, also known as ErbB1-4) family
(78, 98), c-Met (99), the basic fibroblast growth factor receptor (bFGFR) (100), the insulinlike growth factor-1 receptor (IGF-1R) (101), the insulin receptor (102), the agrinstimulated muscle-specific (MuSK) receptor tyrosine kinase (103), the ephrin-activated
EphB4 receptor (104), and the VEGFR (105). The activation of Abl downstream growth
factor ligands is important for many cellular functions. Abl activity is required for dorsal
16

Figure 1.4 Diverse extracellular stimuli activate Abl kinases
The Abl kinases are activated by ligand-stimulated RTKs, integrins, adhesion molecules,
GPCRs, and immunoreceptors. The Abl kinases signal to modulate cell proliferation,
survival, and cytoskeletal processes in many cell types. Adapted from (96).

ruffle formation and proliferation in response to PDGF (70, 78, 90). Activation of Abl by
the EGF family ligands is required for EGF-induced migration and invasion (106), and a
recent report demonstrated that EGF-induced invadopodia function also requires Arg
(107). Abl negatively regulates cell migration downstream of the hepatocyte growth
factor (HGF)/c-Met axis in fibroblasts, while promoting HGF-dependent proliferation
and survival in cancer cells (108, 109). Interestingly, bFGF-induced Abl activation is
required for efficient angiogenesis in a matrigel-plug assay (100), and VEGF-induced
activation of Arg is required for controlling endothelial barrier function (105). Abl
17

kinases also play roles downstream insulin and insulin-like growth factor receptors by
regulating both growth and cell migration downstream of these receptors (101, 102). Abl
signaling downstream of MuSK is required for post-synaptic clustering of acetylcholine
receptors (103). Additionally, Abl inhibits ephrin-B2-induced breast cancer cell
proliferation and invasion downstream EphB4 tyrosine kinase (104).
In addition to growth factor stimulation, Abl is also activated downstream of
chemokine receptors. Chemokine receptors promote directional migration in response to
chemoattractant stimuli. These receptors form a subfamily within the G protein-coupled
receptor (GPCR) superfamily (110). SDF-1α (stromal derived factor-1alpha, CXCL12) is a
chemokine that has been linked to metastatic progression of breast cancer (111, 112).
Abl kinases become activated in response to SDF-1α and are required for SDF-1αinduced cell migration, invasion, and ECM degradation (113, 114). Both growth factorand chemokine-induced Abl activation require the activation of Src nonreceptor tyrosine
kinase (78, 113).
Abl kinases also become activated in response to adhesion signals. Fibroblasts
plated on the integrin ligand fibronectin exhibit elevated Abl kinase activity and a
redistribution of Abl kinases to focal adhesions (115). Abl kinases regulate fibronectininduced membrane protrusions (59, 116) and neurite branching when cortical neurons
are plated on the integrin ligand laminin (117). In addition to extracellular adhesions,
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Abl kinases are also activated by intercellular adhesions. Abl physically binds to
cadherins in Caenorhabditis elegans and in Drosophila melanogaster (118, 119) and is
required for formation and maintenance of intercellular adhesions in mammalian cells
through regulation of Rho GTPases (120, 121).
Abl kinases also are activated in response to immunoreceptor signaling. Both
ligation of the B cell and T cell receptors stimulate Abl kinase activity (122, 123), and Abl
activation is required for maturation of T and B cells (124, 125). The mechanisms for Abl
activation downstream of the immunoreceptors also involve upstream signaling from
Src kinases ((123) and reviewed in (96)).
Abl kinases are also activated independently of extracellular receptors. Oxidative
stress activates Abl (126, 127) and Arg (95). Abl kinase signaling may be differentially
affected by varying levels of reactive oxygen species (ROS) generated in the cell. For
example, Arg promotes cell survival in response to low levels of oxidative stress, but
high levels of oxidative stress leads to Arg degradation and apoptosis (95, 128). Abl is
also activated by DNA damage, and can promote growth arrest or apoptosis in response
to DNA-damaging agents (129, 130).
1.2.3.5 Pharmacological Inhibitors
While cellular Abl and Arg activities are controlled by intramolecular
interactions and through inhibitory intermolecular interactions with other proteins,
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oncogenic forms of Abl kinases lack spatial or temporal control of kinase activity. To
date, five small molecule tyrosine kinase inhibitors (TKIs) of the Abl kinases have been
FDA approved for either first- or second-line treatment of Philadelphia chromosome
positive (Ph+) leukemia. Abl TKIs are classified into three main classes based on their
mechanism of action: type I inhibitors target the active conformation of the kinase
(dasatinib, bosutinib), whereas type II inhibitors bind to and stabilize the inactive
conformation of the ATP-binding cleft, preventing its activation (imatinib, nilotinib,
ponatinib) (131). In addition to the approved small molecule inhibitors, a third category
of allosteric Abl TKIs have been developed, which do not compete for ATP binding, and
instead bind to other regulatory domains to inhibit kinase activity (GNF compounds,
SH2 monobodies) ((131) and Figure 1.5). Because of their unique mechanisms of action,
the different classes of TKIs are inhibitory against different spectrums of kinases. The
type I inhibitors, which recognize the active conformation of the Abl kinase (which is
similar across many kinase families), bind to over 60 kinase targets, including Abl, Arg,
the PDGFR/CSF-1R family, c-Kit, and the Src kinases (132). The type II inhibitors, which
recognize the inactive conformation of Abl kinases, also inhibit the PDGFR/CSF-1R
family of kinases and c-Kit, but do not inhibit Src kinases (131). The type III inhibitors,
which bind to specific regulatory domains, are the most specific inhibitors towards Abl
and Arg, and do not target PDGFR or c-Kit (131, 133).
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Figure 1.5 Abl Tyrosine Kinase Inhibitor Binding Sites
There are three main categories of Abl TKIs: Type I inhibitors, which bind to the ATPbinding pocket while the kinase adopts an active conformation; Type II inhibitors, which
bind to the ATP-binding pocket when the kinase adopts an inactive conformation; and
Type III inhibitors, which bind allosteric regulatory domains. The GNF compounds bind
a myristate-binding pocket in the C-lobe of the kinase domain and the HA4-7c12
monobody binds to the SH2 domain. Ribbon diagram reprinted by permission from
Macmillan Publishers Ltd: Nat. Rev. Mol. Cell Biol. 5:33-44, © 2004 (134).

Imatinib mesylate (Gleevec, STI571, Novartis), a type II inhibitor, was the first
targeted Abl inhibitor developed and approved for the treatment of CML (135). While
imatinib has proven remarkably successful for the treatment of CML, particularly those
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in chronic phase, up to one-third of patients will require alternative therapies (131). The
most common reason for imatinib resistance is the development of mutant forms of
BCR-ABL1, including the T315I mutant, which prevent imatinib from docking in the
ATP-binding pocket. Imatinib resistance has spurred the development of second- and
third-generation Abl TKIs, including the type II inhibitor nilotinib (Tasigna, AMN107,
Novartis), which inhibits Abl kinases at 10- to 20- fold lower concentrations than
imatinib, and the type I inhibitors, dasatinib (Sprycel, BMS-354825, Bristol-Myers
Squibb) and bosutinib (Bosulif, SKI-606, Pfizer), which inhibit Abl kinases at even lower
concentrations than nilotinib (131). However, nilotinib, dasatinib, and bosutinib are all
ineffective against the BCR-ABL1 T315I mutant. More recently, ponatinib (Iclusig,
AP24534, Ariad Pharmaceuticals) was shown to inhibit both wild type and imatinibresistant BCR-ABL1 mutants, including the T315I mutant, with similar potency. Similar
to dasatinib and bosutinib, ponatinib has broad target specificity (131, 136).
Allosteric inhibitors of the Abl kinases were also developed in an effort to treat
imatinib resistant disease. Combining the GNF compounds, which bind to myristate
binding pocket in the kinase domain, with imatinib or nilotinib prolonged survival of
mice with imatinib-resistant BCR-ABL1 T315I-induced leukemia (137). Another type of
allosteric inhibitor, an engineered ABL SH2-binding fibronectin type III monobody,
which blocks the intramolecular interaction between the SH2 and kinase domains of
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BCR-ABL1, inhibited BCR-ABL1 activity in vitro and in vivo, impaired leukemogenesis
in mice, and increased the sensitivity of imatinib-resistant BCR-ABL1 mutants to TKI
therapies (138). Thus, the combined use of allosteric and ATP competitive inhibitors
represents an effective strategy to overcome resistance to either type of compound alone.
While serving an obvious clinical benefit, these different inhibitors also provide a
unique tool for studying the cellular function of Abl; imatinib and the GNF compounds
are used extensively throughout this thesis.

1.2.4 Physiological Roles of the Abl Kinases
1.2.4.1 Phenotypes induced by the loss of Abl kinases
Abl and Arg kinase are expressed ubiquitously, although their levels vary across
different cell types and tissues and across different developmental stages (37). High
levels of Abl mRNA are found in mouse spleen, thymus, and bone (139, 140). In
humans, Abl is expressed in the hyaline cartilage, ciliated epithelium, adipose tissue,
gastric crypts, myeloid cells and osteoblasts (141). Interestingly, Abl is expressed at
higher levels in the fetal endothelium and muscle than in adult tissues (141). Arg
exhibits highest expression in the nervous system, thymus, spleen, and muscle (50, 142).
Arg is enriched in synapse-dense brain regions of adult mice (143), and both Abl and
Arg are highly expressed in the embryonic neuroepithelium (50).
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Early studies with loss of function Abl mutants in Drosophila melanogaster
revealed an essential role for Abl in development as D-Abl mutants exhibited early
lethality, owing to defects in axon guidance and epithelial morphogenesis (144, 145).
Embryos lacking Abl expression showed defects in germband retraction, head
involution, and dorsal closure, all of which are characteristic of underlying defects in cell
morphogenesis and migration (145).
To better understand the physiological roles of these kinases in mammals, Abl
and Arg knockout mouse models have been generated. Two different Abl mutant
alleles were designed to produce mice lacking Abl function (146, 147). The abl- is a true
null allele, while the ablm1 allele eliminates the C-terminal domains of Abl containing the
DNA-binding and actin-binding domains, but retains the SH3-SH2-TK domains. Both
the homozygous abl-/- and the ablm1/m1 mice exhibited perinatal lethality; 75% of the
mutants died within the first two weeks of life (146, 147). The remaining 25% were
viable, but exhibited small stature, foreshortened crania, osteoporosis, reduced fertility,
and had increased susceptibility to infections (146, 147). In contrast, the Arg knockout
mouse is often runted, and exhibits behavioral deficits, but has a normal lifespan (50).
The Abl/Arg double knockout mice die at embryonic day 11, exhibiting delayed closure
of the neural tube, neuroepithelial cell defects, and pericardial hemorrhaging (50).
Widespread apoptosis was observed in all tissues of the Abl/Arg double knockout mice,
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suggesting nonredundant functions for these kinases in cell survival during
development (50).
1.2.4.2 Role of Abl kinases in Actin-dependent Cellular Processes
Abl kinases are unique among nonreceptor tyrosine kinases because kinase
signaling can be directly coupled to cytoskeletal rearrangements, given the ability of the
Abl and Arg to bind to and bundle F-actin. Indeed, many of the signaling events
ascribed to the Abl kinases involve phosphorylation and modulation of cytoskeletal
adaptor proteins or kinases. Abl and Arg exhibit cytoplasmic localization (72), although
Abl also has C-terminal nuclear import and export sequences and a DNA-binding
domain (61, 62, 64, 65), and has been shown to actively shuttle between the cytoplasm
and nucleus in response to cellular stress and adhesion (148). In the cytoplasm, Arg
localizes to the cell periphery where it may bundle F-actin (57), whereas Abl
concentrates at focal adhesions and in F-actin bundles (56, 115).
A role for Abl kinases in regulating cellular morphogenesis is supported by the
findings that Abl/Arg null embryos exhibited abnormal actin cytoskeletal networks (50).
In tissue culture models, Abl kinases regulate the formation of lamellipodia and
filopodia (149-151). Mouse fibroblasts treated with PDGF exhibit increased Abl activity
and F-actin-mediated membrane ruffling, and this ruffling response is impaired in Abl
null cells or in cells expressing dominant negative forms of Abl (78, 152). Consistent
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with this biology, Abl has been shown to localize to sites of F-actin assembly upon
growth factor stimulation (153). Overexpression of Abl in fibroblasts and neurons
promotes the formation of filopodia (151), whereas overexpression of Arg promotes
protrusive membrane ruffling (59).
Regulation of F-actin dynamics by Abl kinases may be mediated by the small
GTPases of the Rho family. Abl-deficient fibroblasts have impaired PDGF-induced Rac
activation, likely owing to reduced tyrosine phosphorylation of the Rac guanine
nucleotide exchange factor (GEF), SOS-1 (154). Abl also phosphorylates and interacts
with Rho, Rac, and Cdc42 effectors including members of the WAVE (Wiskott-Aldrich
syndrome protein verprolin homologous) complex (149, 155), N-WASP (156, 157), and
the Abi family (88, 158). Activating these complexes results in stimulation of the Arp2/3
complex, which nucleate branched actin networks (159).
Given the role for Abl and Arg in regulating F-actin dynamics, it is not surprising
that the Abl kinases influence cell motility. Abl was reported to decrease cell migration
in response to integrin engagement in fibroblasts (108). The negative effect of Abl on
migration was associated with phosphorylation of the Abl substrate CRKII, which led to
uncoupling of the CRKII-p130Cas complex and subsequent inhibition of Rac (108). In
contrast, Abl promoted fibroblast chemotaxis toward PDGF (97). Recent data also
suggest that Abl kinases promote, rather than inhibit, migration of hematopoietic cells
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(114, 155, 160, 161). The mechanism for how Abl promotes cell motility may involve the
phosphorylation of the HEF1 adaptor protein, which potentiates activation of the small
GTPase Rap1 (114). Additionally, Abl may regulate neutrophil motility through
phosphorylating and activating the Rac GEF, Vav1 (161). How Abl kinases regulate cell
motility is likely a function of the adaptor proteins expressed and subcellular
localization of Abl/Arg in a given cell type.
In addition to their role in motility, recent studies have indicated that Abl kinases
regulate cell invasion. In cancer cells, Abl kinases promote invasion induced by IGF-1,
EGF, serum and chemokines (106, 107, 113, 162-164). Abl kinases regulate invasion by
phosphorylating substrates that mediate the formation and/or maintenance of invasive
subcellular structures, or through modulating the expression of genes that mediate
invasion. Cancer cells and macrophages both degrade the ECM through specialized
subcellular structures that are enriched in F-actin and invasive enzymes. In cancer cells,
these structures are known as invadopodia, while in macrophages they are termed
podosomes (165, 166). Abl localizes to podosomes in macrophages and is required for
macrophage invasion (167); whereas Arg localizes to invadopodia, where it promotes
both matrix degradation and invasion in breast cancer cells (107, 113). Arg
phosphorylates cortactin, a key invadopodia component that is required for Arp2/3dependent actin polymerization (107). Further, Abl kinases also regulate the activity of
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matrix metalloproteinases (MMPs) during invadopodia maturation. Arg interacts with
and potentiates the phosphorylation of the membrane type 1-matrix metalloproteinase
(MT1-MMP) and is required for its localization and function at invadopodia (113). Abl
kinases promote melanoma cell invasion by regulating MMP expression at the
transcriptional level (162). Other potential targets of the Abl kinases at invadopodia
include the N-WASP actin regulatory protein, which is required for Arp2/3-mediated
actin polymerization at invadopodia, and is phosphorylated by Abl kinases (157, 168,
169) and Abi1, an Abl substrate which is localized to invadopodia and promotes MMP9mediated matrix degradation (170). Consistent with its ability to positively regulate
invadopodia formation and function, knockdown of Arg decreased invasion and
intravasation following implantation of MDA-MB-231 cells in the mammary fat pad
(163).
1.2.4.3 Involvement of Abl kinases in Immunity
One of the prominent phenotypes of the Abl knockout mice is the increased
susceptibility to infections including pneumonia, gastroenteritis, and infections of the
nasal passages and ears (146, 147). This phenotype suggested that Abl kinases are
required for immune development or function. Analysis of the two different global Abl
mutant mouse models revealed reduced numbers of B and T lymphocytes as well as
thymic and splenic atrophy (146, 147). Further analysis of the bone marrow of ablm1/m1
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mice revealed a reduction in early B cells, including pro-B, pre-B and immature B cells,
however, mature peripheral B cell numbers were nearly normal, suggesting this defect
in development may be overcome at later stages. Similarly, T lymphocytes in ablm1/m1
mice are reduced to nearly one-third of wild type littermates, but mature circulating T
cell numbers were nearly normal (147). Conditional deletion of Abl in T cells revealed a
cell autonomous defect in T cell development, activation, and signaling (124, 171).
Furthermore, Abl kinases have a cell autonomous role in B cell differentiation and
activation in response to lipopolysaccharide (LPS) (122, 172-174).
Additional evidence supporting a role for Abl in immune responses comes from
studies of patients treated with Abl TKIs. Case reports of CML patients treated with
long-term imatinib therapy reveal a small population that experienced reactivation of
hepatitis B viral infections (175-180) and Varicella-zoster infections (181). Additionally,
there have been reports of immunosuppression, herpes virus and cytomegalovirus
reactivations, and parvovirus infections in CML patients treated with the second
generation Abl TKI dasatinib (182, 183). Further, a number of studies have shown that
CML patients with rheumatoid arthritis treated with imatinib experienced amelioration
of arthritis symptoms (184-188). Imatinib and the related mastinib also have activity in
Crohn’s disease, asthma, and histiocytoses (189-191). That Abl TKIs are associated with
viral reactivations and with amelioration of immune disorders suggests that the Abl
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kinases may be a relevant target for immunotherapies. Animal models for a variety of
autoimmune and/or inflammatory disorders also support an important role for Abl in
immune regulation (Table 1.1), however, the cellular targets of imatinib in these
conditions remain unclear.
While it is evident from gene knockout and inhibitor studies that Abl kinases are
important for immune function in mice and humans, a specific role for Abl kinases in
the innate immune system has not been well established. It is known that the Abl
kinases are expressed in human cells of the myeloid lineage (141). In human
promyelocytic leukemia cells, Arg levels increase 2-3 fold upon differentiation into
macrophages and granulocytes (192). Moreover, imatinib treatment impairs the
differentiation of myeloid progenitors into macrophages and dendritic cells (193, 194).
Subsequent studies have revealed that imatinib or dasatinib treatment also attenuate
pro-inflammatory functions of monocytes and neutrophils including production of ROS
and TNF-α (195-198). Furthermore, recent reports have demonstrated that Abl kinase
activity is required for neutrophil adhesion and spreading induced by β2 integrin
ligation (199), and that Abl kinases mediate monocyte and neutrophil migration and
invasion (160, 161). Because imatinib and dasatinib inhibit other kinases, including the
CSF-1R (200), which is required for monocyte differentiation and function, attribution of
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Table 1.1 Effects of Abl TKIs on Inflammatory Conditions in Mice
Condition

Results

Ref.

