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Abstract

C-X3-C motif chemokine receptor 1 (CX3CR1) is a G protein-coupled chemokine
receptor and a key regulator of neuroinflammation and response to injury. This GPCR is
considered a putative therapeutic target in diseases associated with inflammation.
CX3CRI1 is thought to modulate inflammation in the central nervous system (CNS) and
cardiovascular system. The endogenous ligand for this receptor, C-X3-C motif
chemokine ligand 1 (CX3CL1I; also known as Fractalkine) has a unique structure
compared to other chemokine family members. CX3CLI is a 95 kDa protein comprised
of a chemokine domain, a glycosylated mucin-like stalk, a transmembrane domain, and a
cytoplasmic domain. In addition to its endogenous full-length membrane anchored form,
CX3CLI1 is cleaved at different sites, creating alternative forms of soluble ligand. The
pharmacological properties of such truncated isoforms and the full-length ligand differ
yet have not been well defined. The focus of our project is to probe the functional role of
each CX3CL1 domain. In the Kopin laboratory, we have utilized the recombinant
membrane tethered ligand (MTL) system in combination with in vitro signaling assays to
investigate structure-function properties of CX3CL1. We have generated and
pharmacologically characterized a series of CX3CL1 deletion mutants and domain
swaps. The endogenous full-length CX3CL1 (407 amino acids) activates CX3CR1
without triggering desensitization. In contrast, a tethered chemokine domain (76 amino
acids) construct results in receptor mediated signaling and induces receptor
desensitization. Notably, a tethered construct which includes both the chemokine domain
and the glycosylated mucin-like stalk results in an intermediate level of signaling and

desensitization. Current studies are underway to further map the residues which underlie



these pharmacological properties. Polymorphisms of CX3CR1 are also explored. Taken
together, our experiments help us better understand the molecular basis of
CX3CLI1/CX3CR1 function and lay the groundwork to develop modulators of CX3CR1

as potential treatments for neurological and cardiovascular diseases.
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Chapter 1: Introduction

1.1 Chemokine and Inflammation

Chemokines are defined as small proteins that are activators and chemoattractants for
some leukocytes and nonhemopoietic immune cells [1]. Upon interaction with
leukocytes, chemoattractants initiate a series of biochemical events including enhanced
locomotion, changes in integrin activity, and secretion of lysosomal enzymes. They thus

are important in directing circulating leukocytes to sites of inflammation and infection

[1].

Chemokines can be categorized into four groups (CXC, CX3C, CC, and C). Each group
is classified by the spacing between two highly conserved cysteines in their amino acid
sequences [1]. Over the years, there have been an increasing number of human
chemokines discovered. The specific effects of chemokines are mediated by members of
G protein-coupled receptor (GPCR) family. The majority of the known chemokines are
secreted proteins with masses ranging from 7kDa to 15kDa (molecular weight of 7,000-

15,000 Daltons) [2].

Due to the pivotal role of chemokines in inflammatory settings, as well the growing
evidence that many diseases involve inflammation (e.g. Alzheimer’s, atherosclerosis, and
rheumatoid arthritis) [3], there is an urgent need to better understand the role of
chemokines in the context of inflammation which in return may enable future therapeutic

development.



1.2 The CX3CL1 and CX3CRI1 Axis

CX3CL1 (C-X3-C motif chemokine ligand 1), also known as fractalkine, is the
endogenous ligand for a GPCR called CX3CR1 (C-X3-C motif chemokine receptor 1).
Unlike canonical small peptide chemokine family members, CX3CL1 is endogenously
expressed with a transmembrane domain, a highly-glycosylated mucin-like stalk (241 aa;
amino acid), and a chemokine domain (76aa) [3, 4]. This endogenous full length ligand
(407 aa) can undergo “shedding”, generating smaller soluble ligands fragments through
cleavage by a disintegrin and metalloprotease 10 (ADAM 10) or ADAM 17 (also known
as TACE: tumor necrosis factor alpha converting enzyme) under certain inflammatory
conditions [4]. The different isoforms of CX3CL1 confer it with both chemoattractant

and adhesive functions [2].

