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Abstract

As knowledge of growth-independent functions of cancer cells is expanding, exploration into the
role of chemokines in modulating cancer pathogenesis, particularly metastasis, continues to
develop. However, more study into the mechanisms whereby chemokines direct the migration of
cancer cells is needed before specific therapies can be generated to target metastasis. Herein, we
draw attention to the longstanding conundrum in the field of chemokine biology that chemokines
stimulate migration in a biphasic manner; and explore this phenomenon’s impact on chemokine
function in the context of cancer. Typically, low concentrations of chemokines lead to chemotactic
migration and higher concentrations halt migration. The signaling mechanisms that govern this
phenomenon remain unclear. Over the last decade, we have defined a novel signaling mechanism
for regulation of chemokine migration through ligand oligomerization and biased agonist
signaling. We provide insight into this new paradigm for chemokine signaling and discuss how it
will impact future exploration into chemokine function and biology. In the pursuit of producing
more novel cancer therapies, we suggest a framework for pharmaceutical application of the
principles of chemokine oligomerization and biased agonist signaling in cancer.
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INTRODUCTION

The majority of patients with advanced cancers ultimately succumb to metastasis. However,
there is a paucity of therapeutics available that specifically target metastatic spread of tumor
cells, providing the rationale for continuing to study chemokine biology in the context of

cancer. More detailed knowledge of the molecular mechanisms that regulate cell movement
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is needed in order to generate viable pharmaceutical strategies for arresting cancer
dissemination. Chemotactic cytokines, known as chemokines, play a fundamental role in
metastasis by specifically directing the migration of cells along concentration gradients,
through circulation and into specific tissues. Chemokines bind their cognate G protein-
coupled seven transmembrane receptors (GPCRs) and trigger intracellular calcium flux at
concentrations above a minimum threshold. In contrast, chemokines induce chemotaxis in a
relatively narrow range of concentrations with migration declining as concentrations climb
(Figure 1). The mechanistic origin of the biphasic or “bell-shaped” chemotaxis dose-
response profile remains unclear. Our recent work with mutants of the chemokine CXCL12
has shed light on the biologic significance of ligand oligomerization on signaling and cell
function. Importantly, these results suggest that regulation of chemokine function can be
better understood by studying the mechanisms underlying biased agonist signaling through
chemokine receptor GPCRs.

We have three objectives in this in-depth description and analysis of how chemokine
structure regulates chemokine biology via biased agonist signaling through the cognate
GPCR. First, we provide a primer to chemokine biochemistry and identify little-studied
topics in cancer biology which can be addressed through chemokine biology. Second, we
present a parallel mechanism to GPCR biased agonism that is chemokine protein centric and
thereby establish a new model of biased agonists focused on chemokine oligomerization and
receptor-ligand stoichiometry. Weanticipate that thismodel will serve to guide future
exploration into the complexity of chemokine biology. Finally, we propose therapeutic
options for arresting tumor malignancy through chemokine-targeted pharmaceutical
intervention. Our aim is to spur additional structure-function studies into the relationship
between chemokines and cancer, eventually leading to clinical use of chemokine ligand-
derived therapies.