Arthritis

Imatinib and nilotinib suppressed arthritic symptoms and

(201,

inflammatory and T cell-mediated cytokine production in

202)

the glucose-6-phosphate isomerase model of murine
arthritis.
Imatinib suppressed arthritic symptoms and TNF-α
production in mononuclear cells in the collagen-induced
model of rheumatoid arthritis.
Asthma

Imatinib reduced airway hyperreactivity in cockroach

(203,

allergen asthma model, inflammatory cytokine

204)

production, and chemokine levels.
Imatinib reduced airway inflammation and remodeling in
ovalbumin-induced asthma model.
Diabetes

Imatinib prevented the development of atherosclerotic

(205,

lesions and reduced inflammatory infiltrate into the aorta

206)

of diabetic apolipoprotein E (apoE) knockout mice.
Imatinib also prevented renal dysfunction and reduced
macrophage recruitment to the kidneys in the apoE
knockout model.
Lupus

Imatinib protected against renal damage in the MRL/lpr

(207,

and the (NZB/W)F1 mouse models of lupus nephritis.

208)

Both models showed reduced inflammatory cell infiltrate
with imatinib treatment.
Skeletal Muscular

Imatinib attenuated necrosis, inflammation, and fibrosis

dystrophy

in the mdx model of Duchenne-Meryon Muscular

(209)

Dystrophy. TNF-α and IL-1β production were reduced.

Abl TKI phenotypes to an Abl-mediated mechanism of action cannot be assumed, and
requires further study.
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1.2.4.4 Involvement of Abl kinases in Cancer
Oncogenic activation of the Abl kinases was first identified in Ph+ human
leukemias as a consequence of the t(9;22)(q34;q11) chromosomal translocation that
generates BCR-ABL1 fusion proteins (210). Similarly, oncogenic fusions of Arg with the
TEL transcription factor are found in cases of AML (211). The BCR-ABL1 and TEL-ARG
oncoproteins are constitutively active because of an oligomerization domain present in
the BCR or TEL part of the fusion that mediates activation of the kinase domain (212214). The oncogenic Abl or Arg fusion proteins activate downstream pathways
including Ras, NF-κB, PI3K-Akt, Jun, β-catenin, and STAT3 signaling pathways that
drive transformation in these cells (reviewed in (215)).
While the function of Abl in leukemia has been well characterized, recent data
also support a role for the cellular forms of Abl and Arg kinase in solid tumors that
harbor enhanced expression and/or activation of these kinases. The Abl kinases have not
been identified in chromosomal translocation events associated with solid tumors, and
there have only been a small number of reports of Abl and Arg mutations in solid
tumors (216-219). However, changes in gene copy number, mRNA levels, protein
expression, and activity of the Abl kinases have been reported in some solid tumors. For
example, Arg expression is elevated in advanced colorectal, pancreatic, renal and gastric
tumors (220-223). Increased copy number of Arg has been found in invasive breast
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carcinoma, non-small cell lung cancer (NSCLC), gastric carcinoma, and renal medullary
carcinoma ((224, 225); cbioportal.org). Moreover, increased Abl kinase activity has been
reported in several types of solid tumors. An early report indicated that EGF stimulation
resulted in rapid activation of Abl kinases in an EGFR-overexpressing epidermal
carcinoma cell line (98). Subsequent studies demonstrated that Abl kinases are tyrosine
phosphorylated and activated in breast, lung, colorectal, gastric, and prostate cancer
cells and in melanoma (83, 106, 162, 226-231). The specific signals promoting Abl
phosphorylation and activation in these different contexts are not known.

1.3 Objectives
The work in this thesis was originally designed to better understand the function
of the Abl kinases in macrophages. Given the genetic and pharmacological data that
supported a role for Abl in immune function, few studies specifically addressed the
signaling role of Abl in macrophages. The beneficial effects of imatinib in arthritis and
the successful use of imatinib and nilotinib in preclinical models of autoimmunity and
inflammation support the hypothesis that Abl kinases may regulate innate immune
function. Chapter 3 of this thesis addresses this hypothesis using a myeloid-specific Abl
knockout model as well as molecular genetic and pharmacological approaches. The role
for Abl in macrophage phagocytosis and inflammatory responses is specifically
examined.
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The recent findings that macrophages play a role in solid tumor development
have opened up new possibilities for drug development for cancer treatment. Because
Abl kinases regulate F-actin dependent processes in many cell types and because
macrophages require plasticity in their shape and movement in order to coordinate their
functions, Chapter 4 builds on the hypothesis that targeting Abl kinases may represent a
therapeutic strategy to target macrophages in cancer. Spontaneous and allograft tumor
models are used in combination with Abl knockout and pharmacological agents to
address this question.
Interestingly, in pursuing our objective in Chapter 4, we unexpectedly found that
pharmacologically targeting Abl in a subcutaneous lung tumor model reduced the
tumor growth rate. In Chapter 5, the expression, activity, and consequences of Abl
inhibition are examined in NSCLC models, with a focus on both tumor-intrinsic and
microenvironmental consequences of inhibiting Abl kinases.
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2. Materials & Methods
2.1 Reagents & Drugs
Sheep red blood cells (sRBCs) and opsonizing antibodies were purchased from
MP Biomedicals. Zymosan and zymosan opsonization reagents were purchased from
Invitrogen. Thioglycollate was purchased from Sigma. Pimonidazole was purchased
from Hypoxyprobe. Imatinib mesylate (STI571, Gleevec) was a kind gift from Novartis
and purchased from LGM Pharmaceuticals. GNF-2 and SU6656 were purchased from
Sigma. Piceatannol was purchased from Millipore. GNF-5 was synthesized by the Duke
Small Molecule Chemical Synthesis Facility. SN30000 was a gift from Dr. Mark Dewhirst
(Duke University), courtesy of Auckland Cancer Society Research Centre.

2.2 Mice
All studies involving animals were approved by the Institutional Animal Care
and Use Committee at Duke University. Animals were housed under pathogen-free
conditions at the Duke University Cancer Center Isolation Facility in a temperature
controlled room with a daily 12 hour light/12 hour dark cycle and free access to water
and chow (Laboratory Rodent Diet #5001). ablflox mice were generated, as previously
described (50) and were crossed into the arg–/– background to generate ablflox/flox ; arg–/–
mice. These mice were subsequently crossed with the LysMCre transgenic mice (Jackson
Labs) to generate conditional loss of Abl kinases in the myeloid cell lineage. Mice were
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backcrossed to C57BL/6 background for at least four generations. For experiments in
Chapter 4, the arg+/– ; ablflox/flox/LysMCre+/- were crossed to MMTV-PyMT+/- transgenic mice
on the C57BL/6 background (a kind gift from Dr. Zena Werb, UCSF) to generate MMTVPyMT+/-; arg+/– ; ablflox/+/LysMCre+/- mice, which were then bred to arg+/-; ablflox/flox /LysMCre-/mice to generate MMTV-PyMT+/-; arg+/-; ablflox/flox/LysM-Cre+/- females. Genotypes were
confirmed by PCR. Genotyping primers are included in Table 2.1.
Table 2.1 Genotyping Primers
Gene
ablflox
arg

Cre
Pymt

Primer
For
Rev
WT
Common
Mutant
For
Rev
For
Rev

GGCATAGATAGTGCTAAACCCTACCCAGC
TCTTCCAGAGACTCCCAGTTCTAATCCCA
CTGCAGTGCAACCCACGTGTGGGGA
AAGGGCATCTCTAATTGTAAGGAGGAAGG
AATTGACCTGCAGGGGCCCTCGACG
ACCAGGTTCGTTCACTCATGG
AGGCTAAGTGCCTTCTCTACAC
GGAAGCAAGTACTTCACAAGGG
GGAAAGTCACTAGGAGCAGGG

2.3.1 Thioglycollate-Induced Peritonitis
Where indicated, isolation of macrophages was performed following
intraperitoneal (i.p.) injection of 1 mL 3% thioglycollate solution (Sigma). After 72 hours,
mice were sacrificed and the peritoneal cavity was lavaged with 5-10 mL sterile HBSS
(Invitrogen) to collect cells.
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2.3.2 Tumor Allograft Implantation & Measurement
Mice were anesthetized via intraperitoneal (i.p.) injection with ketamine (100
mg/kg) and xylazine (10 mg/kg). Tumor cells (~ 1 x 106) were injected subcutaneously
into the left flank with a 27G needle. Ten to eleven days post-implantation tumors were
palpable. Tumors were measured with calipers and the tumor volume was calculated as:
V = 0.5 x (Width)2 x Length, where length is the greatest longitudinal diameter
and width is greatest transverse diameter.

2.3.3 In vivo Drug Treatment
Imatinib, GNF-5, and vehicle were prepared in a 10% DMSO, 90% peanut oil or
sunflower oil (Sigma) preparation. Drugs were first dissolved in DMSO to 100-200
mg/mL. After vortexing to dissolve, drug solutions were diluted 1:10 with the peanut or
sunflower oil. SN30000 was dissolved in sterile phosphate buffered saline. Drugs were
mixed well before injecting 0.1 mL into mice (average weight ~ 20 g) via i.p. injection.
Imatinib was dosed at 80-100 mg/kg; GNF-5 100 mg/kg; and SN30000 50 mg/kg as
indicated. Tumors were measured daily or every other day until sacrifice. In some
experiments, mice were injected i.p. with pimonidazole (60 mg/kg) 3 h prior to sacrifice.

2.3 Bone Marrow-Derived Macrophages
Primary macrophages were derived from the bone marrow or isolated from the
peritoneum. In all experiments using primary cells, AblMKO, Arg null macrophages refer
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to cells derived from arg -/-; ablflox/flox/LysMCre+ mice and control macrophages refer to
cells derived from littermates or sex and age-matched arg +/+; ablflox/flox/LysMCre- or
arg +/-; ablflox/flox/LysMCre- mice. Bone marrow-derived macrophages (BMDMs) were
prepared by flushing the bone marrow from the femurs and tibias of mice with a 25G
needle. Bone marrow cells were then collected; centrifuged, resuspended in growth
media, and plated. Resident peritoneal macrophages and macrophages elicited by
thioglycollate challenge (PEM) were prepared by lavaging the peritoneum of mice with
5 mL of HBSS. Both peritoneal macrophages and BMDM were cultured in 20% L-cell
conditioned media that also contained 10% heat-inactivated fetal bovine serum (FBS,
Invitrogen) and 1% Pen/Strep in α-MEM (Invitrogen). BMDM cultures were used after
culturing in media for 5-7 days. Peritoneal macrophage cultures were used within 1-3
days after isolation.

2.4 Mammalian Cell Culture
All cell lines were obtained from American Type Culture Collection (ATCC) and
cultured in media from Invitrogen. L-cell conditioned media was prepared by
harvesting and filtering the supernatant of confluent L929 cells grown for 5-7 days in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS. RAW264.7
murine macrophages, J774A.1 murine macrophages, Lewis lung carcinoma (LLC) cells,
and HEK293T cells were cultured in 10% FBS DMEM. NIH3T3 and NIH3T3-SrcY527F
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transformed fibroblasts were cultured in 10% bovine calf serum (Thermo Scientific
Hyclone) in DMEM. The H1703, H1975, H1650, H1993, H1838, H2170, H520 NSCLC cell
lines were grown in 10% FBS in RPMI-1640 supplemented with sodium pyruvate and
HEPES.

2.5 Plasmids
PK1-vector, PK1-ArgKR, MigR1-vector, MigR1-AblPP, MigR1-AblKR, pcDNAvector, pcDNA-myc-Syk, PX1-Arg-YFP, and pFc-EmGFPW constructs were described
previously (70, 113, 123). MigR1-myr-FLAG-Syk was generated by subcloning the myrFLAG-Syk cDNA from the pWZL vector (Addgene) into the XhoI and EcoRI sites of the
MigR1 vector.

2.6 Retroviral Transduction & Transfection
Retroviruses were prepared by co-transfecting HEK293T cells with PX1, PK1, or
MigR1 constructs along with CMV-VSVG and gag/pol packaging constructs using
calcium phosphate-mediated transfection. After 48 h, cell retroviral supernatants were
collected, filtered, and used to transduce RAW264.7 cells. RAW264.7 cells were
incubated with the retroviral medium in presence of polybrene (8 μg/mL, Sigma) for 4872 h. Cells were then sorted for GFP+ expression (for MigR1 or PX1 constructs) or
cultured a minimum of 3 days in puromycin (2 μg/mL for PK1 constructs, Sigma) and
used accordingly.
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For Abl/Arg knockdown experiments, constructs encoding human-specific Abl
miRNA (GGTGTATGAGCTGCTAGAGAA) and Arg miRNA
(CCTTATCTCACCCACTCTGAA) were cloned in tandem into the pFc-EmGFPW vector
(Invitrogen) and transfected into HEK293T cells along with pCMV-VSVG, pRSV-Rev
and pMDL plasmids. Lentiviral supernatants were collected, filtered, and added to
H1703 cells with 8 μg/ml polybrene. Cells were then sorted by flow cytometry to collect
GFP+ populations.
RAW264.7 cells were transiently transfected with MigR1-myr-FLAG-Syk using
Fugene 6 (Roche) according to the manufacturer’s instructions.

2.7 RNA Isolation, qRT-PCR, and qRT-PCR Array
Total RNA was isolated from BMDM, peritoneal macrophages, human lung
cancer cell lines or mouse tumors and lungs using the RNeasy kit (Qiagen) or the illustra
RNAspin Mini Isolation Kit (GE Healthcare) according to the manufacturers’
instructions. For isolation of RNA from tissues, tissues were first stabilized in RNALater
(Qiagen) and then homogenized by disruption with 25G needle followed by running
through a QIAShredder column (Qiagen). 0.1-1 μg total RNA was used for cDNA
synthesis using Oligo(dT)12-18 primer and M-MLV reverse transcriptase (Invitrogen). Real
time PCR reactions were performed using the iQ Sybr Green Supermix (Bio-Rad) and
the primers indicated in Table 2.2. The PCR reaction was performed using either the Bio40

Rad iCycler Realtime PCR System or with the Bio-Rad CFX384 real-time machine and
CFX Manager software. PCR reactions were performed in triplicate. Expression levels of
each gene were normalized to the expression of the mouse beta2 microglobulin (mB2m),
mouse GAPDH, or human 36B4.
For the qRT-PCR Array experiment, 1 μg RNA was used for cDNA sysnthesis
using the RT2 First Strand cDNA kit (SABiosciences). Gene expression was evaluated
using the RT² Profiler PCR Array Mouse Cell Motility (PAMM-128, Qiagen) according to
the manufacturer’s instructions.
Table 2.2 Real Time PCR Primers
Gene
hAbl
hArg
h36B4
mAbl
mTNF-α
mB2m
mGAPDH
Pymt

Primer
For
Rev
For
Rev
For
Rev
For
Rev
For
Rev
For
Rev
For
Rev
For
Rev

GGCTGTGAGTACCTTGCTGC
GGCGCTCATCTTCATTCAGGC
AGTTTAGCACCAGGGTTCATCAG
CTTCCTATCCCTGGTGAAGCAT
GGACATGTTGCTGGCCAATAA
GGGCCCGAGACCAGTGTT
GCCCTGGCCAGAGATCCATC
TCCCTCAGGTAGTCCAGCAGG
CCCTCACACTCAGATCATCTTC
GCTACGACGTGGGCTACAG
ACCGGCCTGTATGCTATCCAGAAA
GGTGAATTCAGTGTGAGCCAGGAT
GGTGAAGGTCGGTGTGAACG
CTCGCTCCTGGAAGATGGTG
GGAAGCAAGTACTTCACAAGGG
GGAAAGTCACTAGGAGCAGGG
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2.8 Phagocytosis Assay
sRBCs (10%) solution were pelleted and washed 3 times with PBS. sRBCs were
opsonized with rabbit anti-sheep RBC antibodies diluted 1:50 (MP Biomedicals) and
incubated at 37°C with shaking for 1 h. Opsonized sRBCs were then washed three times
and resuspended in PBS. Cells were counted and diluted so that the sRBC:macrophage
ratio was between 50:1 to 100:1. For drug studies, macrophages were preincubated 2 h
with imatinib (10 μM), GNF-2 (20 μM) or vehicle (0.1% DMSO, Sigma) before initiating
phagocytosis and were maintained in drug containing media during the assay.
Macrophages were chilled on ice before addition of the opsonized sRBC; sRBCs were
then added and plates containing macrophages and sRBCs were spun down for 1
minute (1000 rpm). The plates were incubated on ice for 10 minutes, media was then
aspirated and warm media was added to initiate phagocytosis. Plates were incubated at
37°C for the indicated times. Reactions were stopped by placing the plates on ice, and
washing away uningested particles with ice-cold PBS three times, followed by hypotonic
lysis of any remaining uningested RBCs with water for 1 minute. Cells were washed an
additional three times with PBS followed by fixation in methanol. RBCs were visualized
by light microscopy. The phagocytic index was calculated by selecting 5-10 microscope
fields (×400) and scoring each field for the both total number of macrophages and total
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number of ingested targets. A minimum of 100 macrophages were scored per coverslip.
The phagocytic index indicates the number of particles ingested by one-hundred cells.