CX3CR1, CX3CL1’s only known molecular target, is a Gaj-coupled seven
transmembrane domain spanning receptor [3, 5]. The heterotrimeric G-proteins,
composed of Ga, G and Gy subunits, interact with GPCRs intracellularly and are
important in cellular signaling. Normally, these heterotrimers are associated together and
remain inactive when Ga is bound with guanosine diphosphate (GDP). However, upon
GPCR activation, Goa bound GDP is replaced with guanosine triphosphate (GTP),
promoting Ga dissociation from the heterotrimeric G-proteins and Goa-mediated
modulation of effectors [6]. There are 23 known Ga isoforms that fall into four families
(Gas, Gag, Gai, and Gai2) based on cellular targets and structural similarities [7]. Gai, the
G protein subunit that can be activated by CX3CR1, inhibits membrane bound adenylyl

cyclase, an enzyme that synthesizes cyclic adenosine monophosphate (cAMP) from



adenosine triphosphate (ATP) [6]. As a result, stimulation of CX3CR1 leads to Ga;

activation and lower levels of intracellular cAMP.

Other target effectors can be activated following dissociation of a Gai heterotrimer,
including phosphoinositide 3-kinase (PI3K), Ras, phospholipase C (PLC) signaling
pathways. These downstream pathways can eventually lead to the activation of
transcription factors including NF-xB and inhibition of the cyclic adenosine

monophosphate (cCAMP) responsive element binding protein [4].

CX3CL1 and CX3CRI constitute a ligand receptor combination that is known to play a
vital role in inflammation and is associated with disease of both the central nervous
system (CNS) and the cardiovascular system [3, 8]. In CNS, ligand and receptor of the
CX3CLI1/CX3CR1 pair show distinct expression patterns: CX3CR1 is predominantly
expressed on microglia, whereas CX3CL1 is expressed on selected neurons [3] (Figure
1.1). As resident phagocytic cells in the brain derived from myeloid-lineage progenitors,
microglia are involved in immune-mediated responses and actively survey the local
environment [9]. These CNS resident macrophages respond to various external signals
and respond with different effector functions important in development, repair, and

pathology of the nervous system [10].

To date, animal studies have confirmed that the CX3CL1/CX3CR1 axis plays a role in a
series of CNS diseases including Alzheimer’s Disease, Parkinson’s Disease, amyotrophic
lateral sclerosis (ALS) and cerebral ischemia [3]. The different isoforms of CX3CL1
potentially have _different functions in the CNS. It has been reported that the full-length
form of the ligand may serve as a cell adhesion molecule for microglia and infiltrating

leucocytes during inflammation while suppressing interleukin 1 beta (IL-1p) and tumor
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necrosis factor alpha (TNF-a) release, as well as phagocytosis [3, 4]. On the other hand,
soluble CX3CL1 can be shed under conditions such as pain-inducing stimuli, and seems
to trigger IL-1p production by microglia [3]. Since IL-1 and TNF-a are
proinflammatory cytokines that are involved in the up-regulation of inflammatory
reactions [11], high expression levels of such proinflammatory cytokines is associated
with increased inflammation. At first glance, one may argue that full length CX3CL1
could possibly have an anti-inflammatory effect while the soluble form could be

proinflammatory.

However, the exact functions of these CX3CL1 isoforms are not well understood, and
whether the role of CX3CL1/CX3CRI1 is beneficiary or detrimental in disease settings is
unclear and requires further studies. For example, exogenously expressing either shed
CX3CLI or non-sheddable CX3CL1 in CX3CL1 knockout mice resulted in an
amelioration of neurotoxicity induced by neurotoxin challenge in a Parkinson Disease
model [12]. At the same time, CX3CR1 deficiencies promote neuroprotection in some

settings of induced inflammation [13, 14] but enhance neurotoxicity in others [15, 16].