Chemokine Structure and Signaling

Chemokines are a family of ~50 proteins, ranging from 8 to 42 kDa in size, which are
produced and secreted by a variety of cell types to mediate cell migration. Despite variable
amino acid sequence identity, they adopt a highly conserved tertiary structure comprised of a
three-stranded B-sheet and a C-terminal a-helix. Four chemokine subfamilies (CXC, CC,
XC, and CX3C) are defined by the spacing of cysteine residues near the N-terminus, which
is stabilized by a pair of conserved disulfide bonds [1]. The chemokine receptor family
comprises ~20 distinct class A GPCRs that activate a number of intracellular signaling
pathways, often in a cell type specific fashion [2]. Typical class A GPCRs bind a small
molecule or peptide ligand, which then docks into a structurally complementary pocket
known as the orthosteric site, within the transmembrane domain of the receptor. In contrast,
chemokine receptors employ a modular two-site mechanism for ligand recognition that has
been validated by mutational studies of various chemokines and receptors [3,4]. At the
extracellular surface, the flexible N-terminal domain of the receptor wraps around the
chemokine to create an extensive protein-protein interface (site 1). The chemokine N-
terminus then docks into the orthosteric site to cause intracellular signaling (step 2) [5].
Early studies of chemokine receptors indicated that receptor dimerization is needed for
activation and may be promoted by ligand binding [6-9].
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Chemokines aggregate into homodimers, heterodimers, or polymers, with oligomerization
enabling key functional roles for those molecules in vivo [10]. As concentrations of the
ligand increase, or in the presence of glycosaminoglycans, chemokine ligands self-associate
to form dimers or higher order oligomers, with CC and CXC chemokines exhibiting distinct
modes of self-association [11-14]. Indeed, CXCL8 was shown in 1994 to exist in solution as
an equilibrium between monomer and dimer, each with distinct binding affinities for the
chemokine’s two receptors, CXCR1 and CXCR2 [15,16]. Interestingly, Burrows noted that
monomeric chemokine was the preferred conformation at lower, more physiologic
concentrations. Numerous other chemokines have been shown to oligomerize, including
CCL2, CCL4, CCLS8, CCL7, CCL5, and CXCL10 [10-12,17]. Chemokine oligomerization
states include monomers, dimers, tetramers, as evidenced by CXCL4, or larger order homo-
and heteromeric polymers [18]. Most CC dimers largely involve protein—protein interactions
that sequester the N-terminus and N-loop regions of two subunits within the dimer interface
while the CXC chemokines are joined at the p1-strands from each monomer with the a-
helices packing together against the intermolecular six-stranded p-sheet (Figure 2A) [14,18].
Rare exceptions include the CC chemokine CCL20, which crystallizes in a “CXC-type”
dimer arrangement between the p1-strands [19]. Because the flexible chemokine N-terminus
participates directly in GPCR activation, CC-type dimers cannot bind or activate their
receptors [20]. However, in the CXC-type dimer the N-terminus remains available to interact
with the receptor.

Multiple studies have shown that chemokine receptor dimerization is needed for activation
[6-9]. In some cases, ligand binding promotes dimerization, but some receptors, most
notably CXCR4, are described as constitutively dimeric [21]. Assuming that receptor
dimerization is obligatory for signaling, a 1:2 ligand:receptor stoichiometry, (“single
occupancy”) represents the simplest functional signaling complex (Figure 2B). However, at
higher chemokine concentrations, a 2:2 “double occupancy” complex could arise from the
binding of two ligands to a single receptor dimer (Figure 2C). The 2:2 CXCL12:CXCR4
binding mode shown in Figure 2C was first illustrated conceptually based on the CXCR4
crystal structure [22]. Our own structural modeling of the CXCL12 dimer and dimeric
receptor are compatible with 2:2 ligand-receptor binding, consistent with chemokine dimers
activating CXCR4 dimers simultaneously. Differences in receptor occupancy may explain
the distinct dose-dependent signaling profiles elicited by chemokines illustrated in Figure 1.

Traditional GPCR pharmacology uses maximal receptor activation (efficacy) and ligand
potency as parameters to distinguish ligands that act on a common receptor with differing
effects. A full agonist activates the receptor to maximal efficacy whereas a partial agonist
binds and activates with sub-maximal efficacy or potency [23]. Molecular antagonists will
bind to the receptor, often competing for the agonist binding site with comparable affinity,
but produce no receptor activation. Additionally, ligands for some class A GPCRs (e.g., p2
adrenergic and dopamine receptors) are known to act as biased agonists. A balanced agonist
activates the entire repertoire of G protein and arrestin signaling cascades for a given GPCR,
while a biased agonist preferentially activates a subset of Gprotein or arrestin dependent
intracellular signaling pathways for the same GPCR [24,25]. For example, morphine is a
biased agonist of the p-opioid receptor, activating only Gprotein pathways, whereas
enkephalin binding to p-opioid receptor induces balanced G protein and p-arrestin signaling
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[26,27]. Examples of biased agonism in existing pharmaceuticals include carvedilol and
aripiprazole [28,29].

The canonical mechanism for chemokine signaling is through the heterotrimeric G protein
complex. Typically, chemokine ligand-receptor binding results in activation of the Ga;
subunit of the heterotrimeric complex, which in turn leads to mobilization of intracellular
calcium from the endoplasmic reticulum [30]. Additionally, signaling pathways are activated
in response to G protein coupled receptor kinase phosphorylation and subsequent binding of
B-arrestin to the receptor C-terminus, which leads to internalization of the active chemokine-
receptor-arrestin complex [31-33]. The active receptor complex ultimately stimulates
calmodulin kinases, phospholipase C, and monomeric GTPase signaling in order to
coordinate the cytoskeletal rearrangements necessary for cell movement [34]. However, the
mechanisms behind differential regulation and coordination of chemokine-mediated G
protein and arrestin signaling cascades are largely unknown.