2.9 FcγR Stimulation
Cells were serum starved for a total of 4 h before cross-linking. In studies using
pharmacological inhibitors, drugs (imatinib, 10 μM; GNF-2, 20 μM; SU6656, 2.5 μM; or
piceatannol, 25 μM) were added 2 h prior to cross-linking in serum free media. After 4 h
serum starvation, cells were incubated 20-30 minutes with 10 μg/mL 2.4G2 antibodies
(anti-FcγRII and FcγRIII, BD Biosciences) at 4°C. Secondary cross-linking mouse anti-rat
IgG (30 μg/mL; Jackson ImmunoResearch Laboratories) was then added in warmed
media at 37°C for indicated times before plates were set on ice, washed in cold PBS, and
lysed in RIPA buffer (50 mM Tris, 1% sodium deoxycholate, 150 mM sodium chloride,
1% NP-40, 0.1% SDS) with protease inhibitors (1 mM PMSF, 10 μg/mL leupeptin, 1
μg/mL aprotinin) and phosphatase inhibitors (10 mM β-glycerophosphate, 1 mM
sodium fluoride, 0.1 mM sodium orthovanadate).

2.10 Immunofluorescence
For experiments evaluating the formation of phagocytic cups, macrophages were
treated with sRBCs as described above, followed by fixation with 4% paraformaldehyde
(Sigma) in PBS, permeabilization with PBS containing 0.2% Triton X-100, and blocking
with 3% (w/v) BSA for 1 h. Cells were stained with either Alexa Fluor 568- or 48843

conjugated phalloidin (Invitrogen) diluted 1:500 in 3% BSA (w/v) PBS for 1 h. IgGopsonized sRBCs were stained with Alexa Fluor 568-conjugated goat anti-rabbit
secondary antibody (Invitrogen) at 1:500 in 3% BSA (w/v) PBS for 1 h. Hoechst 33342
(Molecular Probes) was used to stain nuclei. The same fixation and staining procedures
were used for macrophages treated with zymosan. In all experiments using zymosan,
the zymosan was opsonized with zymosan opsonization reagent from Invitrogen.
Phase-contrast and epifluorescence images were acquired using the Zeiss Axio Imager
(Carl Zeiss MicroImaging). Confocal images were obtained using the Leica SP5 confocal
scanning microscope and analyzed using LAS AF (Leica).

2.11 Immunohistochemistry
Tumors were fresh frozen in Tissue-Tek O.C.T. compound (Sakura Finetek) and
cut into 10μm sections on a cyrostat. Sections were fixed in ice-cold acetone for 10
minutes and rehydrated in PBS before blocking with 5% normal goat serum (Jackson
Immunoresearch) for one hour at room temperature. Sections were incubated with
primary antibodies against Ki67 (1:50 dilution, clone Tec-3, DakoCytomation), CD31
(1:100 dilution, eBioscience), or cleaved caspase-3 (1:300, Cell Signaling) overnight at
4°C. Pimonidazole adducts were detected with FITC-conjugated IgG1 mouse
monoclonal antibody (clone 4.3.11.3, Hypoxyprobe) diluted 1:100 in blocking buffer.
Sections were washed twice in PBS followed by incubation with secondary antibodies
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(AlexaFluor goat anti-rati IgG diluted 1:250 in blocking buffer) for one hour at room
temperature in the dark. Sections were washed twice again in PBS and counterstained
with Hoechst 33342 (1:10,000) for five minutes. Sections were washed twice in PBS
before mounting on coverslips.

2.12 Immunoprecipitation & in vitro kinase assay
To immunoprecipitate Syk, HEK293T cells transiently overexpressing Syk kinase
were lysed on ice for 30 minutes followed by centrifugation at 17,000 g for 10 minutes to
remove insoluble material. 0.2 mg lysate was incubated with 0.4 μg anti-Syk antibody
(Santa Cruz Biotechnology) overnight with end-over-end rotation at 4°C. To
immunoprecipitate Abl, lung cancer specimens were lysed in RIPA buffer (50 mM Tris,
1% sodium deoxycholate, 150 mM sodium chloride, 1% NP-40, 0.1% SDS) and
homogenized using a motorized tissue homogenizer (Omni, Inc.). 1 mg of lysate was
incubated overnight with end-over-end rotation at 4°C with 1 μg of anti-Abl (K12
antibody, Santa Cruz Biotechnology). Protein G-sepharose beads (30 μL slurry, GE
Healthcare) were added to the antibody-lysate mixture for 2 h with end-over-end
rotation at 4°C. Beads were then pelleted by centrifugation and washed as described
(78). Syk-immunoprecipitates were incubated with purified full-length or C-terminal
fragment Arg kinase (0.5 μg) (gift of Dr. Tony Koleske, Yale University) in the presence
or absence of 1 μM ATP for 30 minutes at room temperature. Abl immunoprecipitates
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were incubated with 0.3 μg purified GST-CRK (gift of Dr. Tony Koleske, Yale
University) in the presence of ATP. Sample buffer was added to stop the reaction.
Samples were then boiled and run on SDS-PAGE.

2.13 Immunoblotting
Cells lysates were prepared and protein concentrations were quantified using Dc
Protein Assay (Bio-Rad). Cell lysate was diluted in Laemmli sample buffer and proteins
were separated on 8 to 15% SDS-polyacrylamide gels under reducing conditions. After
transfer of proteins to nitrocellulose membranes, membranes were incubated with
unlabeled primary antibodies overnight: anti-Abl (clone 8E9, BD Biosciences) at 1:500,
anti-Arg (clone 9H5, Santa Cruz Biotechnology) at 1:500, anti-phosphoCRKL Y207 (Cell
Signaling) at 1:1000, anti-CRKL (Santa Cruz Biotechnology) at 1:10,000, anti-Syk (Santa
Cruz Biotechnology) at 1:10,000, anti-phosphoSyk Y352 (Cell Signaling) at 1:1000, antiphosphoSyk YY525/6 (Cell Signaling) at 1:1000, anti-myc (clone 9E10, Sigma) at 1:1000,
anti-phosphoFAK YY576/7 (Cell Signaling) at 1:1000, anti-FAK (Santa Cruz
Biotechnology) at 1:1000, anti-phosphoSrc Y416 (Cell Signaling) at 1:1000, anti-Src (Santa
Cruz Biotechnology) at 1:1000, and anti-pTyr (clone 4G10, Millipore) at 1:1000 in
blocking buffer (5% milk or 5% BSA in TBST (20 mM Tris, 136 mM NaCl, 0.1% Tween
20)). Membranes were washed with TBST several times before incubation with HRPconjugated secondary antibodies (Jackson ImmunoResearch Laboratories) at 1:10,000 for
46

1 h. Membranes were washed with TBST and developed with chemiluminescence
reagent (GE Healthcare).

2.14 Nitrite Measurement
Nitrite levels were measured using the Griess reaction (232). Macrophages were
plated on 12- or 6-well plates and activated with LPS as described in figure legends. Cell
culture supernatants were isolated after overnight or 24-hour culture, centrifuged to
remove cellular debris, and 100 μl solution was added to Griess reagent (100 μL; 0.5%
sulfanilamide, 0.05% napthylethylenediamine-HCl in 1.25% H3PO4) was added to each
well in a 96-well plate. The Abs550 was measured on a microplate reader. Nitrite
concentration was determined using a standard curve prepared with NaNO2. All tests
were done in triplicate.

2.15 TNF-α ELISA
TNF-α levels in cell culture supernatants were measured using Mouse TNF-α
DuoSet ELISA kit (R&D Systems) according to the manufacturer’s instructions.

2.16 Tumor Digestion & Flow cytometry
Tumor samples were minced with a razor into ~ 1 mm pieces and then digested
in 1 mg/mL collagenase A (Roche) in DMEM/F12 in 14 mL round bottom tubes (BD
Falcon) under constant agitation at 37°C. After 2 hours, digested tumor cells were
filtered (70 μm), pelleted, and resuspended in RBC lysis buffer (Sigma). Cells were
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washed in PBS and pelleted. Tumor cells or macrophages in single-cell suspensions were
washed in FACS buffer (PBS containing 2% heat-inactivated FBS, 0.05% sodium azide).
For surface staining, ∼1 x 106 cells were first incubated 5 minutes with rat anti-mouse

CD16/CD32 (mouse Fc Block) (BD Pharmingen) followed by staining with FITC-CD11b,
PE-F4/80, PE-Gr1 or isotype controls (eBioscience) on ice for 30 minutes. For staining of
FcγRs, PE-CD16/CD32 (eBioscience) was used. Cells were washed twice, collected on a
FACScan flow cytometer, and analyzed using FlowJo (Tree Star Inc.).

2.17 Transwell Migration & Invasion Assays
Migration and invasion were evaluated by plating macrophages in the upper
chamber of an 8.0 μm pore-size polycarbonate-membrane (Corning) or on an 8.0 μm
pore-size matrigel-coated membrane (BD Biosciences) in serum-free medium. Cells were
allowed to migrate or invade for up to 48 h towards serum-free media containing 100
ng/mL CSF-1 (R&D Systems) in the presence or absence of Abl inhibitors as indicated.
Cells on the undersurface of the membrane were fixed, stained with DiffQuik (Dade
Behring), and quantified under the 20× objective. Each experiment analyzed cells in at
least four different fields performed in triplicates.

2.18 2D Matrix Degradation Assay
Glass coverslips were coated with 20 μg/ml OregonGreen-conjugated gelatin
(Molecular Probes) suspended in 2% sucrose for 1 h. The gelatin solution was removed
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and coverslips were incubated with 0.5% glutaraldehyde in PBS for 15 min. Plates were
washed several times and then quenched with 5 mg/ml of sodium borohydride for 3 min
followed by several washes with PBS. NIH3T3 cells expressing active Abl or control cells
were plated on gelatin for a period of 3 h. Cells were then fixed and stained according to
procedures outlined in the section describing immunofluorescence. Cortactin was
detected with the monoclonal antibody (4F11) from Millipore.

2.19 Cell Viability & Proliferation Assays
Cell viability was assessed using the Cell Titer96 AQueous One Solution Cell
Proliferation Assay (Promega) according to manufacturers’ instructions. Viability was
also assessed by staining cells with propidium iodide (BD Pharmingen) and counting
viable cells (propidium iodide negative) by flow cytometry. To measure cell
proliferation, [3H]Thymidine (PerkinElmer Life & Analytical Sciences) (1 μCi/well) was
added to cells plated in 96-well plates for 18-24 h, after which plates were frozen at 80°C. Cells were thawed and the well content transferred to a glass fiber filter
(filtermatA, Perkin Elmer Life & Analytical Sciences) by a cell harvester. MeltiLex (melton scintillator sheets) (Perkin Elmer Life & Analytical Sciences) were used to detect
radioactivity, which was measured using the 1450 MicroBeta Liquid Scintillation
Counter (Perkin Elmer Life & Analytical Sciences).
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2.20 Statistical Analysis
Values correspond to the mean + SEM. Comparisons of a single treatment to
control were evaluated by Student’s t-test. In experiments with multiple groups,
differences were evaluated by one-way ANOVA followed by Tukey’s multiple
comparison test. Differences in phagocytosis between genotypes or drug treatments as
function of time, or in the presence or absence of Syk overexpression were evaluated
using two-way ANOVA followed by Bonferroni post hoc analysis using GraphPad
Prism software v.5 (GraphPad Software). Western blots were quantitated using ImageJ
analysis software (NIH). For all tests, p < 0.05 was considered statistically significant.
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3. Abl kinases regulate macrophage functions
Material from this Chapter was originally published in The Journal of Immunology
189:5382-5392, © 2012, The American Association of Immunologists, Inc.

3.1 Introduction
Phagocytosis is a highly conserved process whereby immune cells recognize and
bind to foreign particles, leading to remodeling of the plasma membrane, which allows
for the engulfment of large particles (> 0.5 μm) (17). This process requires rapid
polymerization of F-actin, which extends the plasma membrane, forming a cup around
the nascent phagosome that mediates particle engulfment (18). The formation of the
phagocytic cup requires signaling by tyrosine kinases, and the resolution of the cup
requires PI3K signaling (Figure 3.1).

Figure 3.1 Phagocytosis requires actin polymerization
Phagocytosis occurs via a series of coordinated steps. Recognition of the substrate is
mediated by phagocytic receptors (pictured in blue), which cluster upon ligand binding
and signal to tyrosine kinases. Tyrosine kinases promote activation of the F-actin
nucleation machinery, which in turn drives actin polymerization (shown in green) and
membrane extension to engulf the particle. Closure of the phagosome requires signaling
by PI3K (not pictured). Once internalized, the F-actin network is depolymerized and the
nascent phagosome traffics to lysosomes for degradation and elimination. Adapted from
(18).
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Among the signaling pathways involved in the regulation of phagocytosis is the
Fcγ receptor (FcγR)-mediated pathway (17, 233, 234). FcγRs recognize the Fc portion of
IgG, which is present in immune complexes and on antibody-coated cells. Myeloid cells
from both humans and mice express several different types of activating Fc receptors;
these include FcγRI (CD64), FcγRIIA (CD32A), FcγRIIC (CD32C), and FcγRIII (CD16) in
humans; and FcγRI (CD64), FcγRIII (CD16), and FcγRIV (CD16-2) in mice (235).
Activation of these receptors results in the production of inflammatory cytokines,
reactive oxygen species (ROS) and phagocytosis (236). FcγRs allow immune cells to
detect and destroy IgG-coated viruses, bacteria and parasites during infection and IgGcoated blood cells in autoimmune disorders (237-239). The engulfed pathogens are then
processed and corresponding antigens are presented on the cell surface to neighboring T
cells (239).
Signal transduction pathways induced by FcγR engagement share remarkable
conservation with signaling events that occur downstream of the T and B cell antigen
receptors (240, 241). Collectively, these receptors are members of the multichain immune
recognition receptor family which lack intrinsic kinase activity, but upon engagement
are tyrosine phosphorylated on immunoreceptor tyrosine-based activation motifs
(ITAMs) (233). For class I and class III FcγRs, these sequences are located on the
accessory γ chain, whereas for class II FcγRs, they are present on the cytoplasmic
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portion of the ligand binding chain. ITAMs are comprised of paired tyrosines and
leucines or isoleucines in the consensus sequence YxxL/I(x)7-12YxxL/I (233). Clustering of
Fcγ receptors stimulates membrane-associated Src family kinases to phosphorylate the
ITAM tyrosines of the FcγRs. In macrophages, these Src kinases include Hck, Fgr and
Lyn, which promote the recruitment of the spleen tyrosine kinase, Syk, to the
phosphorylated ITAM motifs (242, 243). The tandem SH2 domains of Syk bind to these
newly created docking sites, leading to phosphorylation and activation of the Syk kinase
(233). Syk is required for FcγR-mediated phagocytosis, as deletion or inhibition of Syk
blocks the phagocytosis of antibody-coated substrates (244-247). In contrast,
macrophages lacking the principal Src family kinases, Hck, Lyn, and Fgr, exhibit
reduced phagocytosis and impaired activation of Syk kinase; however, these cells are
not completely deficient in phagocytosis (243). This observation suggests that other
kinases may be able to compensate for the loss of Src kinases in signaling events
downstream of the FcγR. Here we posit that the Abl family of nonreceptor tyrosine
kinases may be one such candidate.

3.2 Results
3.2.1 Abl kinases are required for efficient phagocytosis
Tyrosine kinase signaling downstream of immune recognition receptors is
required for activation of T and B cells and phagocytosis in macrophages (240, 241).
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Previous studies have shown that Abl kinases are activated by BCR and TCR ligation
and are required for antigen-induced proliferation (122-124, 155, 171). We hypothesized
that Abl kinase activity might be required downstream of the FcγR in macrophages to
mediate phagocytosis. RAW264.7 murine macrophages were treated with the ATP
competitive inhibitor imatinib (248, 249) or with a specific allosteric inhibitor of the Abl
kinases, GNF-2, which has unique specificity for the C-terminal myristate binding cleft
in the kinase domain of Abl and Arg, and does not inhibit other kinases (137, 250).
RAW264.7 cells treated with either imatinib or GNF-2 were assayed for inhibition of Abl
family kinase activity by analyzing the phosphorylation of the adapter protein CRKL on
Y207, an Abl-specific site (124, 251) (Fig. 3.2A). CRKL phosphorylation on Y207 was
reduced by 50 + 8% when treated with imatinib and 40 + 9% with GNF-2. As shown in
Fig. 3.2B, treatment with either Abl kinase inhibitor markedly reduced phagocytosis of
IgG-opsonized sheep red blood cells (sRBCs). The inhibitory effects of imatinib and
GNF-2 on phagocytosis persisted over a 45 minute time course in both RAW264.7 cells
and primary bone marrow-derived macrophages (BMDM) (Fig. 3.2C, D). After 30-45
minutes, phagocytosis in macrophages treated with Abl kinase inhibitors was reduced
by over 60% compared to vehicle-treated cells (n = 4 experiments). RAW264.7
macrophages treated with IgG-opsonized zymosan in the presence of imatinib and
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GNF-2 also exhibited impaired phagocytosis (data not shown), similar to the
phagocytosis of sRBCs (Figure 3.2).

Figure 3.2 Pharmacological inhibition of Abl kinases impairs phagocytosis of sRBCs
(A) RAW264.7 macrophages treated with the Abl inhibitors imatinib (10 μM) or GNF-2
(20 μM) were evaluated for phosphorylation of the Abl substrate CRKL on Y207 by
Western blotting. Graph shows relative levels of phosphoCRKL (pCRKL), normalized to
total CRKL, from four experiments. *, p < 0.05 versus vehicle-treated control. (B)
RAW264.7 were pretreated with Abl kinase inhibitors as in (A) followed by treatment
with IgG-opsonized sheep red blood cells (sRBCs) for 30 minutes. Micrographs show the
presence of ingested sRBCs in the macrophages. Results are representative of at least
four independent experiments. Scale bar = 10 μm. (C and D) RAW264.7 macrophages
(C) or bone marrow derived-macrophages (BMDM) (D) were pretreated with drugs as
in (A) followed by incubation with sRBCs for the indicated times. The phagocytic index
was calculated as the number of ingested sRBCs in 100 macrophages. Data shown are
representative of two independent experiments. *, p < 0.05 versus vehicle-treated
control. Adapted with permission from (252).
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To further support a role for the Abl family kinases in FcγR-mediated
phagocytosis, RAW264.7 macrophages were transduced with retrovirus encoding an
inactive form of Arg kinase (ArgKR), which acts in a dominant negative manner to
inhibit Abl family kinase signaling (253). Macrophages expressing ArgKR phagocytosed
54 + 5% of the sRBCs compared to control macrophages (n=7 experiments, example
shown in Figure 3.3A), and also exhibited a 50% reduction in phosphorylation of CRKL
on Y207, indicating reduced Abl/Arg kinase activity (Figure 3.3B). Similarly,
phagocytosis of IgG-opsonized zymosan was decreased in macrophages expressing
ArgKR (data not shown).