In general, it has become evident that full length CX3CL1 seems to promote “quiescent”
modes of microglia, since CX3CLI1 deficiencies leads to hyperactivation of microglia.
Soluble CX3CLI, on the other hand, triggers IL-1f production. But whether deficiency
of CX3CLlI is beneficial or detrimental to the CNS varies depending on the experimental

paradigm (see appendix 5.1).

The potential opposing signaling effects of full length CX3CL1 and soluble CX3CLI1 in
the CNS, and the prominent role that CX3CR1/CX3CLI1 plays in the CNS, warrant

further studies of CX3CL1 and its receptor.
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Figure 1.1 Microglia, seen from the CX3CR1 angle. Figures adapted from Wolf'Y et al
(2013): Frontiers in Cellular Neuroscience. A. CX3CR1 is expressed on microglia (left)
while its endogenous ligand is expressed on neurons (right). Proteolytic cleavage of
CX3CLI1 by ADAM10/17 results in shed CX3CL1 of different size B. Tethered and
cleaved formed of CX3CL1 exert different effects; either inducing or suppressing IL-1f3
production in microglia.

Outside of the CNS, CX3CL1 and CX3CR1 are known to play a role in rheumatoid
arthritis, renal diseases, and cardiovascular diseases [8]. Atherosclerosis, for example, is
an underlying cause for the development of many cardiovascular diseases including
peripheral artery disease (PAD), coronary artery disease (CAD), and cerebrovascular

disease (CVD) [8]. It has become increasing evident that atherosclerosis is a highly



inflammatory disease that involves the immune system [8]. One of the crucial players of
atherosclerosis are platelets, which can contribute to disruption of the integrity of
endothelial cells in the vascular bed through platelet activation. CX3CLI1 has been
reported as a weak platelet activator itself, but a stronger potentiator in presence of other
platelet agonists [8]. An elevation of both membrane-bound CX3CL1 (expressed on
endothelial cells) and soluble CX3CL1 has been reported in cardiovascular disease
patients, which is associated with classic risk factors including smoking, hypertension,

and diabetes/metabolic syndrome [8].

Similar to the CX3CL1/CX3CRI axis seen in CNS diseases, full length and soluble
CX3CLI1 exert different effects in the cardiovascular disease setting. Circulating

CX3CLI (a potent chemoattractant) acts on CX3CR1 expressed on all monocyte subsets
and may lead to platelet and monocyte activation. Monocytes can have inflammatory or
anti-inflammatory cell type subsets, and can differentiate into macrophages or dendritic
cells in response to tissue infection or damage [17]. On the other hand, full length
CX3CL1 (expressed on monocytes/macrophages, endothelial and smooth muscle cells
within atherosclerotic coronary arteries) may contribute to monocyte transmigration of
platelet-monocyte complexes and to platelet adhesion [8]. Studies of CX3CR1 knock outs
[18, 19] and CX3CLI1 deficiencies [20] have shown reduced atherosclerosis, suggesting

that CX3CR1/CX3CL1 may play an important role in atherosclerosis (see appendix 5.1).

Collectively, the differences in cellular responses that various CX3CL1 isoforms can
exert and the importance of the CX3CL1/CX3CR1 axis modulating inflammation of the
CNS and cardiovascular systems motivated us to investigate the structure-function

relationship of CX3CL1 and its cognate receptor. Our hypothesis is that full length and



soluble CX3CL1 have different signal transduction properties that ultimately lead to
different cellular respones. We therefore sought to study how each domain plays a role in
signal transduction. By designing agonist constructs including various domains
mimicking either the full length CX3CLI or soluble CX3CL1, we can activate CX3CR1
and may better understand resulting anti/pro-inflammtory effects at the molecular

signaling level.

The questions we ask will help us further understand the CX3CL1/CX3CRI axis and
may contribute to the development of CX3CL1/CX3CRI1 therapeutics for a variety of

diseases.