Chemokine receptor activation has also been associated with migration-independent and
cell-type specific functions, including proliferation, cell-cell adhesion, cell-matrix adhesion,
and apoptosis [35]. Phosphatidylinositide 3-kinase, mitogen-activated protein kinases, and a
variety of tyrosine kinases have been shown to be activated downstream of multiple
chemokine receptors [34,36—-41]. By stimulating several cell functions simultaneously,
chemokines regulate whole-organ and -body physiologic processes such as immune or
hematopoetic cell homing, angiogenesis, embryogenesis, and wound healing. Our recent
work suggests that chemokine dimerization and biased agonism of chemokine receptors
contributes to their functional diversity [37,42,43], but the role of biased chemokine receptor
signaling in both physiologic processes and disease has yet to be fully explored.

Chemokines in Cancer Progression

In the last decade, cancer research has expanded beyond a focus on unregulated tumor
growth and now explores multiple cellular characteristics altered during tumorigenesis that
lead to malignancy [44]. Malignant tumors were historically defined as abnormal growths
that contain cells with an enhanced ability to proliferate and survive. Conventionally, the
governing elements for tumorigenesis were thought to be oncogenes or tumor suppressors.
However, as numerous investigators have clearly emphasized [44,45], the contributing
factors to tumor malignancy are far more varied and complex than originally outlined.
Growth-independent characteristics of malignant tumor cells include altered adherence,
upregulated ability to invade surrounding tissue, and enhanced migratory capacity, each of
which combine to confer cell entry into circulation and eventual metastasis [46]. Several
additional intra- and extra-tumoral interactions regulate tumorigenesis and malignancy,
including tumor stroma deposition, tumor associated inflammation, and tumor angiogenesis
[44].

To the detriment of patients with advanced cancers, relatively few pharmaceutical efforts
have been directed at the growth-independent functions that promote tumor malignancy.
Though the vast majority of patients with advanced solid-tumor malignancies will eventually
succumb to metastasis, there remains a remarkable lack of novel pharmaceuticals entering
late phase clinical trials that specifically target metastasis-driving signaling mechanisms. As
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regulators of cell migration and homing, the chemokine family is a rational target for further
discovery of metastasis specific pharmaceutical interventions. Since the seminal study by
Muller et al. [47], elevated chemokine receptor expression has been associated with a variety
of human cancers. The receptors CXCR4, CCR®6, and CCR7 have each been connected with
cancer metastasis [35]. Expression of each of these receptors is thought to sensitize cancer
cells’ ability to metastasize to organs rich in production of their respective ligands. CXCR4
and CCR6 mediate metastasis to the liver, an organ with high production of their respective
cognate ligands CXCL12 and CCL20 [47,48]. CXCR4 is also linked to metastasis to the
lung and bone, two additional organs that produce CXCL12. CCR7 expression facilitates
spread to lymph nodes, which secrete high levels of the cognate ligands CCL19 and CCL21
[49,50]. Despite the linkage between tumor cell expression of chemokine receptors, and the
implicit understanding that chemokine-based migration and metastasis is dependent on
concentration gradients of chemokine ligands, relatively little information is known with
regard to the status or role of chemokine ligand expression in cancers.

More recently, we have demonstrated a tumor suppressive role for the chemokine ligand
CXCL12 in colorectal, mammary, and pancreatic cancers [51-53]. In each of these cancers,
pathologic epigenetic silencing of CXCL12 expression in tumor cells concomitantly
expressing CXCR4 permits metastatic spread. Additionally, in models of colorectal and
pancreatic cancer, cells that stably express CXCL12 were susceptible to detachment-based
apoptosis and slower growth rates, respectively [53,54]. The concurrent ability of CXCL12
to regulate both cancer cell movement and cancer cell viability in those tumor models
reflects the complex role of chemokines in cell function. Despite those emerging roles for
CXCL12 in cancer, the expression or functional roles of the ligands CCL19, CCL20, or
CCL21 have yet to be mechanistically explored in the context of cancer.