3.2.2 Characterization of the Myeloid-Specific Abl Knockout
To test the requirement for Abl and Arg during FcγR-mediated phagocytosis,
myeloid-specific Abl knockout mice were generated. As global deletion of both Abl and
Arg is embryonic lethal (50), tissue-specific inactivation of Abl was employed. To this
end, ablflox mice (117) were crossed into the arg -/- background (50). The abl flox/flox mice
possess loxP sites flanking exon 5 of abl (schematic in Figure 3.4A). The ablflox/flox; arg -/mice were crossed to mice that express Cre recombinase under the control of the
lysozyme M promoter (254). Lysozyme M (LysM) is expressed in myeloid cells
including monocytes, macrophages, granulocytes, and a subset of dendritic cells (254).
The resulting arg -/-; ablflox/flox/LysMCre+ (from here on designated: AblMKO, Arg null) mice
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Figure 3.3 Expression of dominant negative Arg impairs phagocytosis of sRBCs
(A) RAW264.7 macrophages transduced with retrovirus encoding kinase inactive Arg
(ArgKR) were treated with IgG-opsonized sheep RBCs for 30 minutes and the
phagocytic index was calculated as in (C and D). Results are representative of seven
independent experiments. *, p < 0.05 compared to cells expressing empty vector. Scale
bar = 10 μm. (B) RAW264.7 macrophages transduced with kinase inactive Arg (PK1ArgKR) or PK1-vector were analyzed by Western blotting with indicated antibodies.
Relative levels of pCRKL, normalized to total CRKL, from three independent
experiments are shown. Adapted with permission from (252).

were viable, and demonstrated deletion of abl in both thioglycollate-elicited peritoneal
(PEM)- and bone marrow-derived macrophages (BMDM) (Figure 3.4B), which
corresponded with reduction in Abl protein and activity levels (Figure 3.4C). To test
whether Abl family kinases were required for macrophage differentiation, cells were
stained with the myeloid marker CD11b as well as the mature macrophage marker
F4/80. Culturing bone marrow cells from wild type and AblMKO, Arg null mice in CSF-1containing macrophage differentiation media resulted in similar numbers of
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Figure 3.4 Characterization of Myeloid-Specific Abl Knockout and Arg Null Mice
(A) Strategy for Cre recombinase-mediated deletion of abl in the myeloid compartment.
(B) RT-PCR of thioglycollate-elicited peritoneal macrophages (PEM) or bone marrowderived macrophages (BMDM) from control and AblMKO, Arg null mice. (C) BMDM from
control, AblMKO, Arg null, and AblMKO, Arg null mice were lysed, run on SDS-PAGE, and
blotted with indicated antibodies. (D) BMDM (top panel) or PEM (bottom panel) from
control and AblMKO, Arg null mice were stained with macrophage markers CD11b and
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F4/80 and analyzed by FACS. (E) Genotypes of offspring from arg+/-; ablflox/flox/LysMCre+/x arg+/-; ablflox/flox/LysMCre-/- cross. (F) Adult weights of male (n = 4 control, n = 5 AblMKO,
Arg null; p < 0.05) and female (n=6 control, n=4 AblMKO, Arg null; p < 0.05) mice age 4-10
months. (G) Ratio of spleen to total body weight in adult mice (n = 10 control, n = 9
AblMKO, Arg null; p < 0.05). Adapted in part with permission from (252).

CD11b+F4/80+ cells (Figure 3.4D, top panel). Furthermore, recruitment of CD11b+F4/80+
macrophages to the peritoneum in response to challenge with thioglycollate was not
affected by deletion of Abl and Arg (Figure 3.4D, bottom panel). Similarly, the
percentage CD11b+F4/80+ cells isolated from the bone marrow, blood, and spleen was
not affected by loss of Abl and Arg (data not shown). Taken together, these data suggest
that Abl and Arg are not required for macrophage differentiation in vitro or in vivo.
Although the AblMKO , Arg null mice were viable, homozygous loss of Arg
decreased the expected number of mice by 50% (Figure 3.4E). Both female and male
AblMKO , Arg null mice were smaller than their wild type or Arg heterozygous sibling
controls (females were 87 + 2% the size of controls; males were 86 + 2% the size of
controls), and this difference of in size persisted into adulthood (Figure 3.4F). While
bone marrow cellularity was not affected by loss of Abl/Arg in the myeloid lineage,
AblMKO, Arg null mice had a 30% increase in spleen-to-body weight ratio (Figure 3.4G).

3.2.3 Defective Phagocytosis in AblMKO, Arg null Macrophages
Bone marrow-derived macrophages from control and AblMKO, Arg null animals
were challenged with IgG-opsonized sRBCs. Similar to the results obtained with Abl
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kinase inhibitors, the AblMKO , Arg null macrophages phagocytosed fewer sRBCs
compared to controls (Figure 3.5A). Analysis of multiple control and AblMKO, Arg null
cells over a 60 minute time course revealed that AblMKO, Arg null macrophages achieved
a maximal reduction in the phagocytic index of 31 + 6% after 15-30 minutes incubation
with sRBCs (n = 13 experiments; + SEM). At later time points, the AblMKO, Arg null cells
were able to ingest similar numbers of particles as control cells (Figure 3.5B). This delay
in phagocytosis was also observed in AblMKO, Arg null macrophages isolated from the
peritoneum (Figure 3.5C). AblMKO, Arg null peritoneal macrophages exhibited a 41 + 14%
reduction in the phagocytic index compared to control macrophages after a 10-40 minute
incubation with sRBCs (n = 5 experiments; + SEM). The AblMKO, Arg null macrophages
also exhibited reduced phagocytosis of IgG-opsonized zymosan, particularly within the
first 15 minutes of stimulation with zymosan particles (mean of 40 + 9% reduction in
phagocytic index compared to controls, n = 11 experiments; + SEM) (data not shown).
The reduction in phagocytosis in AblMKO, Arg null macrophages was not due to reduced
surface expression of the FcγR, as these cells expressed equivalent surface levels of
CD16/CD32 as compared to control macrophages (Figure 3.5D).
To probe the requirement for either Abl or Arg in phagocytosis, single knockout
macrophages were analyzed. Deletion of either Abl or Arg kinase alone was insufficient
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Figure 3.5 Rate of Phagocytosis in AblMKO, Arg Null Mice
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(A) Control and AblMKO, Arg null BMDM were incubated with IgG-opsonized sRBCs
and then fixed and imaged at the indicated time points. Scale bar = 20 μm. (B and C)
BMDM (B) or resident peritoneal macrophages (C) derived from control and AblMKO,
Arg null mice were treated the IgG-opsonized sRBCs for the indicated times. The
phagocytic index was calculated as the number of internalized sRBCs in 100
macrophages. Results from two sets of control and AblMKO, Arg null mice are plotted for
both B & C. *, p < 0.05 versus control macrophages. (D) BMDM were stained with PElabeled anti-CD16/CD32 antibodies and analyzed by flow cytometry. Data are
representative of three independent experiments. Adapted with permission from (252).
to reduce phagocytosis of sRBCs, suggesting that these kinases function redundantly in
this context (Figure 3.6). This is in contrast to recently published study which found a
greater dependence on Arg for FcγR-mediated phagocytosis (255). The reasons for this
discrepancy are not clear.
Pharmacological inhibition of the Abl family kinases with imatinib and GNF-2
results in a more profound and persistent impairment in phagocytosis than that induced
by genetic ablation of Abl and Arg. This suggests that compensatory mechanisms may
be occurring in cells genetically deleted for Abl kinases. Moreover, imatinib has
inhibitory activity against CSF-1R, PDGFR, and c-Kit (248, 249); it is possible that other
imatinib-sensitive targets may contribute to phagocytosis. However, our finding that
both pharmacological inhibition and genetic ablation of Abl and Arg result in deficits in
phagocytosis suggests that these kinases are required for efficient phagocytosis.
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Figure 3.6 Single Abl or Arg knockout mice do not have defects in phagocytosis
(A) Control (n=3), AblMKO (ablflox/flox/LysMCre+) (n=4), Arg knockout (arg -/-) (n=3) were
treated with sRBCs for 30 min. Uninternalized RBCs were lysed and cells were fixed.
Internalized RBCs were counted by light microscopy. (B) Peritoneal macrophages of the
indicated genotypes were challenged with IgG-opsonized sRBCs for times as indicated.
Phagocytic index was calculated as number of ingested particles in 100 cells. The
maximal phagocytic index was normalized to 1 and the average of two experiments is
shown. Adapted with permission from (252).
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3.2.4 Abl kinases localize to and regulate phagocytic cup formation
Phagocytosis requires the formation of an actin rich phagocytic cup during
which contraction of the actin ring promotes membrane invagination and internalization
(256) (Figure 3.1). The finding that Abl kinases regulate the efficiency of phagocytosis
led us to examine whether Abl family kinases were present at the phagocytic cup.
RAW264.7 macrophages were transduced with YFP-tagged Arg kinase and stimulated
with IgG-opsonized zymosan for a short time period to capture phagocytic cup
formation. Indeed, intense regions of YFP+ fluorescence were found in the membrane of
cells undergoing phagocytosis, adjacent to the bound zymosan particles (Figure 3.7).
Further, staining for F-actin with phalloidin to mark active phagocytic cups revealed colocalization of Arg with F-actin (Figure 3.7, merge). In some cases, Arg kinase was
found in the membrane adjacent to zymosan particles that lacked phalloidin staining,
suggesting Arg may also localize to the nascent phagosome. In contrast, in cells that
were not bound to zymosan, ArgYFP was diffusely localized at the plasma membrane
and in the cytosol (Figure 3.7, right panel). The localization of ArgYFP with the F-actin
rich cup suggests that Arg may modulate actin dynamics during phagocytosis.
Tyrosine kinases have been implicated in regulating actin cytoskeletal
rearrangements during phagocytosis. Src family kinases, for instance, have a critical role
in promoting actin polymerization at the phagocytic cup following FcγR engagement
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Figure 3.7 Arg co-localizes with F-actin at the phagocytic cup
RAW264.7 macrophages transduced with retrovirus encoding YFP-tagged Arg were
treated with IgG-opsonized zymosan for 5 minutes, fixed and stained with phalloidin
(red) and Hoechst (blue). Samples of zymosan-bound and unbound macrophages were
imaged by confocal microscopy. Data are representative of two independent
experiments. Scale bars = 5 μm. Reprinted with permission from (252).

(243). In contrast, the spleen tyrosine kinase, Syk, is required for phagocytic cup closure
(245). To evaluate the role of Abl kinases during phagocytosis, RAW264.7 macrophages
were pretreated with Abl kinase inhibitors followed by stimulation with IgG-opsonized
sRBCs. Vehicle-treated cells exhibited robust phagocytic cup formation, but treatment
with imatinib or GNF-2 resulted in markedly decreased numbers of phagocytic cups per
cell; although no defects in cup closure as revealed by actin staining were observed
(Figure 3.8A, B). Likewise, AblMKO, Arg null BMDM exhibited a reduction in the number
of cups formed per cell compared to control cells, whereas the binding of the particles
was unaffected. AblMKO, Arg null cells averaged 70 + 11% of the number of cups/cell
compared to control macrophages (n=6 experiments, example shown in Figure 3.8C).
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Figure 3.8 Inhibition of Abl kinases reduces phagocytic cup formation
(A) RAW264.7 pretreated with either imatinib (10 μM) or GNF-2 (20 μM) were
incubated with rabbit-IgG opsonized sRBCs for 2 minutes. Cells were then fixed and
stained for F-actin (green) and Hoechst to mark nuclei (blue). IgG-opsonized RBCs were
stained with PE-conjugated anti-rabbit antibodies. Phagocytic cups were imaged by
confocal microscopy. Scale bar = 10 μm. (B) RAW264.7 cells treated with inhibitors were
stimulated with IgG-opsonized sRBCs for the indicated times and processed as in (A).
The number of phagocytic cups present in 100 randomly selected cells was counted.
Results are representative of three independent experiments. *, p < 0.05 versus vehicletreated cells. (C) BMDM from control and AblMKO, Arg null mice were stimulated with
IgG-opsonized sRBCs for 5 minutes and processed as in (A). The numbers of phagocytic
cups in control and AblMKO, Arg null cells were quantified as in (B). Results from two
sets of control and AblMKO, Arg null BMDM are quantified. Scale bar = 10 μm. Arrows
point to F-actin rich cups.
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The localization of Arg kinase at the phagocytic cup as well as the reduction in cup
formation upon Abl kinase inhibition suggested a role for Abl/Arg kinase activity in
signaling events during phagocytosis.

3.2.5 Abl kinases are activated by FcγR and required for proximal
FcγR signaling events
To evaluate whether Abl family kinases were involved in FcγR signaling,
RAW264.7 macrophages were assayed for Abl/Arg activation following FcγR
engagement. We found that CRKL became phosphorylated at the Abl-specific site upon
FcγR cross-linking, and this phosphorylation was reduced in the presence of the
pharmacological inhibitors imatinib and GNF-2 (Figure 3.9A).
In the canonical model of immunoreceptor activation, the clustering of receptors
leads to their tyrosine phosphorylation by Src family kinases. Previous studies have
shown that loss of Hck, Lyn, and Fgr, the Src kinases most predominantly expressed in
macrophages, results in reduced phagocytosis and impaired FcγR signaling (243, 245).
Activation of Abl family kinases downstream of antigen receptors depends in part on
Src kinases (123). To test if Abl functions downstream of Src kinases during
phagocytosis, RAW264.7 cells were pretreated with the Src kinase inhibitor SU6656
followed by FcγR cross-linking. FcγR-induced activation of Abl kinases was reduced in
the presence of the SU6656 as detected by CRKL phosphorylation (Figure 3.9B).
Conversely, inhibiting Abl kinases with imatinib or GNF-2 failed to suppress
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Figure 3.9 Abl kinases are activated by FcγR engagement downstream of Src kinases
(A) RAW264.7 cells were serum starved 4 h, then treated with either imatinib (10 μM) or
GNF-2 (20 μM) 2 h prior to FcγR cross-linking. After serum starvation, cells were
incubated with the anti-FcγR mAb 2.4G2 followed by anti-rat IgG cross-linking for the
indicated times. Graph shows quantitation of pCRKL levels, normalized to total CRKL, 5
minutes after FcγR cross-linking from five independent experiments. *, p < 0.05
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compared to FcγR stimulated control cells. (B) RAW264.7 cells were serum starved 4 h.
Two hours prior to FcγR cross-linking, cells were pretreated with Abl inhibitors as in (A)
or with the Src inhibitor SU6656 (5 μM). Cells were treated with the anti-FcγR mAb
2.4G2 followed by anti-rat IgG cross-linking for 5 minutes. Line denotes where
intervening lanes have been cropped out. Graph shows quantitation of pCRKL,
normalized to total CRKL, from four independent experiments. *, p < 0.05 compared to
FcγR stimulated control cells. (C) RAW264.7 cells pretreated with Abl or Src inhibitors
as in (B) were stimulated with FcγR cross-linking for 10 minutes. Graph shows
quantitation of phosphoFAK (pFAK), normalized to total FAK, from a representative
experiment; similar results were obtained in two independent experiments. (D)
RAW264.7 cells treated with either Abl or Src kinase inhibitors as indicated were
stimulated with opsonized sheep RBCs and phagocytic index was measured after 30
minutes. Scale bar = 20 μm. *, p < 0.05 with respect to vehicle and #, p < 0.05 with respect
to SU6656. Adapted with permission from (252).

Src activation as assessed by evaluating the phosphorylation of focal adhesion kinase
(FAK) on tyrosines 576 and 577, Src-specific phosphorylation sites (257) (Figure 3.9C).
Together the data suggest that Abl kinases function downstream of Src in this pathway.
Phenotypically, treatment of RAW264.7 cells with SU6656 results in marked reduction in
phagocytosis, similar to that observed with imatinib and GNF-2 (Figure 3.9D).
Furthermore, the combined inhibition of Src and Abl family kinases with SU6656 and
either imatinib or GNF-2 produced a greater reduction in phagocytosis than treatment
with each compound alone (Figure 3.9D). These results suggest that the activation of
Abl kinases in response to FcγR engagement is dependent in part on Src kinases.
Inhibition of both Src and Abl family kinases may reduce phosphorylation of both
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common and distinct targets of these kinases in this pathway resulting in a greater
reduction in phagocytosis.