1.3 MTL Strategy

To investigate the structure-function relationship of CX3CL1, we have utilized the
membrane tethered ligand (MTL) strategy in the Kopin laboratory to generate and study
various regions of CX3CL1. Utilizing of MTL constructs that contain an extracellular
linker, a transmembrane domain anchor, and a peptide ligand, this MTL strategy has been

successfully used to investigate other ligands [21-23].

MTLs are great tools to study CX3CL1 for two main reasons. First, studying different
domains of the ligand by synthesizing soluble protein is time consuming and costly. MTL
offers a convenient way to test constructs and many alternative constructs inexpensively
made in a short period of time [23]. Second, CX3CL1 is a unique chemokine that is
expressed with a transmembrane domain in its endogenous form, thus it would be

interesting to study its domains when attached to an artificial membrane anchor.



Based on this rationale, we proceeded to study CX3CL1 with altered domains/residues
using corresponding MTL constructs, and compared them to the function of endogenous

full length CX3CLI1.



Chapter 2: Materials and Methods

2.1 Plasmids

Expression plasmids encoding various versions of CX3CL1 were prepared from G-blocks
(Integrated DNA Technologies Inc., Coralville, IA) and cloned into pcDNA1.1 (Thermo
Fisher Scientific, Waltham, MA). Plasmid generation was performed through restriction
enzyme digests using BamHI and Xbal (New England Biolabs, Ipswich, MA) and
ligation of digested G blocks and pcDNA1.1. MTL constructs in this study contains a
Herpes Simplex Virus 1 (HSV) transmembrane domain, a Myc tag, and linker region
comprised of GN (asparagine and glycine) repeats. All MTL constructs are Type I,
meaning that when expressed they are oriented in the plasma membrane with a free
extracellular N-terminus. All plasmid designs were done using benchling software
(Benchling Inc., San Francisco, CA) and confirmation of the cDNA coding region

sequence was done through Sanger sequencing (Genewiz, South Plainfield, NJ).

A reporter gene encoding luciferase under the control of a serum response element
(SREsx-Luc-PEST in pGL4.22) (Promega, Madison, WI) was utilized. A plasmid
encoding Ggsissv, a chimeric Gag protein previously developed by the E. Kostenis lab, is
utilized by the Kopin lab [24, 25]. Plasmids encoding -galactosidase were used as
previously described [21, 22].

All oligos for site-directed mutagenesis were purchased from IDT (Integrated DNA

Technologies Inc., [A).



2.2 Peptides

Soluble CX3CL1 (thCX3CL1) containing only the chemokine domain of CX3CL1 was
commercially obtained (PeproTech, Rocky Hill, NJ), resuspended using distilled water to
a concentration of 23.53 uM, and dispensed in small aliquots. Small aliquots were stored

at -20°C and only used several times each to avoid frequent freeze thaw cycles.

A soluble somatostatin 14 stock was prepared at a concentration of 3.05nM in distilled

water (American Peptide Company, Sunnyvale, CA) and stored at -80°C.

2.3 Cell culture

Human embryonic kidney (HEK 293) cells were cultured in Dulbecco’s modified eagle
medium (DMEM; Life Technologies, Grand Island, NY) containing 100U/mL penicillin,
100pg/mL streptomycin (Life Technologies, NY), and 10% Fetal Bovine Serum (Atlanta
Biologicals, Lawrenceville, GA). Cells were incubated at 37 °C in a humidified

environment with 5% CO» [21].

2.4 Transfection

HEK 293 cells were plated in 96-well Costar plates (Cat#07200587, Corning
Incorporated, ME) [23]. Cells plated at 6,000/well are ready for transfection after 24
hours, while cells plated at 4,000/well undergo a 48-hour incubation before transfection.
After an appropriate incubation time and when cells reached a density of ~80%
confluence, serum containing DMEM were replaced with serum free DMEM (25ul/well)
containing 100U/mL penicillin, 100ug/mL streptomycin (Life Technologies, NY) before
adding transfection mix [21].