Current chemokine-targeted therapeutic options are conventionally focused on antagonizing
chemokine receptors. This approach in cancer biology omits key nuances in the regulation of
chemokine ligand-driven function. The ability of chemokines, such as CXCL12, to regulate
multiple functions within malignant tumors mirrors the current movement toward
development of multifunctional pharmaceutical targets in cancer. The current paradigm for
the role of chemokines in cancer largely ignores the emerging concept of biased agonism.
Herein, we first describe the role of biased agonism in regulation of chemokine function, and
then explore the options for exploiting chemokine biased agonism in order to generate more
effective cancer therapeutics.

Chemokine Oligomerization

When free in solution, CXCL12 is predominantly a monomeric species, even at
concentrations well above the likely physiological range. However, glycosaminoglycans or a
soluble fragment of its receptor CXCR4 are known to induce CXCL12 self-association
[55,56]. The helix angle and histidine side chain orientation of CXCL12 are distinguishing
structural features for such self-association or oligomerization. The monomeric CXCL12
molecule has an acute a-helix angle relative to the p-sheet that swings to ~90° upon dimer
formation (Figure 2A) [43,57]. The charged histidine residue at position 25 and lysine at
position 27 discourage dimer formation unless solution ions, glycosaminoglycans, or
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CXCR4 N-terminal peptide are available to buffer the charge—charge repulsion and help
promote dimer formation [37,55,58].

Depending on specific environmental conditions, a monomeric or dimeric CXCL12
molecule will bind and activate the receptor in the canonical chemokine binding model. As
illustrated in Figure 2A, the N-loop and third p-strand of CXCL12 define a receptor binding
region that recognizes a sulfotyrosine in the CXCR4 N-terminal domain and may be
conserved across the chemokine family [59]. This binding site is distant from the CXC-type
B-sheet dimer interface but adjacent to the CC-type dimer interface. A hydrophobic cleft at
the junction of the B-sheet and C-terminal helix exposed in the CXCL12 monomer but
buried at the dimer interface also binds residues at CXCR4’s extreme N-terminus while
maintaining comparable binding at the sulfotyrosine pocket. Taken together, the g-sheet
dimer conformation of CXCL12 does not preclude receptor binding but alters the interaction
surface with the potential to influence receptor activation.

A central focus of our collaborative efforts has been to address an important and
longstanding conundrum in chemokine biology. All chemokines stimulate migration in a
dose-dependent fashion. However, migration is only stimulated over a specific concentration
range for each axis and cell type. Beyond that range, chemokines do not stimulate active
migration of cells and instead produce little to no migration (Figure 1). This phenomenon
may function as a self-regulating “stop signal” for chemokine function as a cell approaches
its final destination near the source of chemokine secretion within a particular tissue. Our
continuing goal has been to understand the underlying mechanisms behind this signal that
occurs at elevated doses of chemokine. Our recent work has described a biochemical
mechanism whereby elevated concentrations of CXCL12 directly evoke a lack of cell
movement, which we have termed “ataxis” [60]. The clinical implications of uncovering
such knowledge are clear. For patients with early metastatic cancer, eliciting a specific signal
to stop migration would be a powerful chemotherapeutic tool.