3.2.6 Abl kinases regulate Syk kinase activation
A critical signaling event downstream of the FcγR is the activation of Syk kinase.
Both loss of Syk expression or inhibition of Syk kinase activity result in impaired
phagocytosis (245-247, 258). To test if Abl kinases regulate the activation and
phosphorylation of Syk kinase, RAW264.7 macrophages were treated with Abl
inhibitors or the Src inhibitor SU6656 and assayed for Syk phosphorylation after FcγR
cross-linking. In agreement with previous studies, inhibition of Src family kinases
reduced Syk phosphorylation on Y346 (which is recognized by an antibody to
phosphorylated human Syk Y352, the equivalent site on human Syk) and on Y519 and
Y520 (which are recognized by an antibody to phosphorylated human Syk YY525/6, the
equivalent sites on human Syk) (Figure 3.10A). Notably, treatment with the Abl family
kinase inhibitors also reduced Syk phosphorylation on these sites (Figure 3.10A).
Furthermore, AblMKO, Arg null macrophages also exhibited reduced phosphorylation of
Syk upon FcγR cross-linking (Figure 3.10B). Phosphorylation of Syk on Y346 is required
for both enzymatic activity as well as coupling to downstream effector molecules (259).
In addition to Y346 phosphorylation, deletion or inhibition of Abl kinases in
macrophages reduced phosphorylation of Syk on Y519 and Y520, which are Syk
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Figure 3.10 Abl kinases modulate Syk activation downstream of the FcγR
(A) RAW264.7 cells were serum starved 4 h, then treated with imatinib (10 μM), GNF-2
(20 μM), or SU6656 (2.5 μM), 2 h prior to FcγR cross-linking. For cross-linking, cells were
incubated with the anti-FcγR mAb 2.4G2 followed by anti-rat IgG crosslinking for 5
minutes. Graphs show quantitation of phospho-Syk (pSyk) Y346 and pSyk YY519/20,
normalized to total Syk, from three and four independent experiments, respectively. *, p
< 0.05 compared to FcγR stimulated control macrophages. (B) Control and AblMKO, Arg
null BMDM were serum starved 4 h, then cross-linked and processed as in (A). Graphs
show quantitation of pSyk Y346 and pSyk YY519/20 levels, normalized to total Syk, from
seven and three experiments, respectively. *, p < 0.05 compared to FcγR stimulated
control macrophages. (C) RAW264.7 cells were treated with drugs as in (A) or with
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piceatannol (25 μM) as indicated. After FcγR cross-linking, cells were assayed for
pCRKL levels by Western blotting. Graph shows quantitation of pCRKL levels,
normalized to total CRKL, from two independent experiments. NS = not significant.
Adapted with permission from (252).

autophosphorylation sites required for maximal enzymatic activity (Figure 3.10A,B)
(260). These findings suggest that Abl kinases can modulate Syk activation induced by
FcγR ligation. To test if Syk kinase signaling can affect Abl kinase activity, the FcγR was
cross-linked in RAW264.7 cells treated with the Syk inhibitor piceatannol. Piceatannol
failed to suppress Abl activation as measured by the phosphorylation of CRKL upon
FcγR cross-linking (Figure 3.10C). Thus, these findings suggest that in contrast to Src
kinases, Syk function is not required for FcγR-mediated activation of Abl kinases.
To further investigate the link between Abl kinases and Syk phosphorylation,
constitutively active or dominant negative forms of the Abl kinase were expressed in
HEK293T cells in the presence of Syk kinase. Expression of constitutively active Abl
(AblPP) increased Syk Y346 phosphorylation, whereas the phosphorylation was
unaffected in cells expressing kinase inactive form of Abl (AblKR) (Figure 3.11A).
Furthermore, purified full-length Arg protein promoted the phosphorylation of FLAGtagged Syk on Y346 in vitro (Figure 3.11B). Syk Y346 phosphorylation was not detected
in the absence of full-length Arg or in the presence of the C-terminal fragment of Arg,
which lacks the kinase domain (Figure 3.11). Full-length Arg was unable to promote the
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Figure 3.11 Abl kinases phosphorylate Syk in vitro
(A) HEK293T cells were transiently transfected with myc-tagged Syk and constitutively
active Abl (AblPP) or kinase-defective Abl (AblKR), and analyzed after 48 h for pSyk
Y346 levels. pSyk levels were normalized to total Syk and expressed as fold change over
vector. Graph shows quantitation from three independent experiments. *, p < 0.05
compared to cells expressing empty vector. (B) Syk was immunoprecipitated from
HEK293T cells transfected with MigR1-myr-FLAG-Syk, then incubated with purified
full length Arg kinase (FL) or a C-terminal Arg fragment (CT), in the presence or
absence of ATP. Phosphorylation of Syk at Y346 in the presence of full length Arg and
ATP is shown. pSyk levels were normalized to total Syk and the fold increase in pSyk
after incubation with purified Arg was quantitated from three independent experiments.
*, p < 0.05 versus no Arg or ArgCT. Adapted with permission from (252).
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phosphorylation of Syk on YY519/20 (data not shown), indicating that Y346 is the
primary target of Abl kinases. Thus, Abl family kinases promote Syk phosphorylation in
vitro and in cells.
It has been shown that the binding of Syk to phosphorylated ITAMs of the Fc
receptor subunits is sufficient to induce conformational changes in Syk that lead to Syk
autophosphorylation and activation (261). Syk activation is more efficient, however,
when also phosphorylated in trans by other kinases (262, 263). If Abl kinases regulate
phagocytosis by modulating Syk kinase activation, we hypothesized that overexpression
of a plasma membrane-targeted form of Syk may enhance phagocytosis even in the
absence of Abl kinase signaling by shifting the equilibrium towards a more active pool
of Syk kinase. To evaluate this possibility, we employed RAW264.7 macrophages
overexpressing a myristoylated form of Syk kinase in the absence and presence of the
Abl/Arg-selective inhibitor GNF-2 (Figure 3.12). Overexpression of this membraneassociated Syk kinase partially rescued the defective phagocytosis in macrophages
treated with GNF-2 (Figure 3.12). These data support a model whereby Abl kinases
become activated in response to FcγR ligation and modulate Syk kinase activity to
promote phagocytosis (Figure 3.13).
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Figure 3.12 Activated Syk rescues the deficiency in phagocytosis induced by loss of
Abl kinase signaling
(A) RAW264.7 cells transduced with MigR1-myr-FLAG-Syk were treated with GNF-2
followed by incubation with sRBCs for 30 minutes. Scale bar = 10 μm. (B) Phagocytic
index was calculated and the results presented as an average from three independent
experiments. *, p < 0.05 compared to vehicle-treated cells. (C) Expression of myr-FLAGSyk in RAW264.7 macrophages was confirmed by Western blotting. Adapted with
permission from (252).
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Figure 3.13 Model for regulation of phagocytosis by Abl family kinases
Upon FcγR ligation, Src family kinases (SFKs) activate Abl family kinases. Src and Abl
family kinases promote the phosphorylation of Syk, which drives particle
internalization. Abl kinases may also modulate the phosphorylation of other substrates
to promote actin organization at the phagocytic cup. Adapted with permission from
(252).

3.2.7 Abl kinases regulate LPS-induced inflammatory responses
To probe the requirement for Abl kinases in macrophage inflammatory
responses, the lipopolysaccharide (LPS) model of macrophage activation was employed.
LPS is a component of the outer membrane of gram-negative bacteria that stimulates the
Toll-like receptor 4 (TLR4) and results in the production of inflammatory cytokines,
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including TNF-α, and nitric oxide (264). Studies in B cells indicated that Abl kinase is
required for LPS-mediated differentiation of B cells (172). Further, use of Abl TKIs has
been associated with reduced inflammatory cytokine production in mouse models
(Table 1.1).
LPS-stimulation of macrophages lacking Abl kinases or treated with Abl
inhibitors showed reduced production of TNF-α at the mRNA and protein levels (Figure
3.14A,B). Furthermore, induction of inducible nitric oxide synthase (iNOS) protein
accumulation was delayed by treatment with Abl inhibitors and decreased in AblMKO,
Arg null macrophages (Figure 3.14C,D ). This decrease correlated with reduced nitric
oxide production (Figure 3.14E,F).

3.3 Discussion
Here we show that Abl family kinases regulate the efficiency of FcγR-mediated
phagocytosis, and uncover a novel functional link between Abl and Syk kinases
downstream of the FcγRs in macrophages. These findings suggest that Abl kinases may
regulate pathogen clearance through phagocytosis. Previous reports have shown a
requirement for Abl kinases in mediating the entry and dissemination of several
pathogens including Shigella flexneri, Chlamydia trachomatis, HIV, and polyomavirus (157,
265-269). While these reports and recent findings on the role for the Abl kinases in
Leishmania phagocytosis (255) support a role for Abl family kinases in pathogen uptake,
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Figure 3.14 Abl kinases regulate LPS-mediated TNF-α and Nitric Oxide Production
(A) RAW264.7 macrophages were treated with LPS for times indicated and secreted
TNF-α was measured by ELISA. (B) Bone marrow-derived macrophages were treated
with LPS (1 μg/mL) for times indicated and TNF-α mRNA was measured. (C and D)
RAW264.7 macrophages (C) or primary bone marrow-derived macrophages (D) were
treated with LPS in the presence or absence of GNF-5 and iNOS levels were measured
by Western blotting. (E and F) J774A.1 murine macrophages (E) or thioglycollate-elicited
peritoneal macrophages (F) were treated with LPS (1 μg/mL) for 24 hours and nitrites in
the cell culture supernatant were measured with Griess reagent.

the signaling pathways that are regulated by Abl kinases for efficient phagocytosis had
remained elusive. Syk kinase is an essential regulator of phagocytosis as loss of Syk
results in failure of macrophages to ingest pathogens (244, 245). In the classical
paradigm, clustering of FcγRs activates membrane-associated Src kinases, which
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phosphorylate cytoplasmic ITAMs on the γ adapter protein (270). Phosphorylated
ITAMs then serve as docking sites for the tandem SH2 domains of Syk kinase. Upon
binding the phosphorylated ITAMs, Syk undergoes conformational changes that lead to
its activation. Src kinases have been shown to phosphorylate several tyrosines on Syk
that potentiate its activity (262, 263). Our data show Abl kinases modulate the
phosphorylation of Y346 on Syk both in vitro and in cells. Phosphorylation of Syk on
Y346 disrupts Syk autoinhibitory intramolecular interactions between the interdomain B
sequences and the kinase domain of Syk; moreover, binding of SH2-containing proteins
to phosphorylated Y346 on Syk has been proposed to help stabilize the active
conformation of the kinase (259, 271). Reduced phosphorylation of Syk on Y346 upon
inhibition or loss of Abl family kinases may explain, in part, why phagocytosis in the
AblMKO, Arg null macrophages is impaired. Previous studies have shown that Abl family
kinases regulate the phosphorylation of the Syk family member Zap70 on Y319
following T cell receptor engagement and L-selectin ligation (123, 124, 272). Tyrosine 319
of Zap70 is analogous to tyrosine 346 of Syk, and our finding that purified Arg kinase
can directly phosphorylate this site in vitro, suggest that an Abl kinase-Syk/Zap70
signaling module may operate under diverse cell surface receptors to regulate
cytoskeletal responses in hematopoietic cells (Figure 3.15).
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Figure 3.15 Conserved Role for Abl kinases in Immunoreceptor Signaling
Ligation of the FcγR in myeloid cells (A) or the TCR in T cells (B) activates Src family
kinases (SFKs; Lyn, Hck, and Fgr in myeloid cells; Lck in T cells), which in turn activate
Abl. In both myeloid cells and T cells, Abl kinases promote the activation of the
Zap70/Syk kinases, which potentiate Rac activation promote phagocytosis or T cell
activation, respectively. A role for Abl kinases in TCR signaling is reviewed in (96).
Activation of Abl kinases downstream of growth factor, antigen, and chemokine
receptors is mediated in part through Src kinases (78, 113, 123, 124, 273). We found that
this paradigm also exists during FcγR signaling in macrophages. Previous studies have
shown that genetic deletion of Src family kinases in macrophages attenuates signaling
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from the FcγR, including Syk phosphorylation and activation (243). Our data show that
pharmacological inhibition of Src impaired many FcγR proximal signaling events
including decreasing the activation of Abl and Syk kinases. Interestingly, simultaneous
inhibition of Abl and Src further reduces phagocytosis, suggesting these kinases may
have unique targets or differentially regulate common targets through phosphorylating
them on distinct sites. In this regard, a recent report indicated that Abl and Src form a
complex in myeloid cells that regulates myeloid cell migration by modulating the
activation of Rac and Cdc42 (160). The mechanism by which Abl and Src function to
control activation of Rho GTPases during phagocytosis warrants further investigation.
While Abl and Arg promote maximal Syk activation during phagocytosis, they
are likely to have Syk-independent roles. Inactivation of Abl kinases reduces the
formation of phagocytic cups in addition to reducing Syk phosphorylation. Notably,
while Syk null macrophages form phagocytic cups normally, the cups fail to close (246,
258). This suggests that the Abl family kinases might regulate actin rearrangements at
the phagocytic cup by targeting other signaling proteins such as CRKII and WASP.
Previous studies have shown that Abl kinases regulate Shigella flexneri invasion through
phosphorylation of the adapter protein CRKII and the N-WASP actin nucleation
promoting factor (157, 265, 266). Interestingly, both CRKII and WASP are recruited to
the phagocytic cup during FcγR phagocytosis (274, 275). Phosphorylation of WASP on
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Y291 is required for phagocytic cup formation (276), and Abl has been shown to
phosphorylate this site in vitro (277). Future studies should address whether the Ablmediated phosphorylation of CRKII or WASP is required for regulating F-actin
organization at the phagocytic cup.
Previous studies have shown that Abl kinases modulate adaptive immune
function (96, 124). The Abl knockout mouse exhibits multiple abnormalities, among the
most prominent of which are immune defects including splenic and thymic atrophy, and
increased susceptibility to infection (146). Our current data suggest that, in addition to
lymphocyte defects, loss or inhibition of both Abl and Arg impairs myeloid cell
functions. Interestingly, we found that Abl kinases promote TNF-α and nitric oxide
production in response to endotoxin. Induction of TNF-α and iNOS requires activation
of the NF-κB family of transcription factors, and previous studies have connected Abl
kinases to NF-κB signaling in T cells (124). Future studies should examine the
mechanisms which connect Abl/Arg signaling to the NF-κB pathway in macrophages.
Previous studies have attributed the anti-inflammatory effects of imatinib to the
inhibition of the CSF-1R tyrosine kinase (193). Imatinib has multiple kinase and nonkinase targets (278) and our data using new and selective allosteric Abl kinase inhibitors
and AblMKO, Arg knockout macrophages suggest that one of the relevant targets of
imatinib in myeloid cells is the Abl kinase family. Importantly, our data suggest that
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imatinib and the GNF compounds exert anti-inflammatory effects on macrophages
through Abl signaling pathways. Future work should determine what the downstream
effectors of Abl are in this process, and whether the second- and third-generation Abl
TKIs, which are selective for Abl kinases, are useful in the treatment of inflammatory
disorders.
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4. Abl kinases regulate invasion in macrophages and
cancer cells
4.1 Introduction
Inflammation has been recognized as a hallmark of cancer since the 19th century
when Rudolf Virchow hypothesized that leukocytes stimulate the proliferation of cancer
cells (279). This view of a pro-tumorigenic role for inflammatory cells in cancer was
challenged by studies suggesting that TNF-α-stimulated macrophages promote tumor
regression and deplete the tumor stroma rather than promote its growth (280).
However, the role of leukocytes, and in particular macrophages, within a tumor is
largely a function factors in the tumor microenvironment. Many solid tumor types,
including breast tumors, secrete type 2 cytokines such as IL-4 to promote alternative
macrophage activation, which favors tumor progression through enhancing
angiogenesis and invasion (281).
The role of macrophages in breast cancer has been studied extensively. Breast
cancer is the second most common type of cancer in the United States and is the cause of
over 40,000 deaths each year (282). The majority of mortality and morbidity associated
with breast cancer is due to tumors that have metastasized to distant sites (282). While
current therapies aim to destroy the tumor and inhibit its growth, preventing metastasis
is critical in increasing overall- and disease-free survival from this debilitating disease.
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Traditional breast cancer therapeutics focus predominantly on targeting
malignant cells, yet breast tumors are composed of multiple nonmalignant cell types
including hematopoietic cells, fibroblasts, adipocytes, and endothethial cells (283).
Accumulating evidence suggests that the stromal cells in the tumor microenvironment
are critical in promoting tumor growth, angiogenesis, and metastasis (284). Tumor cells
stimulate nonmalignant cells in the microenvironment to recruit new vasculature and to
produce chemokines, proteases, and growth factors, all of which support tumor
progression and metastasis.
It is estimated that 35% of infiltrating inflammatory cells in breast tumors are
macrophages and that these cells can account for up to 50% of the tumor mass (285, 286).
The accumulation of macrophages in tumors correlates with poor clinical prognosis in
more than 80% of patients (287). Normal breast development requires macrophage
activity, as macrophages regulate branching morphogenesis of the mammary gland (21,
24), however, macrophage function is subverted in the context of breast cancer.
Macrophages are found diffusely located throughout breast tumors and particularly in
regions of hypoxia and necrosis (288, 289). These tumor associated macrophages (TAMs)
produce matrix metalloproteinases (MMPs) and angiogenic factors such as VEGF, which
promote invasion and support angiogenesis, respectively (290, 291).
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Molecular understanding of how malignant breast cells recruit macrophages and
how TAMs influence metastatic progression is currently an active area of investigation.
Colony-stimulating factor-1 (CSF-1), a cytokine required for macrophage survival and
differentiation, is expressed in approximately 70% of breast tumors, and CSF-1 levels
correlate with larger tumor burden, metastasis, and poor clinical outcomes (292, 293).
Interestingly, mice deficient in CSF-1 are protected against breast cancer metastasis, and
re-expression of CSF-1 specifically in the breast can restore the metastatic activity of
tumor cells (294). One possible mechanism for how CSF-1 regulates metastasis is
through promoting EGF and VEGF production by macrophages (295, 296) (Figure 4.1).
While CSF-1 blocking strategies may be useful in inhibiting TAM function and
preventing metastasis, such strategies may be compromised by functionally redundant
cytokines, as CSF-1 is one of many chemoattractant cytokines that malignant cells
express to recruit macrophages (279). It may be useful, therefore, to target downstream
signaling molecules common to many cytokine receptors in order to overcome possible
resistance. Understanding what intracellular factors in macrophages mediate tumormacrophage interactions and engender their ability to potentiate tumor progression will
be useful in identifying novel drug targets for metastasis prevention.
Given that macrophages depend on the ability to rapidly reorganize their actin
cytoskeleton in order to coordinate migration, phagocytose debris, mediate adhesion,
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Figure 4.1 Model for CSF-1-Mediated Macrophage Recruitment and its Effects on
Tumor Progression
CSF-1 production by the tumor drives the recruitment and differentiation of monocytes
and macrophages. The tumor recruited macrophages secrete factors that promote tumor
growth, angiogenesis, invasion, and suppress cytotoxic immune responses against the
tumor. Adapted from (297).

and remodel the extracellular matrix, and that Abl kinases are critical modulators of
actin rearrangements, we hypothesized that Abl may be a useful target in inhibiting
TAM function.