For the MTL experiments used in the luciferase assays, each well with HEK293 cells was

co-transfected with cDNAs encoding: tethered ligand, 3ng of receptor, Sng of Gagsisev,
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25ng of luciferase reporter gene with a PEST degradation sequence under transcriptional
control of a serum response element (SREsx-Luc-PEST), and 10 ng of B-galactosidase as
an internal control for transfection efficiency [21]. Full length CX3CL1 is treated as a

MTL in transfection procedures.

Goaygsisev 1s a chimeric Gog subunit that has been optimized for signaling in the Kopin
laboratory to target effectors of Gag. Gagsisev contains five carboxyl-terminal amino acids
corresponding to Gai, thus converting Go; mediated to Gagq mediated coupling. In the
current experiments, the activation of CX3CRI1 causes signaling transmitted through
Goaygsisev to activate phospholipase C (PLC) and protein kinase C (PKC), and eventually

induces transcription of a luciferase gene controlled by an SRE promoter.

For MTLs used in enzyme-linked immunosorbent assay (ELISA) assays, HEK293 cells

were transfected only with MTLs.

For experiments where no MTL was used, only 3ng of receptor, Sng of Ggsissv, 25ng of

SREsx-Luc-PEST, and 10 ng of B-galactosidase were transfected.

Polyethylenimine (PEI) reagent was used at the final concentration of 2pug/mL to enable
transfection [26]. All cDNAs were incubated with PEI for 20 minutes at room
temperature before the mix was added to HEK293 cells in 96-well plates. HEK293 cells
were then incubated with the transfection mix at 37°C in a humidified 5% CO2
atmosphere. Incubations were carried out for 24 hours before assessing results through

luciferase assays and for 48 hours before reading ELISA results.

11



2.5 Luciferase assay

For soluble ligands, peptides were prepared in serum-free DMEM and added to
transfected cells for 4 hours before reading luciferase assays. Next, all solution was
aspirated from the wells and SteadyLite Plus reagent (PerkinElmer, Waltham, MA) was
prepared in distilled water (1:6) and added to lyse cells. Luciferase activity was measured
using a TopCount NXT™ Microplate Scintillation and Luminescence Counter
(PerkinElmer, Waltham, MA). Then, B-galactosidase substrate solution was prepared as
previously described and added to the wells. Extinction at 420nm as a measure of
enzyme-converted substrate was determined using a SpectraMax Plus 384 Microplate
Reader (Molecular Devices, Sunnyvale, CA) [22]. The luciferase results were normalized

with B-galactosidase activity/expression levels.

2.6 ELISA

48 hours after transfection, expression of Myc tagged membrane tethered ligands or HA
tagged receptors were quantified by ELISA using antibodies detecting the corresponding
epitope tag as previously described [21, 22]. For HA tagged proteins, anti-HA-peroxidase
high affinity rat monoclonal antibody (12013819001#; Roche Diagnostics, Indianapolis,
IN) at a final dilution of 1:1500 was used. For constructs containing Myc tags, c-Myc
horseradish peroxidase antibody (ab19312; Abcam, Cambridge, MA) at a 1:500 final

dilution was used [23].

2.7 Data Analysis
Data were analyzed, plotted, and response curves fitted using GraphPad Prism 5 software

(GraphPad Software Inc., La Jolla, CA).
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All experiments are performed in triplicates, with three independent experiments. Unless

noted otherwise, data are shown as mean + standard error of the mean (SEM).

Statistics assessing significance between data points was performed using

unpaired/paired t tests (GraphPad Software Inc., CA) as indicated in the figures.