Historically, the proposed mechanism for halted migration at elevated doses of chemokine
has been through receptor internalization and desensitization [61]. The notion has been that
at supraphysiological ligand concentrations cells exhaust unbound membranous receptor and
therefore lack the ability to continue binding to extracellular chemokine. Other mechanisms
for the change in chemotactic migration as ligand concentration have been observed,
including changes in cell polarity, dynamic filopodia formation in migrating, or ataxic cells
[62], as well as receptor tyrosine kinase signaling [63]. In particular, at elevated
concentrations CCL5 binding to CCR5 stimulated cell proliferation, and not migration,
through transactivation of receptor tyrosine kinases [63]. Our collaborative findings over the
last decade suggest a new and complementary mechanism for the ability of chemokines to
halt cell migration. As mentioned above, in Veldkamp et al., we first showed that the
CXCL12 protein free in solution exists in an equilibrium where the monomeric state is
favored at lower concentrations and the dimeric complex is favored at higher concentrations
(Figure 2A) [55]. Through the generation of mutant CXCL12 proteins, we demonstrated that
a preferential monomeric mutant of CXCL12 stimulated migration over a wider
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concentration range than the wild-type protein, initially supporting our hypothesis that
oligomerization regulates chemokine function [64]. Veldkamp et al. showed that CXCL12
dimer induces calcium signaling but no chemotaxis [57]. Further, the engineered CXCL12
dimer prevented migration to subsequent stimulation with wild-type CXCL12, consistent
with the dimer functioning as a competitive inhibitor of the receptor CXCR4 [57]. Drury et
al. subsequently demonstrated that CXCL12 was capable of binding to the cognate receptors
CXCR4 and, with much weaker affinity, CXCR7 [37]. The dimeric mutant showed a blunted
recruitment of B-arrestin and led to more transient extracellular signal-regulated kinase 1/2
signaling compared to the monomeric variant of CXCL12. Finally, the engineered dimeric
mutant of CXCL12 most effectively blocked liver and lung metastases in mouse models of
colorectal cancer and melanoma, respectively [37,65]. Based on these observations, we
proposed that oligomerization provided the mechanistic foundation for a biased agonist
model of chemokine ligand regulation of cell migration (Figure 3).

We then further explored the downstream biochemical signals that lead to halted migration
at elevated concentrations of CXCL12 (Figure 3). Using a pancreatic cancer model in Roy et
al., we demonstrated that elevated concentrations of CXCL12 led to increased bioenergetic
stress and prolonged AMP-Kinase (AMPK) activity compared with lower, migratory doses
of CXCL12 [60]. CXCL12 activation of AMPK was dependent on CXCR4 G protein and
calcium signaling. Further, the sustained AMPK activity driven by elevated levels of
CXCL12 led to downstream disruption of cycling of myosin light chain phosphorylation and
thereby prevented the formation of actin stress fibers (Figure 3). The cumulative result of our
studies was a novel biophysical and biochemical mechanism for regulation of chemokine
migration—wherein the oligomerization state of the chemokine influences whether balanced
B-arrestin/G protein signaling will occur, triggering chemotactic migration, or G protein
biased signaling will occur, leading to lack of migration. As opposed to receptor inhibition,
elevated levels of ligand or a dimeric chemokine variant actively signal to prevent migration.

Chemokine Therapeutics

At the clinical level, therapeutics designed to target chemokine signaling and function in
disease have remained relatively few in number and narrow in scope of application.
Chemokine pharmaceutical efforts were initiated by the discovery of small molecule
antagonists for the co-receptors of HIV, CCR5, and CXCR4. Most notably, this lead to the
clinical development of Maraviroc, a CCR5 inhibitor, and Plerixafor, a bicyclam derivative
CXCR4 inhibitor. While Maraviroc was eventually approved for use in patients with HIV,
the advancement of Plerixafor as an antiviral was halted after it demonstrated poor efficacy
and notable off-target side effects [66,67]. More recently, both inhibitors have seen clinical
use as acute regulators of host cell circulation in patients with hematologic malignancies.
Influenced by the plethora of small molecule binding partners available for several related
GPCR sub-families [68], subsequent approaches for targeting chemokine signaling have
been to search for and test small-molecules that antagonize specific chemokine receptors.
However, the contrasting fates of Maraviroc and Plerixafor underscore the potential pitfalls
of broadly inhibiting constitutively expressed chemokine receptors that have a wide variety
of roles in normal physiology.
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In contrast, outside of the chemokine field, biased-agonist targeted strategies have already
demonstrated significant progress toward the development of next-generation therapies.
Biased small molecule agonists, eliciting either arrestin- or G protein-biased signaling, exist
for B adrenergic receptors, opioid receptors, angiotensin receptors, dopaminergic, and
serotonergic receptors [69,70]. Development of therapies targeted at biased chemokine-
signaling can be approached from two different perspectives. A more classical approach,
similar to those employed for other GPCR classes, would be to screen for small molecule
ligands that are capable of recapitulating the biased signaling previously observed. However,
our prior reports suggest that tailored recombinant proteins may offer a superior approach to
targeting cancer malignancy. Our studies demonstrate that recombinant wild-type CXCL12,
along with oligomeric variants, are capable of blocking metastasis in a preclinical model of
colorectal cancer [37]. In both colorectal cancer and melanoma models, we further showed
that a CXCL12 locked dimer mutant had increased efficacy compared to wild-type protein.
Significantly, in the melanoma study, the locked dimer form of CXCL12 had greater efficacy
than Plerixafor [65]. Thus, chemokine ligand targeted therapies provide a potential for
greater efficacy and specificity in their ability to inhibit the malignant characteristics of
tumors by eliciting biased agonist signaling.