4.2 Results
4.2.1 Abl is activated downstream of the CSF-1R
To test the involvement of the Abl kinases in the CSF-1R signaling pathway,
macrophages were treated with CSF-1 and assayed for Abl kinase activation by
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measuring the phosphorylation of CRKL on Y207. Phosphorylation of CRKL was
increased upon stimulation and abrogated in the presence of imatinib (a dual Abl/CSF1R inhibitor), and also in the presence of GNF-2, which specifically inhibits Abl without
affecting the activity of CSF-1R (133) (Figure 4.2A).

4.2.2 Abl kinases are required for invasion and regulate ECMdegradation
To evaluate whether Abl kinases regulate CSF-1-dependent migration and
invasion, macrophages were challenged in a transwell assay to migrate or invade
toward CSF-1-containing media. Vehicle-treated macrophages exhibited robust
migration and invasion towards CSF-1, while cells treated with imatinib or GNF-2
exhibited reduced migration and invasion (Figure 4.2B, C). While it is expected that
imatinib would inhibit CSF-1 induced responses, because it directly inhibits the CSF-1R,
the finding that GNF-2 also abrogated CSF-1-mediated responses suggests a role for Abl
downstream of the CSF-1R during migration and invasion.
The finding that Abl kinase activity was required for macrophage invasion was
consistent with our previous report that Abl kinases regulate invasion in cancer cells and
Src-transformed fibroblasts (113). In cancer cells, invasion often involves the formation
of F-actin rich structures known as invadopodia that form on the ventral surface of the
cell and are enriched in matrix degrading enzymes (165). Indeed, inhibition of Abl
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Figure 4.2 Abl kinases are activated downstream of the CSF-1R and are required for
CSF-1-induced migration and invasion
(A) RAW264.7 macrophages were pretreated with Abl inhibitors imatinib and GNF-2
followed by treatment with CSF-1. Lysates were run on SDS-PAGE and blotted with
indicated antibodies. (B) RAW264.7 cells seeded on an uncoated polycarbonate
membrane in the presence of indicated drugs were allowed to migrate towards CSF-1
(100 ng/mL) in the bottom chamber for 24 h. Migrated cells were stained with DiffQuik
and counted. (C) RAW264.7 cells were plated on a matrigel-coated membrane in the
presence or absence of indicated drugs and allowed to invade towards CSF-1 in the
bottom chamber for 24 h. Membranes were then processed (B). Experiments were done
at least three times with imatinib and twice with GNF-2.
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kinases reduced ECM degradation (Figure 4.3A) while overexpression of an active form
of Abl (AblPP) potentiated degradation (Fig 4.3B) in NIH3T3 fibroblasts. Interestingly,
Arg localized to invadopodia in Src-transformed fibroblasts (Fig 4.3C). While these
studies were ongoing, a report was published showing that Abl localized to and was
required for the function of podosomes in macrophages (167). Podosomes are
functionally analogous to invadopodia in cancer cells (166). Taken together, these results
suggest a conserved role for Abl kinases in regulating ECM degradation and invasion in
multiple cell types.
To further understand how Abl kinases may regulate macrophage invasion, gene
expression profiles of wild type and AblMKO, Arg null macrophages were analyzed using
a targeted array for molecules involved in cell motility. Interestingly, the expression of
MMPs, FGF2, and VEGF-A were reduced in the AblMKO, Arg null macrophages (Figure
4.4). These molecules have critical roles in coordinating intercellular responses among
macrophages, endothelial, and cancer cells.

4.2.3 Abl kinases regulate macrophage infiltration in the PyMT model
of breast cancer
To determine whether Abl deletion in the myeloid lineage affects the
development and metastatic progression of breast cancer, transgenic mice that express
the polyoma-middle T oncogene under the control of the mouse mammary tumor virus
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Figure 4.3 Abl kinases regulate invasion in part through controlling ECM degradation
(A) NIH3T3-SrcY527F fibroblasts were plated on OregonGreen-conjugated-gelatincoated cover slips for 6 hours in the presence or absence of imatinib (10 μM). Cells were
then fixed and stained for cortactin (red) and nuclei were labeled with Hoechst (blue);
dark areas of gelatinase activity (black) reveal MMP-mediated degradation. (B) NIH3T3
fibroblasts retrovirally transduced with empty vector or with constitutively active Abl
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(AblPP) were treated as in (A). (C) NIH3T3-SrcY527F fibroblasts were transduced with
Arg-YFP, plated on gelatin-coated cover slips for 3 hours and stained for cortactin (red),
GFP (Arg), and Hoechst (nuclei). Colocalization is indicated by yellow in merged fields.
The experiments in panel (A) were conducted by Gouri Yogalingam and in (C) were
conducted by Pameeka Smith-Pearson. This figure was adapted from research originally
published in the Journal of Biological Chemistry 285: 40201-11, © 2010, the American
Society for Biochemistry and Molecular Biology (113).

promoter (MMTV-PyMT) were obtained. On the C57BL/6 background, the MMTVPyMT mice develop breast carcinomas with long latencies (average ~ 16 weeks of age),
but the disease recapitulates many aspects of human breast cancer (298). The MMTVPyMT mice were crossed to the arg -/-; ablflox/flox/LysMCre+ colony as depicted in Figure
4.5A. We have been unable to examine the tumor phenotypes in the complete Pymt+/-;
arg-/-; ablflox/flox/LysMCre+ mice due to the lower-than-expected frequency of Arg null
births and the complex genotype needed to obtain these mice for the experiments:
Pymt+/-; arg-/-; ablflox/flox/LysMCre+ females. However, Pymt+/-; arg+/-; ablflox/flox/LysMCre+
females were generated, which express one arg allele in the absence of Abl. The majority
of the analysis of these mice was done at age 20 to 25 weeks when mice had advanced
stage tumors. No differences in tumor burden among the different genotypes were
observed (Figure 4.5B). While there is heterogeneity in tumor development between
individual mice, a similar number of mammary gland tumors developed in the both the
Pymt+/-; arg+/-; ablflox/flox/LysMCre+ mice and controls.
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Figure 4.4 Loss of Abl kinases in BMDM correlates with reduced expression of cell
motility and invasion genes
Bone marrow-derived macrophages from wild type and AblMKO, Arg null mice were
serum-starved for 4 hours followed by incubation in CSF-1-containing (100 ng/mL)
overnight. RNA was isolated, cDNA synthesized, and motility genes analyzed by
SABiosciences Mouse Motility Gene Microarray. Of the 84 genes queried, the following
hits showed > 2 fold change in expression compared to wild type.

Isolation of CD11b+ myeloid cells from wild type MMTV-PyMT+ breast tumors
reveals expression of both Abl and Arg (Figure 4.6). Interestingly, Arg expression is
elevated in the tumor compared to CD11b+ bone marrow cells. This may reflect upregulation of Arg in the tumor microenvironment, or it may reflect differences in mature
myeloid cells versus immature hematopoietic cells, as Arg is up-regulated upon myeloid
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Figure 4.5 Tumor burden is not affected by deletion of Abl in myeloid cells in the
MMTV-PyMT mammary tumor model
(A) Breeding schematic to obtain experimental and control mice. (B) Female MMTVPyMT mice of indicated genotypes were sacrificed between 20 and 25 weeks of age.
Mammary tumors were excised and weighed. Controls were either littermates or agematched MMTV-PyMT+ mice on the C57/BL6 background. (Control n=19; AblMKO, Arg
+/- n= 14; AblMKO n=6).
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cell differentiation (49). Total tumor lysates also had higher levels of Abl and Arg as
compared to normal mammary glands (Figure 4.6), which is consistent with the finding
that Abl kinases are up-regulated in certain subtypes of human breast cancer (SmithPearson and Pendergast, unpublished).

Figure 4.6 Abl and Arg expression in MMTV-PyMT Tumors and CD11b+ Infiltrating
Cells
(A) Tumors isolated from the mammary fat pads of MMTV-PyMT transgenic mice (1
and 2) or control (C) mammary fat pad isolated from a wild type mouse were subjected
to SDS-PAGE and probed with the indicated antibodies (pSrc = phosphoSrc-Y416). (B)
CD11b+ cells isolated from the mammary tumors of MMTV-PyMT mice and CD11b+
bone marrow (BM) cells from a wild type mouse were isolated by FACS, lysed and
processed as in (A).
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Characterization of the myeloid cell infiltrate in tumors from wild type and
AblMKO, Arg +/- mice has revealed a similar percentage CD11b+ infiltrate among the
different genotypes (Figure 4.7). The percentage of infiltrating CD11b+Gr1+ cells, which
include granulocytes, immature monocytes, and myeloid derived suppressor cells
(MDSCs) also was unaffected by loss of Abl (Figure 4.7). However, a ~50% reduction in
CD11b+F4/80+ cells was observed in tumors from the Pymt+/-; arg+/-; ablflox/flox/LysMCre+,
suggesting that Abl kinases regulate the infiltration and/or retention of mature
macrophages in the tumor microenvironment (Figure 4.7). Interestingly, mice which
only lack Abl, but not Arg expression (Pymt+/-; arg+/+; ablflox/flox /LysMCre+) exhibit an
intermediate phenotype (Figure 4.7), suggesting that Abl family kinase gene dosage
affects the degree of macrophage infiltration. Unfortunately, we were unable to evaluate
the effects of complete genetic inactivation of Abl kinases on myeloid cell infiltration.
Overt lung metastasis in the MMTV-PyMT model of breast cancer was rarely
observed, however, micrometastases were measured by evaluating PyMT transcript
levels in the lungs of the mice by RT-PCR. This method can reliably assay the presence
of microscopic tumor cell invasion and has been used before (294). Shown in Figure 4.8
is an experiment where the expression of PyMT transgene in the lungs was analyzed by
RT-PCR in mice of different genotypes. Both animals from the control as well as
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Figure 4.7 Myeloid Cell Infiltration in MMTV-PyMT Tumors
Tumors isolated from the indicated genotypes were digested in collagenase and stained
for inflammatory monocytes (A) or macrophages (B). Data was acquired on FACScan
and analyzed with FlowJo. Representative FACS profiles are shown. (C-E)
Quantification of CD11b+ infiltrate (C), CD11b+/F4/80+ infiltrate (D) or CD11b+/Gr1+
infiltrate (E) (control n=13; AblMKO, Arg +/- n=9; and AblMKO n=6).
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Figure 4.8 Lung Metastasis of MMTV-PyMT tumors is not affected by myeloidspecific loss of Abl on an Arg heterozygous background
Five month old MMTV-PyMT+ mice were sacrificed and tumors and lungs were
harvested. RNA was extracted from lungs or primary tumor, cDNA was synthesized,
and PyMT transgene expression was assayed by semi-quantitative RT-PCR. Mouse betamicroglobulin (mB2m) was used as a loading control. Genotypes are indicated above.

experimental arms have PyMT transgene expression in the lungs. This may be a function
of tumor size (larger tumor burden has a greater likelihood of metastasis) among
different animals. We conclude that deleting Abl from the myeloid cells on an Arg
heterozygous background does not prevent metastasis, despite a reduction in myeloid
cell infiltration into the primary tumor in the PyMT model.
To assess whether Abl inhibition can be used to regulate myeloid infiltration into
the tumors, mice were implanted with the fast-growing Lewis lung carcinoma cell line,
LLC. Mice were treated for one week with imatinib or GNF-5, after which single cell
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tumor suspensions were prepared from these animals and stained for the pan-myeloid
marker CD11b and the mature macrophage marker F4/80. Tumors from mice treated
with either Abl inhibitor had markedly reduced macrophage recruitment in vivo (Figure
4.9). This suggests that inhibiting Abl kinases may be valid strategy to reduce myeloid
cell recruitment in vivo.

4.3 Discussion
Our data suggest that Abl kinases are downstream effectors of CSF-1 signaling
and modulate myeloid cell invasion and expression of genes involved this process. How
Abl kinases regulate the expression of genes involved in invasion is still not understood.
In melanoma cells and in breast cancer cells, Abl and Arg promoted the activation of
STAT3-dependent transcription networks leading to the production of
metalloproteinases, proteases, and other invasive enzymes (101, 162). It is unknown
whether Abl’s control of these transcriptional networks is direct (via directly
phosphorylating or binding to STAT3) or whether it signals through other
intermediaries. Additionally, Abl regulates the invasion of cancer cells by promoting the
phosphorylation of invadopodia components including MMPs and cortactin (107, 252).
Future studies should address the mechanisms by which Abl kinases regulate invasion
in macrophages.
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Figure 4.9 Pharmacological inhibition of the Abl kinases reduces F4/80+ infiltrate in a
subcutaneous lung allograft model
(A) Mice bearing subcutaneous LLC cell-derived tumors were treated with daily IP
injections of imatinib (100 mg/kg), GNF-5 (100 mg/kg) or vehicle for one week
(n=7/group). Mice were sacrificed, tumors excised, and tumor cell suspensions were
stained for CD11b and F4/80 expression and analyzed by flow cytometry to assess
macrophage infiltration. Results are quantified in (B). Similar results were observed in
another cohort of mice.

Deletion or inhibition of Abl reduced macrophage infiltration into tumors.
However, CD11b+ myeloid cells deficient in Abl (AblMKO and AblMKO, Arg+/-) infiltrated
the PyMT+ breast tumors at similar levels as control macrophages. The infiltration of
Gr1+ myeloid cells was similarly unaffected by loss of Abl in an Arg heterozygous
background. In contrast, the infiltration of F4/80+ macrophages was reduced by ~50% in
the AblMKO, Arg+/- mice. Because we were unable to generate complete AblMKO, Arg null
mice in this context, it remains unclear if total loss of Abl kinases would result in larger
reductions in myeloid cell infiltration. That similar numbers of CD11b+ myeloid cells
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were recruited to the tumors in AblMKO, Arg +/- mice suggests that Abl is not absolutely
required for myeloid migration and infiltration. The observation that metastasis still
occurred in the AblMKO, Arg +/- mice, despite the reduction in F4/80+ cells, suggests that
targeting myeloid Abl kinases alone would not be sufficient to suppress metastasis,
although studies with the complete Abl/Arg null mice would be required to validate this
conclusion. The reasons why the reduction in macrophage infiltration did not correlate
with reduced metastasis are still unclear. Future studies should address the question of
how Abl regulates the polarization of macrophages in the tumor microenvironment.
Whether Abl/Arg null tumor macrophages exhibit a pro-tumoricidal M1 phenotype,
which includes expression of iNOS and inflammatory cytokines, or whether they are
characterized by a pro-tumorigenic M2 phenotype, which includes expression of MMPs
and angiogenic factors, would aid in our understanding of the function of Abl kinases in
the tumor microenvironment.
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5. Targeting Abl kinases in NSCLC
5.1 Introduction
Our work on the role of myeloid Abl kinases in the tumor microenvironment
unexpectedly led us to study the effects of Abl kinases on the progression of lung
tumors. Because Abl and Arg are ubiquitously expressed, their inhibition is likely to
have effects not only on myeloid cells, but also on other components of the tumor
microenvironment including the endothelium and the tumor itself.
Lung cancer is the leading cause of cancer deaths worldwide, claiming more than
one-million lives per year (299). The most common form of lung cancer is non-small cell
lung cancer (NSCLC), which accounts for approximately 80% of cases (300). Currently,
chemotherapeutic management of NSCLC includes treatment with platinum-based
compounds and/or with taxanes (300, 301). Despite these approaches, NSCLC is rarely
curable and has an overall 5-year survival rate of only 15% (302). Thus, there remains a
need to develop new therapies.
Tyrosine kinase signaling pathways play a critical role in the development and
progression of lung cancer by regulating cell growth, survival, invasion and
angiogenesis (303). Research over the past twenty years has demonstrated a role for
RTKs including EGFR, FGFR, PDGFR, c-Met, Alk, Her2/neu and ephrin receptors in
driving the progression of NSCLC (218, 227, 304-308). EGFR mutations are among the
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most common drivers of NSCLC (309), and patients treated with EGFR inhibitors exhibit
longer progression-free survival than patients treated with standard chemotherapy
(310). Despite the initial success of EGFR inhibitors, almost all patients treated with
inhibitors acquire resistance to therapy (311), highlighting the need for new drug targets.
The mechanisms of resistance to EGFR inhibitors are complex, but may involve the
acquisition of drug resistant mutations in the EGFR kinase domain or the up-regulation
of other RTKs including c-Met (312, 313). Targeting signaling molecules that act
downstream of multiple RTKs may prove to be an effective strategy to overcome this
resistance.
The Abl family of nonreceptor tyrosine kinases may be one such a target.
Previous studies from our lab and others have shown Abl kinases are required for cell
growth and survival downstream of the PDGFR, EGFR and c-Met signaling (78, 97, 98,
314, 315). While Abl kinases are rarely mutated in solid tumors, their activation
downstream of RTKs may be important for driving solid tumor progression. In this
regard, Abl kinases are activated in cell lines derived from aggressive forms of breast
cancer, glioblastoma, gastric carcinoma and melanoma (101, 106, 315-317).
A role for the Abl kinases in lung cancer tumorigenesis is supported by a
previous report from Lin, et al., who showed that Abl kinases were activated in two
different NSCLC cell lines (83). Furthermore, Rikova, et al. found that nearly one-third
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of lung cancers exhibit elevated phosphotyrosine signatures that include Abl and
substrates of the Abl kinases (227). To understand if the Abl kinases are potentially
targetable in lung cancer, the effects of two pharmacological inhibitors of the Abl kinases
were examined in lung cancer cell lines in vitro and in vivo. Here we show that Abl
kinase expression is elevated in lung cancer biopsies as well as tumor cell lines and that
inhibitors of Abl kinases reduce tumor cell viability in vitro and in vivo. We further
show that treatment with Abl inhibitors causes changes in the tumor microenvironment,
including altered vascularization and tumor hypoxia.

5.2 Results
5.2.1 Abl kinases are expressed and activated in NSCLC
NSCLC is classified into three distinct histological groups: adenocarcinoma,
squamous carcinoma and large cell carcinoma. Adenocarcinomas and squamous
carcinomas are the most common, accounting for 50% and 20% of all NSCLC cases,
respectively (318). We asked whether Abl kinase expression and/or activity were altered
in NSCLC, and whether Abl expression correlated with particular histological subtypes.
In a panel of lung cancer specimens, Abl kinase expression was elevated in both in
squamous carcinoma (Figure 5.1A, patient 2) and in adenocarcinoma (Figure 5.1A,
patient 3) compared to normal lung tissue isolated from the same individual.
Interestingly, patient 1 was diagnosed with chronic bronchitis and the Abl
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Figure 5.1 Abl kinases are expressed in human and mouse NSCLC
(A) Primary human lung tumors (T) and adjacent normal tissue (N) were resected, lysed,
and evaluated for Abl kinase expression by Western blotting. The murine lung
adenocarcinoma cell line LLC was run as a positive control. (B) Lung tumor-derived cell
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lines from p53R127H/+, KRasG12D/+ mice were lysed and compared to lysates of normal
mouse lung by Western blotting with indicated antibodies. (C) Oncogenic RTKs
expressed in selected human NSCLC cell lines (319-326). (D) Cell lines in (C) were
assayed for Abl and Arg expression by Western blotting. (E) Cell lines in (C) were
assayed for Abl (left panel) and Arg (right panel) expression by qRT-PCR.

protein levels were similar between normal tissue and the inflamed bronchi, unlike the
cancer cases, which may be due to enhanced Abl levels in the inflamed tissue. Abl
kinase expression was also analyzed in mouse cell lines derived from genetically defined
lung tumors that were initiated by activated KRas and mutant p53 (327). We observed
that the KRasG12D/+, p53R127H/+ mutant tumor cells had elevated Abl kinase expression
compared to normal mouse lung, and the total levels and tyrosine phosphorylation of
the Abl substrate CRKL were also increased in this model (Figure 5.1B).
Abl expression was also observed in a panel of human NSCLC cell lines that
included adenocarcinomas (AC), squamous carcinomas (SCC), and one cell line with
adenosquamous features (H1703). These cell lines have distinct mutations and/or
expression pattern of RTKs, including PDGFR, EGFR, MET, FGFR1, and HER2 (319-326)
(Figure 5.1C). All cell lines examined expressed Abl kinases at the protein (Figure 5.1D)
and message level (Figure 5.1E). Taken together, our results suggest that Abl kinases are
expressed in NSCLC, regardless of histological classification or RTK expression pattern.
Furthermore, in vitro kinase assays revealed that Abl kinases are activated in a
subset of patient tumors (Figure 5.2). In these experiments, Abl was
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Figure 5.2 Abl kinases are activated in subset of human NSCLC
Human NSCLC biopsies were fresh frozen in liquid nitrogen followed by
homogenization and lysis. Abl kinases were immunoprecipitated and incubated with
purified GST-CRK in the presence of 1 μM ATP for 30 minutes. Samples were then run
on SDS-PAGE and phosphorylation of CRK was assessed by Western blotting. SCC=
squamous cell carcinoma, AC = adenocarcinoma, Panc. Met. = pulmonary metastasis
from pancreatic cancer.
immunoprecipitated from tumor biopsies and incubated in vitro with GST-tagged CRK
protein in the presence of ATP. A subset of tumor samples showed increased CRK
phosphorylation, but notably several did not, indicating that Abl kinases are not
uniformly activated in NSCLC. The signals responsible for Abl activation in these
human lung tumors are not yet known.

5.2.2 Inhibition of Abl kinases reduces tumor growth in vitro
Because the Abl kinases are expressed and activated in subsets of NSCLC, we
asked whether activation of Abl kinases was required for lung cancer cell viability. To
test this, two adenocarcinoma cell lines were selected: the Lewis lung carcinoma (LLC), a
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murine line that exhibited high Abl expression (Figure 5.1) and the H1703, a human line
that exhibits amplification of PDGFR, and expressed both Abl and Arg (Figure 5.1). Our
lab has previously shown that Abl kinases are required for PDGF responses in
fibroblasts (78, 97), suggesting that Abl may also play a role downstream of PDGF in
lung cancer. LLC and H1703 cells treated with GNF-5 exhibited reduced
phosphorylation of the Abl substrate, CRKL (Figure 5.3A). Both imatinib and GNF-5
reduced cell viability over a period of 72 h (Figure 5.3B), with imatinib having a greater
effect.
We asked if the reduction in cell viability was due to changes in cell proliferation
or death. To test if Abl kinases regulated cell proliferation, cells were pulsed with
tritiated thymidine in the presence or absence of drug. Imatinib reduced tritiated
thymidine incorporation in both cell lines, while GNF-5 reduced DNA synthesis to a
lesser extent (Figure 5.4A, B), consistent with the more pronounced effect of imatinib on
cell viability (Figure 5.3B). Because imatinib has other targets including the PDGFR,
which is particularly important in the H1703 cell line, we tested if ablating Abl kinase
expression with shRNA could affect cell proliferation. Indeed, knockdown of both Abl
and Arg kinase reduced tritiated thymidine incorporation (Figure 5.4C, D) in the H1703
cells, consistent with our previous observations that Abl kinases are required for PDGFmediated proliferation (78).
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Figure 5.3 Inhibition of Abl kinases reduces tumor cell viability
(A) LLC cells or H1703 cells were treated with the Abl inhibitor, GNF-5, and the
phosphorylation of CRKL at an Abl-specific site was monitored by Western blotting. (B)
LLC cells (left) or H1703 cells (right) were plated in the presence of Abl inhibitors
(imatinib 10 μM; GNF-5 20 μM) for times indicated and viability was assessed by cell
counting using flow cytometry. Experiments representative of three independent
experiments.

We also tested whether either drug influenced cell death. Treatment with
imatinib or GNF-5 was insufficient to induce caspase 3 cleavage or annexin V staining in
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Figure 5.4 Inhibition of Abl kinases reduces tumor cell proliferation in vitro
(A) LLC cells or H1703 cells were treated with Abl inhibitors (imatinib 10 μM; GNF-5 20
μM) 2 h followed by a pulse with 1 μCi tritiated-thymidine for 16 h. Cells were lysed
and radioactivity in the lysates was assayed. (B) H1703 cells were transduced with
lentivirus encoding an Abl/Arg knockdown construct proliferation was measured as in
(A). (C) Western blot analysis of knockdown of Abl kinase. (D) LLC or H1703 were
treated with Abl inhibitors (imatinib 10 μM; GNF-5 20 μM) for 48 h and the percentage
of dead cells were quantified by flow cytometry after staining with propidium iodide.
either the H1703 or LLC cells (data not shown). We did observe a greater percentage of
cells staining with propidium iodide after drug treatment (Figure 5.4E, F), thus it is
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possible that these drugs induce cell death in a caspase 3-independent mechanism,
however, the increase in propidium iodide staining after drug treatment was relatively
small (5% in control vs. 10% with imatinib and 8% with GNF-5 in the H1703),
suggesting that induction of necrosis is not a major mechanism of action of these agents.

5.2.3 Inhibition of Abl kinases reduces tumor growth in vivo
Because Abl kinase inhibitors were able to induce changes in cell proliferation in
vitro, we asked whether these drugs had any activity in vivo. To test this, LLC cells were
implanted subcutaneously into the left flank of athymic nude mice. Once the tumors
reached 200 mm3, mice were treated with imatinib and GNF-5 once daily for one week.
Interestingly, imatinib and GNF-5 both reduced the growth LLC allografts in vivo to a
similar extent (Figure 5.5A). Tumor burden after seven days of treatment was
significantly reduced in drug treated mice (Figure 5.5B). GNF-5- and imatinib-treated
tumor lysates showed decreased phospho-CRKL levels (Figure 5.5C), indicating
inhibition of Abl kinases in vivo. Similar reductions in tumor growth rate were observed
in H1703 and H358 human xenografts treated with Abl TKIs (data not shown).
The reduction in tumor size prompted us to investigate whether these treatments
were affecting tumor proliferation or tumor cell death in vivo. TUNEL staining of tumor
sections revealed no increase in tumor cell death (data not shown), and only rarely was
cleaved caspase 3 detected by Western blotting (Figure 5.6B), suggesting that tumor cell
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Figure 5.5 Inhibition of Abl kinases reduces tumor growth in vivo
(A) Mice bearing subcutaneous LLC cell-derived tumors were treated with daily IP
injections of imatinib, GNF 5 or vehicle for 6 days (n=7/group). Tumor size at day 1 was
200 mm3, and was measured daily with calipers. A statistically significant reduction in
tumor volume was observed in mice treated with imatinib or GNF-5, p< 0.01. (B) Weight
of excised tumors from mice in (A). The reduction in tumor weight in the imatinib and
GNF-5 groups compared to vehicle is statistically significant, p<0.001. (C) A portion of
each tumor was lysed, subjected to SDS-PAGE and analyzed for Abl kinase activity by
blotting for phosphorylated CRKL (pCRKL). Activation was quantitated for each
sample using ImageJ, normalized to tubulin, and plotted. Imatinib and GNF-5-treated
tumors show statistically significant reduction in Abl kinase activity, p<0.01. Similar
results were seen in an independent cohort of mice (n=10/group).
death was not majorly affected. However, Ki67 staining of tumor sections revealed
decreased proliferation in both the imatinib and GNF-5 treated mice (Figure 5.6A).
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Figure 5.6 Treatment with Abl kinase inhibitors reduces tumor proliferation in vivo
(A) LLC tumor sections were stained with the Ki67 antibody to detect proliferating cells
(green). Tumors from mice treated with either imatinib or GNF-5 had dramatic
reductions in Ki67 immunoreactivity in central regions of the tumor. DAPI staining
(blue) is shown for contrast. (B) Tumor lysates were run on SDS-PAGE and Western
blotting with the indicated antibodies is shown. IHC performed by Colleen Ring.

5.2.4 Inhibition of Abl kinases is associated with increased tumor
hypoxia
While our data suggested that Abl kinase signaling is important for the growth
of tumor cells in vitro, the reduction in tumor growth in vivo may be a consequence of
inhibiting Abl kinases both in the tumor and the associated stroma. In this regard, we
found that inhibition of Abl kinases dramatically reduced myeloid cell infiltration in the
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LLC allograft model (Figure 4.9). To further investigate Abl kinase inhibition in the
tumor microenvironment, we decided to focus on the tumor vasculature.
One of the most important aspects of the tumor microenvironment is the tumor
vasculature, which supports tumor growth by providing oxygen and nutrients and is
involved in tumor progression and metastasis. To understand if the Abl inhibitors
affected tumor vasculature, tumor-bearing animals were injected with pimonidazole, a
hypoxia marker, three hours prior to sacrifice. Tumor sections from drug treated
animals were stained for CD31 to mark endothelial cells and counter-stained against the
pimonidazole adducts. Both imatinib and GNF-5 caused a marked increase in tumor
hypoxia compared to vehicle-treated animals (Figure 5.7).
Interestingly, recent studies have indicated that the use of tyrosine kinase
inhibitors is associated with increased tumor hypoxia and may be related to the
development of chemoresistance, tumor progression, and metastasis (328, 329).
Bioreductive pro-drugs, which specifically kill cells in a hypoxic microenvironment,
therefore might rationally be combined with TKIs to potentiate tumor eradication.
SN30000 is a bioreductive pro-drug derived from tirapazamine, which is metabolically
activated under hypoxic conditions (330). SN30000 is efficacious in preclinical models of
cancer in combination with radiation therapy (330), although its effects in combination
with chemotherapy or molecularly targeted therapies had not been previously
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Figure 5.7 Treatment with Abl kinase inhibitors increases hypoxia in LLC tumors
LLC tumor-bearing mice were injected with piminidazole 3 hours prior to sacrifice, and
extent of hypoxia and vessel formation was evaluated by EF5 and PECAM IHC. IHC
performed by Colleen Ring.

examined. We found that combining imatinib with SN30000 resulted in further
reduction in tumor growth (Figure 5.8). Tumor sections from these mice did not reveal a
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large increase in tumor cell death, but similarly to previous studies with imatinib alone,
tumor proliferation was reduced with combination therapy (data not shown).

Figure 5.8 Combination of Imatinib with SN30000 reduces tumor growth
Mice (n=7 for vehicle, SN30000, combination; n=6 for imatinib) bearing LLC tumors were
treated daily with imatinib (80 mg/kg) in combination with vehicle or with SN30000 (50
mg/kg). (A) Tumor volumes were measured daily with calipers. (B) Distribution of fold
changes in tumor volume on day 7. Bar depicts mean.

5.3 Discussion
Here we reveal a novel role for the Abl kinase inhibitors in the treatment of
NSCLC. We show that Abl kinases are expressed in primary lung cancer specimens as
well as in NSCLC cell lines and that treatment with Abl inhibitors reduces tumor cell
growth in vivo. That the magnitude of the inhibitory effects of GNF-5 and imatinib had
on cell viability were different in vitro, but not in vivo, suggests that the mechanism of
action of these agents is likely complex and involves targeting of both the tumor cells
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and stroma. This is not unlike what has been suggested with dasatinib, a dual Src/Abl
inhibitor, which reduced tumor growth in mouse model of colon cancer through
suppression of angiogenesis and myeloid cell infiltration (331). An alternative
explanation for why these agents may act differently is the GNF compounds (GNF-2 and
GNF-5) not only inhibit Abl kinase activity, but also induce changes in the subcellular
localization of the myristoylated isoform of Abl to the endoplasmic reticulum (250). It is
possible that imatinib, which acts as an ATP competitive inhibitor, inhibits Abl signaling
in different ways from GNF-5, which may target distinct Abl protein complexes and
alter the access of Abl kinases to potential substrates by changing Abl/Arg subcellular
localization.
Previous studies have shown that imatinib has activity in several solid tumor
models (332-335). These effects have been primarily attributed to inhibition of c-Kit
and/or the PDGFR, which is frequently expressed on tumor cells and in tumor
associated fibroblasts and pericytes. It is also possible that imatinib exerts anti-tumor
effects through inhibition of Abl signaling pathways in tumor cells and in stromal
compartments. Our studies with GNF-5, a compound that was developed specifically
against the Abl kinases and that does not affect the activity of the PDGFR, and with Abl
knockdown in H1703 cells, support a direct role for Abl in solid tumor progression.
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Our data suggest that Abl inhibitors might be used as potential therapies for
patients with NSCLC. However, imatinib has been tested in clinical trials for NSCLC in
combination with standard chemotherapy and no clinical benefit was achieved (336,
337). These trials did not discriminate based on Abl expression or activation, however,
so it remains untested whether Abl inhibitors would benefit in populations of NSCLC
patients with elevated Abl activity. Future work needs to be done to determine which
NSCLC subtypes might benefit most from Abl inhibitors. Interestingly, recent data from
the Cancer Genome Atlas reveals amplification of the Abl2 (Arg) gene in 12% of nonsmall cell lung adenocarcinomas (cbioportal.org). As the presence of gene amplifications
positively correlates with responses to targeted treatments (for example, the use of
trastuzumab in Her2+ amplified breast cancer (338)), the use of Abl inhibitors in Argamplified NSCLC may represent a promising therapeutic strategy. Future work should
test the sensitivity of Arg-amplified NSCLC cells to Abl TKIs and determine how Arg
amplification impacts tumor progression and metastasis.
Additionally, Abl kinase inhibitors may have utility in treating lung tumors
driven by hyperactive RTKs. In this study, we focused on the H1703 cell line, which
overexpresses the PDGFR (319). Abl is known to be activated downstream of PDGFR
(78, 97) and both imatinib and GNF-5 impaired H1703 growth. It would be interesting to
determine if other PDGFR-overexpressing tumors would also benefit from imatinib and
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GNF-5 treatment. Interestingly, our data suggest that Abl kinases might be activated in
NSCLC tumors harboring EGFR mutations. The advent of EGFR inhibitors has offered
promise for patients with NSCLC subtypes that have EGFR mutations, however,
chemoresistance develops in the majority of patients (311). It would be interesting to
determine if Abl inhibitors could abolish EGFR inhibitor resistance due to either EGFR
mutation or activation of alternative RTKs. In this regard, Abl is activated and functions
downstream of multiple RTKs. Another subtype of NSCLC that may be particularly
susceptible to Abl inhibitors includes tumors which overexpress the adaptor protein
CRKL (339). CRKL is required for tumor proliferation, survival, motility and invasion in
some NSCLC subtypes (339). Here we show that both imatinib and GNF-5 reduce
phospho-CRKL levels in vitro and in vivo. This phosphorylation is required for
activating Rho GTPases downstream of Abl signaling (120, 253).
Our results suggest that Abl kinase inhibitors affect not only the growth of tumor
cells, but also modulate the vasculature and immune cell infiltrate in lung tumors.
Treatment with both imatinib and GNF-5 dramatically reduced macrophage recruitment
in our allograft model of lung cancer (Figure 4.9). It would be interesting to determine if
Abl kinase inhibitors also protect against metastatic progression of lung cancer through
either modulation of the tumor microenvironment or by directly inhibiting tumor cell
invasion. In this regard, we previously showed that Abl kinase inhibitors blocked
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invadopodia formation and invasion in breast cancer cells (113). Preliminary studies
have confirmed that inhibition of Abl with GNF-5 or imatinib suppresses invasion of
lung cancer cell lines in vitro (data not shown), but effects on metastasis have not yet
been explored.
Future studies should address the effects of Abl TKIs in combination with other
therapies. We sought to capitalize on the finding that Abl TKIs (as well as other TKIs)
exert cytostatic effects on solid tumors, while at the same increasing intratumoral
hypoxia. By using a hypoxia-specific cytotoxin, which is specifically activated under low
oxygen tension, tumor cell specific killing should be achieved, while mostly sparing
healthy, normoxic tissue. Our initial trial (Figure 5.8) supports further investigation into
combination approaches. While we did not observe a large increase in tumor cell death
using this model, future studies may be able to optimize the approach. Tirapazamine,
the parent compound from which SN30000 was designed, failed in clinical trials due to
poor tissue penetration (340). The SN30000 was relatively well tolerated in mice, and
perhaps future studies could test whether higher doses and/or more frequent dosing
would improve the efficacy of this regimen. Alternatively, Abl TKIs could be tested in
combination with other targeted agents. Preliminary data from our lab suggest the
combination of Abl and Src inhibitors greatly reduces tumor cell viability in vitro (Gu
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and Pendergast, unpublished). Future analyses of these combinations in in vivo models
will instruct how best to utilize Abl TKIs in cancer therapy.
NSCLC is devastating disease with a low cure rate. Here we show that inhibitors
of Abl kinases can reduce tumor growth as a monotherapy. Future studies are needed to
clarify the mechanisms of Abl’s effects on lung tumors; our contribution suggests that
Abl kinase signaling in the tumor as well as the stroma is important and suggests that
Abl TKIs may be another tool that could be used in combatting NSCLC.
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6. Summary & Concluding Remarks
Our data support a role for Abl kinases in regulating the inflammatory and
invasive properties of macrophages (Chapter 3, 4), and support a role for Abl inhibition
in the treatment of NSCLC (Chapter 5). We have shown that Abl kinases regulate the
efficiency of macrophage phagocytosis and promote the expression of inflammatory
mediators in response to endotoxin. We further showed that Abl kinases regulate
invasion in multiple cell types including macrophages, cancer cells, and fibroblasts, and
suggest that targeting Abl kinases may be beneficial in pathological conditions,
including cancer. Specifically, we have shown that inhibition or loss of Abl kinase
function impairs NSCLC tumor growth, suppresses myeloid infiltration, and increases
tumor hypoxia (Figure 6.1).