The role of other chemokines in cancer progression warrants further study. Though the
biased agonism conferred by CCL19 or CCL21 binding to CCR7 has been examined
previously [71], the distinct functions of these two ligands has not been fully explored in the
context of cancer. Nonetheless, CCL19 and CCL21 are promising targets for pharmaceutical
intervention of not only lymph node metastasis, but also host adaptive immune reaction to
tumor malignancy [39,72]. Preclinical studies into the role of CCL20, a chemokine capable
of directing liver metastasis [48] and which dimerizes in a similar fashion to CXC
chemokines rather than CC chemokines, may parallel findings made in CXCL12.

Future Directions

With the rapid evolution of techniques for solving protein structures and the simultaneous
burgeoning exploration of G protein-independent signaling of GPCRs, the chemokine field
is poised to undergo substantial evolution in the coming decade. The seminal work of
Lefkowitz et al. delineating p-arrestin dependent, G protein independent signaling of small
molecule binding class A GPCRs opened the door to question whether chemokines, as much
larger molecules, were capable of similar signaling. In parallel, the multitude of available
chemokine ligands, compared to the number of existing chemokine receptors, suggested that
individual chemokines are potentially capable of inducing distinct signaling events. Thus,
the concept of receptor selectivity, wherein a single chemokine receptor can elicit distinct
signaling outputs from different chemokines, was born. We have focused on a related
question—how can a single soluble chemokine elicit distinct functional outcomes, such as
the biphasic migration curve or cell proliferation, at different concentrations? Our initial
studies demonstrating that chemokines such as CXCL12 can exist as dimers under varying
environmental conditions suggested that unique oligomeric states of CXCL12 could provide
ligand selectivity for distinct cellular functions. Indeed, our subsequent work demonstrated
that dimeric CXCL12 actively elicits a non-migratory, or “ataxic,” phenotype in cancer cells
through a G protein biased signaling mechanism that ultimately locks cell migration
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machinery for that ligand. Thus, our collective work suggests not only that biased agonist
signaling plays a crucial role in regulating chemokine function, but that these biased signals
can then specifically regulate the function of cancer cells. Given the growing implication of
a variety of chemokines in cancer progression, further study into biased agonist chemokine
signaling will likely yield promising and novel targets for therapies in cancer.

Many aspects of biased agonist chemokine signaling have yet to be examined rigorously.
Though we have now demonstrated chemokine “ligand selectivity” through CXCL12,
exploration into additional chemokines axes, particularly CXC-type chemokines that form
functionally active oligomers, is necessary. We predict that given certain biophysical criteria
(i.e., “CXC dimer” conformation in a monogamous ligand-receptor pair) other chemokines,
such as CCL5, may also demonstrate ligand selective biased agonism. Conversely, in
polygamous chemakine ligand—receptor relationships, independent of oligomerization, we
propose that individual chemokine ligands may access distinct, biased agonist signaling
while binding to the same receptor. Exploration into the role of receptor selectivity, or
receptor biased chemokine signaling is emerging, but to date has been relatively limited
[71]. Emerging work, reviewed by Kleist et al. [73], is revealing the key architectural
features of the chemokine-receptor interface likely to dictate ligand and receptor biased
signaling events. Closer examination into the role of ligand biased, receptor biased, or even
tissue biased signaling in the association and activation of each chemokine ligand with each
chemokine receptor in distinct cells and tissues or cancers is necessary before the complete
impact of this novel mechanism for chemokine signaling can be truly understood.

Our recent work detailing biased agonist signaling in CXCL12-driven tumor cell migration
raises several additional key biochemical and biophysical questions that should be
addressed. While we have now described a G protein biased mechanism, the independent
role of B-arrestin biased signaling in chemokine function has yet to be defined. Further, the
stoichiometry of how dimeric, or oligomeric, chemokine ligands bind to dimeric receptors
has yet to be elucidated and could shed important light on the structural mechanisms
underpinning biased agonist signaling of GPCRs. Similarly, examination of the intracellular
loops of the receptor should yield more detailed information regarding the structural
mechanisms guiding the activity and recruitment of G protein coupled receptor kinase and
[B-arrestin proteins that dictate biased signaling [73].