6.1 Future of Targeting Abl in the Immune System
Our data contribute to a growing body of literature that supports a role for Abl
kinases in the immune system. Earlier work defined important roles for Abl kinases in
adaptive immunity (reviewed in (96)). Our lab and others showed that Abl kinases are
activated downstream of the BCR and TCR and that loss of Abl kinases impaired
lymphocyte maturation in vitro and in vivo (122-124, 155, 171). The finding that Abl
TKIs rendered patients more susceptible to reactivated viral infections (reviewed in
Chapter 1) and decreased inflammatory cytokine levels in inflammatory diseases (Table
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1.1) further supported a role for the Abl kinases in immunity. Interestingly, while Abl is
robustly expressed in mouse lymphocytes, profiling human cells for Abl expression
revealed low levels of Abl in lymphocytes, and higher levels in myeloid cells (141). This
raises the possibility that one of the important cellular targets of imatinib and related
TKIs in modulating immune function in humans is through inhibition of Abl in myeloid
cells.
While numerous preclinical models have explored a role for imatinib in the
treatment of inflammatory conditions (Table 1.1), the future of this field may lie in a
better understanding of the molecular and cellular targets involved. Our data support a
role for Abl kinases in macrophage phagocytosis and cytokine production. A recent
study also showed that conditional deletion of Abl kinases in hematopoietic cells and
the endothelium in combination with global deletion of Arg affected the pathogenesis of
Leishmania infection in mice (255). The mechanisms for how Abl controls myeloid cell
functions are still emerging. We have found that Abl is activated downstream of FcγR
through a Src-dependent mechanism, and influences of the activation of Syk (Chapter 3).
Previous work demonstrated that Abl kinases phosphorylate members of the N-WASP,
CRK, and cortactin families in epithelial cells and T cells (107, 155, 265). These molecules
have been implicated in coordinating actin rearrangements in myeloid cells (274, 276,
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341); future studies should examine how Abl-mediated phosphorylation of these
substrates affects macrophage biology.
A greater understanding how Abl kinases regulate macrophage activation and
invasion is also needed. Our data suggest that Abl deletion or inhibition reduces the
expression of genes involved in inflammatory responses and motility. Interestingly, it
was recently reported that depletion of Arg with shRNA reduced the expression of
genes involved in invasion in human breast cancer cells (107). Similar studies in
melanoma cells have revealed that Abl regulates STAT3-mediated transcription of
MMPs (162). It is unclear how Abl signaling connects to the STAT3 pathway, how
universal this mechanism is, and whether it applies to myeloid cells.
A greater mechanistic understanding of how Abl kinases transduce signals in
myeloid cells may help to uncover novel signaling pathways that could be targeted
therapeutically. Future work should address the utility of the GNF compounds, which
have greater specificity for Abl, in the treatment of inflammatory disorders. These
studies would help to clarify the roles of Abl versus the role of other imatinib-sensitive
targets, including the CSF-1R, in ameliorating inflammation. In terms of clinical use,
however, a dual CSF-1R/Abl inhibitor such as imatinib may be preferred for the
treatment of inflammation or for targeting tumor associated macrophages. We found
that Abl signaling downstream of the CSF-1R promotes CSF-1-mediated migration and
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invasion. Interestingly, a recent report indicated that CSF-1 expression is driven by Abl
in prostate cancer cells (342). Thus, a drug such as imatinib, which inhibits the CSF-1R as
well as the production of the ligand, CSF-1, may be particularly attractive in inhibiting
myeloid cell infiltration into tumors. This model is consistent with our finding that
imatinib treatment suppressed myeloid cell infiltration in the LLC model.

6.2 Future of Anti-Abl Therapy in Cancer
6.2.1 Preclinical Considerations
Data from our lab and others indicate increased phosphorylation and activation
of Abl in lung tumors and suggest a potential benefit of inhibiting Abl in NSCLC. These
initial contributions form the basis for future studies addressing the role of Abl in solid
tumors and in the tumor microenvironment.
Our data indicate Abl kinases are widely expressed in NSCLC adenocarcinomas
and squamous cell carcinomas driven by distinct oncogenic RTKs. Understanding which
subsets of NSCLC are likely to benefit from Abl kinase inhibition remains a challenge.
Our findings that some squamous cell carcinoma samples exhibited elevated Abl
expression suggest that squamous tumors may benefit from Abl inhibition, however,
future studies are needed to ascertain the prevalence of Abl up-regulation in squamous
tumors. Alternatively, the finding that Abl is activated downstream of EGFR (228),
which commonly mutated or amplified in lung adenocarcinomas (309), suggest that this
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Figure 6.1 Effects of Inhibiting Abl Kinases on the Solid Tumor Microenvironment
Inhibiting Abl kinases in the distinct compartments (cancer cells, TAMs, endothelium) of
tumor microenvironment alters tumor progression. Not shown are other important
microenvironmental components including fibroblasts, MDSCs, pericytes, and other
immune cells.

may be a relevant population as well. Large-scale phospho-proteomic analyses are
needed to determine the relative frequency of Abl activation in solid tumors, and also to
determine if Abl is commonly co-activated along with other molecules, which would
help to further define a subtype that may be sensitive to Abl TKIs.
Future work should also address the role of the Abl kinases in the
microenvironment, specifically in the tumor vasculature. Previous studies showed that
the Abl expression is elevated in the developing fetal endothelium and in tumor
microvessels (141). In CML patients, imatinib-treatment reduced circulating VEGF
levels, suggesting a potentially anti-angiogenic role of this drug (343). Interestingly,
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imatinib reduces bFGF and VEGF-mediated angiogenesis in mouse models (100), and
Abl kinases have been shown to regulate endothelial barrier function (Chislock and
Pendergast, unpublished and (105)). In our studies, Abl TKIs did not appreciably
reduce vessel density in the LLC tumors, but did increase intratumoral hypoxia
(Chapter 5). The reasons why Abl TKIs increase tumor hypoxia are not yet understood.
It is possible that the function of the endothelium is impaired such that oxygen delivery
and nutrient diffusion is affected by imatinib and GNF-5. Future experiments should
test the effects of Abl TKIs on the integrity of the tumor vasculature directly using low
molecular weight fluorophore-labeled dextrans in a vascular permeability assay (344).
Alternatively, the function of vasculature support cells, including pericytes, might be
altered; imatinib’s activity against Abl and the PDGFR pathway suggest that this is
likely.
While our data suggest inhibiting Abl kinases restricts tumor growth via a
cytostatic mechanism of action, long-term effects of anti-Abl therapy are not known.
There is data to suggest that smaller, hypoxic tumors select for aggressive phenotypes
that may promote metastasis (328, 329). Conversely, the finding that Abl inhibition
impairs tumor invasion suggests that metastasis may be decreased, and is consistent
with a recent study that found Arg depletion suppressed breast cancer intravasation and
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subsequent metastatic spread (163). Future studies should address the effects of Abl
inhibitors on tumor metastasis, including effects on intravasation and extravasation.
It should be noted that the model in Figure 6.1 belies the complexity of the tumor
microenvironment, which consists not only the tumor, endothelium, and macrophage
infiltrate, but also vascular support cells, fibroblasts, and other immune cells. How the
Abl kinases function in these other tumor-supporting stromal cell types should be an
area of future inquiry if we are to fully appreciate the role of these kinases in
tumorigenesis and progression.

6.2.2 Clinical Considerations
While our data suggest targeting Abl may be beneficial in some subsets of solid
tumors, how to best implement anti-Abl therapies remain an open question. Imatinib, an
FDA-approved small molecule inhibitor of the BCR-ABL1, c-Kit, PDGFR, and Abl/Arg
kinases, is effective for treating tumors that are dependent on imatinib-sensitive targets
for their survival and progression; first-line imatinib therapy resulted in pathologic
complete responses in > 80% of BCR-ABL1+ CML patients and the 5-year overall
survival was 87% (345). Imatinib also was effective in treating gastrointestinal stromal
tumors (GISTs), which are commonly driven by mutations in c-Kit and PDGFR (346).
The success of imatinib in these settings has opened a new area of cancer drug discovery
efforts aimed at targeting oncogenic kinases. This approach is attractive in many ways;
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by targeting a molecule that is differentially expressed and/or activated in the tumor
cells versus normal tissue, systemic toxicities due to targeting normal cells can be
reduced, and cancer cell-specific killing can be achieved. This paradigm, however, is
most effective when the oncoprotein driver is known and the small molecule inhibitor is
potent and specific. In the absence of these conditions, drugs targeting tyrosine kinases
in cancer, including imatinib, have not produced durable responses or cures (Appendix).
Abl TKIs have been tested in a variety of solid tumor types including brain (347351), breast (352-357), skin (358-360), ovarian (361-364), prostate (365-368), and lung (369373) (see Appendix for results). These studies were performed as monotherapies or in
combination with other agents, most commonly with cytotoxic chemotherapies. Results
from these trials have been largely disappointing, with low objective response rates and
transient disease stabilization. In the case of lung cancer, imatinib has been tested in
three phase II trials in combination with the taxanes, docetaxel and paclitaxel (369-371).
The combination of imatinib and docetaxel resulted in low objective response rates (<
6%) (369, 370), and while 32% of patients responded in the paclitaxel combination trial,
progression-free and overall survival were not extended (371), thus limiting enthusiasm
for future studies with this regimen. The failure of imatinib in these NSCLC trials and
other solid tumor trials is likely multifactorial. Better trial design with means for
selecting patients likely to respond, rational combination therapy approaches, a
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consideration of when Abl inhibitors are given during the course of the disease, and use
of Abl-specific inhibitors are all factors to consider in assessing the future of Abl
inhibitor therapy for solid tumors.
One of the limitations in interpreting clinical trial results using Abl inhibitors for
treatment of solid tumors to date is the lack of screening for Abl expression and/or
activity in these tumors. Our analysis of Abl kinase activity in a random panel of NSCLC
cases reveals that Abl kinases are not activated in every tumor (Chapter 5), and argues
against using Abl inhibitors in unselected populations. Of the studies conducted to date,
few screened for Abl expression, and the in the ones that did, no clear correlations were
observed (358, 361, 362, 374), but these studies may have been too small to detect an
effect (21 patients or fewer), thus hindering the analysis. Future studies should screen
tumor serial sections with antibodies against Abl and Arg to determine if they are
indeed expressed, or perhaps, more importantly, should examine the phosphorylation
status of Abl substrates as a surrogate marker for Abl kinase activity. In this regard, the
phosphorylation of CRK on Y221 or CRKL on Y207 have successfully been used to
assess Abl kinase activity in a variety of cell types (375), and previous studies have
shown increased expression and phosphorylation of CRK family members in lung
tumors (339, 376).

130

While Abl inhibitors have been tested in combination with other drugs, mainly
with cytotoxic chemotherapies, the future of using these drugs may lie in combination
with other molecularly targeted agents. Imatinib has been remarkably successful as a
single-agent for the treatment of BCR-ABL1+ leukemias (345), however, similar durable
results with targeted kinase inhibitors have not been observed in solid tumors (377).
Solid tumors are genetically unstable, and kinase inhibitor therapy can promote
rewiring of the cancer genome leading to acquired drug resistance and reliance on
alternative kinase pathways for survival (378). To overcome potential resistance induced
by single tyrosine kinase inhibitors, drugs targeting multiple kinases may prove to be
more effective. In this regard, dasatinib, an Abl inhibitor with activity against Src
kinases (132), has achieved better results than imatinib in clinical trials for advanced
NSCLC. In one clinical trial, use of single-agent dasatinib resulted in a disease control
rate of 43%, while in another study that combined dasatinib with the EGFR inhibitor
erlotinib, the disease control rate was 63% (372, 373).
Another caveat of interpreting results from clinical trials using Abl inhibitors is
that all of the trials conducted to date were designed to test the activity of these drugs in
advanced and metastatic disease. Recent data support a role for the Abl kinases in
controlling tumor cell invasion and metastasis (106, 107, 113, 163), and suggest that
inhibiting Abl may reduce or prevent metastatic progression. Given that late stage
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tumors are less likely to respond to single-agent kinase inhibitors (379), and that Abl
kinases regulate early stages of tumor cell invasion and dissemination, more promising
results may be obtained if these drugs were tested in the adjuvant setting in patients
with no evidence of metastatic disease as a preventive rather than interventional
therapy.
In addition, it is important to note that the small molecule Abl inhibitors used in
the clinic, imatinib, nilotinib and dasatinib, have multiple targets, including B-Raf (132).
In the context of a Ras mutant tumor (which would represent nearly 25% of NSCLC
cases (309)), Abl inhibitors may promote the activation of B-Raf/C-Raf complexes,
leading to activation of the MAPK pathway, which may subsequently increase tumor
cell proliferation and growth (380). Novel small molecule inhibitors that target allosteric
regulatory sites within the kinase domain, including the GNF compounds (381), may
represent a potentially better avenue to explore how more specific targeting of Abl
influences tumor progression and metastasis.
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Appendix
Completed Clinical Trials using ABL Inhibitors for Solid Tumors
Drug
Drug
Trial type
Disease
Case Phase
Targets
(n)
Imatinib

Abl, Arg,
PDGFR,
CSF-1R,
c-Kit,
(132)

Results

Ref.

Monotherapy

Glioma

55

I/II

4% PR
20% SD

(347)

Monotherapy

Meningioma

19

II

47% SD

(348)

Monotherapy

MBC

13

II

0% OR

(352)

Monotherapy

Chordoma

56

II

2% PR
70% SD

(382)

Monotherapy

ACC

15

II

60% SD

(383)

Monotherapy

Melanoma

21

II

(358)

Monotherapy

Melanoma

18

II

5% PR
19% SD
11% SD

Monotherapy

Ovarian

12

II

33% SD

(361)

Monotherapy

Ovarian

11

II

9% SD

(362)

Monotherapy

Ovarian

56

II

2% CR
13% SD

(363)

Monotherapy

Sarcoma

185

II

(384)

Monotherapy

Thyroid

8

II

0.5% CR
1.6% PR
13% SD
25% PR
50% SD

Monotherapy

Thyroid

9

II

11% SD

(385)

Combination
with
hydroxyurea

Glioma

39

II

10% PR
33% SD

(349)

133

(359)

(374)

Combination
with
hydroxyurea

Glioma

64

II

53% SD

(350)

Combination
with
hydroxyurea

Glioma

240

III

25% OR

(351)

Combination
with
docetaxel

MBC

9

I/II

22% PR
22% SD

(353)

Combination
with
docetaxel

MBC

37

II

16% PR
11% SD

(354)

Combination
with
docetaxel

NSCLC

22

II

4.5%
OR

(370)

Combination
with
docetaxel

NSCLC

23

II

5.5% PR
22.2%
SD

(369)

Combination
with
docetaxel

HNSCC

7

II

0% OR

(370)

Combination
with
docetaxel

Ovarian

23

II

4% CR
17% PR
13% SD

(364)

Combination
with
docetaxel

Prostate

24

II

8% PR

(365)

Combination
with
docetaxel and
hormonal
ablation
Combination
with
paclitaxel

Prostate

29

II

0% CR

(366)

NSCLC

34

II

32% OR

(371)
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Dasatinib

Abl, Arg,
Src,
PDGFR,
EphA2,
among
others
(132)

Combination
with
paclitaxel

Ovarian

12

II

33% PR
25% SD

(386)

Combination
with
capecitabine

MBC

19

II

11% OR
11% PR
42% SD

(387)

Combination
with
everolimus

RCC

18

II

67% SD

(388)

Combination
with
gemcitabine
and
oxaliplatin
Combination
with
gemcitabine

Pancreatic

27

I/II

7% PR
52% SD

(389)

Pancreatic

9

II

33% SD

(390)

Combination
with
bevacizumab
and erlotinib

RCC

88

I/II

17% PR
61% SD

(391)

Combination
with
vatalanib

Advanced
solid tumors

35

I/II

6% PR
40% SD

(392)

Monotherapy

MBC

69

II

4% PR
9% SD

(355)

Monotherapy

MBC

43

II

4.7% PR
4.7% SD

(356)

Monotherapy

Colon

19

II

5% SD

(393)

Monotherapy

HNSCC

12

II

16.7%
SD

(394)

Monotherapy

NSCLC

30

II

3% PR
40% SD

(372)
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Bosutinib

Abl, Arg,
Src, Tec,
Ste20
(396)

Monotherapy

Melanoma

36

II

5% PR

(360)

Monotherapy

Ovarian

34

II

0% OR

(395)

Monotherapy

Prostate

23

II

52% SD

(367)

Combination
with erlotinib

NSCLC

29

I/II

7% PR
55% SD

(373)

Combination
with
docetaxel

Prostate

30

I/II

60% PR

(368)

Monotherapy

MBC

73

II

5.5% PR
32.9%
SD

(357)

NOTES: Case number represents number of patients evaluable by RECIST criteria.
ABBREVIATIONS: OR: overall response (CR + PR); CR: complete response; PR:
partial response; SD: stable disease; MBC: metastatic breast cancer; NSCLC: nonsmall cell lung cancer; HNSCC: head and neck squamous cell cancer; ACC: adenoid
cystic carcinoma; RCC: renal cell carcinoma
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