At the level of cellular function, previous biased agonist studies have primarily focused on
differing signaling events. To more fully understand potential roles for chemokine biased
signaling in cancer, future studies should increasingly link biased biochemical signaling
events with chemokine specific and cell type specific functions. While our collective work
has demonstrated a role for biased agonist signaling in chemotaxis, more study into the role
of this mechanism in chemokine driven non-migratory events is needed. For example, while
CXCL12 is known to regulate cell proliferation and apoptosis in a variety of cellular or
disease contexts, the mechanisms underlying those cell and disease selective phenotypes
remains unknown. We would speculate that ligand biased signaling may account, at least in
part, for this selectivity.
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As tumors remain a highly heterogeneous population of cancer cells within a cancer-unique
microenvironment, it remains likely that biased agonist signaling of chemokine or other
GPCRs may play key roles in tumor development and progression.

Given the prior pharmaceutical application of biased agonist principles to small molecule
GPCRs such as p-blockers and dopaminergic agents [28,74], there is substantial therapeutic
potential for the application of chemokine biased agonists to precisely modulate cancer
pathogenesis. While additional study is needed before proceeding to clinical trials, our
preclinical work indicates that engineered chemokine proteins provide a novel, biologically
driven avenue for generating therapies that can regulate cancer cell function, particularly the
motor machinery that dictates tumor metastasis. Further preclinical trials of chemokine
biased agonist-targeted drugs will explore physiologic effects of this novel chemokine
strategy to uncover tumor autonomous versus tumor parenchyma effects. In particular
changes in innate and adaptive immune responses or organ development remain to be
examined.

In sum, we are now entering an exciting era in the field of chemokines. Incorporating the
novel concepts generated from further study of chemokine biased signaling into our
understanding of cancer biology will be essential to strengthening our perception of tumors
as a diseased organ. In particular, investigation into chemokine biased signaling will have
significant impact on our understanding of cancer metastasis and cancer immunity. The
eventual development of chemokine biased agonist directed therapies may yet offer new
hope for addressing both cancer metastasis and cancer progression overall.
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Figure 1.
Bi-modal outputs of chemokine signaling. Intracellular calcium release and cell migration

display similar response profiles at lower physiological concentrations. As chemokine
concentration increases, calcium flux signaling reaches a plateau (gray line) while cell
migration (black line) returns to baseline levels. The “ataxic” halt of migration occurs
despite maximal calcium signaling.
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Figure 2.
Chemokine oligomerization influences receptor occupancy. (A) Chemokine concentration

and environmental conditions such as glycosaminoglycans, solution ions, pH, and soluble
receptor peptides (gray), regulate chemokine self-association. The C-terminal a-helix of
CXCL12 is rearranged (helix angle: 55-90°) upon CXC-dimer formation at the first p-strand
of each monomeric protein (shown in orange and purple). Important receptor binding
epitopes (site 1) remain available on each CXCL12 monomeric subunit, irrespective of
oligomeric state (PDB IDs: 2N55 and 2K05). (B) Monomeric CXCL12 forms a single-
occupancy (2:1) complex with the CXCR4 receptor dimer (receptor monomers are shown as
dark and light gray). (C) Monomeric CXCL12 could form a double occupancy (2:2)
complex (shown). A double occupancy (2:2) complex, between dimeric CXCL12 and the
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CXCR4 dimer, while maintaining important sites 1 and 2 contacts, is a possible alternative
mode of receptor binding (not shown).
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Receptor occupancy dictates cell migratory fate. Single receptor occupancy (i.e., 1:2 ligand—
receptor binding) with a CXCL12 monomer promotes activation of both Gaj and p-arrestin
signaling leading to the balanced cycling of phosphorylated myosin light chain (MLC).
Single occupancy balanced signaling promotes the formation and cycling of actin stress
fibers needed for cell motility. When double, or 2:2, receptor occupancy occurs, p-arrestin
signaling remains basally activate while the G protein signaling arm is activated. This leads
to a G protein and calcium mobilization dependent increase in AMPK activity and
unbalanced cycling of MLC phosphorylation, therefore preventing the organization of actin
stress fibers and limited cell migration.
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