Chapter 3: Results

3.1 Concentration response curve of soluble recombinant human (rh) CX3CL1 on
CX3CRI.

To assess the downstream activity level of CX3CR1, we first tested the commercially
available soluble thCX3CL1 containing only the chemokine domain (CKD) of CX3CL1
to access its potency and maximal efficacy. We prepared serial dilutions of this soluble
ligand and treated transfected cells for 4 hours. CX3CRI is activated by rhCX3CL1 in a
concentration dependent manner, giving a sigmoidal concentration response curve with a
half maximal effective concentration (EC50) of 0.91nM (Figure 3.1). The level of
CX3CR1 activity induced by 10nM and 100nM soluble thCX3CL1 is similar, suggesting
maximize efficacy of CKD alone is reached at 10nM. This concentration is subsequently

used in later experiments to assess maximal stimulation of CX3CRI1.
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Figure 3.1 Concentration response curve of soluble recombinant human (rh) CX3CL1 on
CX3CRI. Maximal efficacy is achieved at 10nM rhCX3CL1. Data represent the mean +
S.E.M. from three independent experiments, each performed in triplicate.

3.2 CX3CL1 domain deletions lead to decreased efficacy.

Using the maximal stimulation of CX3CR1 by rhCX3CLI containing only the CKD as a
reference, we next wanted to compare this to full length CX3CL1 and the MTLs variants.
To determine which domains of CX3CL1 have an effect on CX3CR1 signaling, we tested

MTLs containing different domains of CX3CLI.

We first generated two MTL constructs: 1) substituting the endogenous transmembrane
(TMD) and intracellular domain of full length CX3CL1 with HSV1 and a Myc tag (tCKD
+ mucin stalk), and i1) further deletion of the mucin stalk based on the previous construct
(tCKD) (Figure 3.2A). To assess the activity levels of these constructs, we utilized a
luciferase assay similar to that used for rhCX3CL1. This assay (as described in Methods)

utilizes a chimeric Gog protein that has been modified to contain the five carboxyl-
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terminal amino acids of the Ga; protein. Co-expression of this chimeric Gog protein
(Gagsiesv) results in activation of the downstream signaling associated with Gog instead of
endogenous downstream signaling associated with Ga; when CX3CRI is activated. Gag
mediated signaling results in activation of SRE, which induces transcription of luciferase
gene. The level of luciferase is then quantified. Measured luciferase activity is first
normalized to internal B-galactosidase and then compared relative to the activity of

CX3CRI1 stimulated by 10nM of soluble CX3CLI1.

We transfected HEK 293 cells with either full length CX3CL1 or shortened MTL
constructs, using a series of two-fold cDNA dilutions starting at 2.0ng cDNA per well.
The intention was to determine the amount of MTL ¢cDNA transfection that is needed to
reach a plateau of highest CX3CR1 activity. For all three ligand constructs, activity levels
reached a plateau at 1.0ng cDNA transfected per well. We observed that the maximal
activity level of CX3CRI1 gradually decreased when more domains of the endogenous
construct were sequentially deleted/substituted (Figure 3.2B). Notably, the full length
endogenous CX3CL1 construct could activate CX3CR1 to a level comparable to
maximal stimulation with soluble CX3CL1 CKD. In comparison, our MTL constructs
tCKD + mucin stalk and the tCKD had decreased levels of maximal activity at
equilibrium. The tCKD + mucin stalk MTL activates CX3CR1 to a higher level when

compared to tCKD.

Interestingly, the more similar the MTL was to endogenous unmodified full length
CX3CLI1, the higher the maximal activity level that was observed for stimulation of
CX3CRI. This led us to ask the question why the maximal activation induced by MTL

constructs were different, despite including the same CKD as thCX3CL1.
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Figure 3.2 Cartoon of CX3CL1 MTL constructs and corresponding cDNA curves of
CX3CR1 stimulation. A. Cartoon of CX3CL1 MTL constructs: Full length CX3CL1
includes a 24 amino acid (aa) signal peptide (SP), a 76 aa chemokine domain (CKD), a
241 aa mucin stalk, a 31 aa transmembrane (TMD) domain, and a 35 aa intracellular
domain. Two recombinant MTL constructs were generated: (i) tCKD+ mucin stalk and
(11) tCKD. A genetically engineered extracellular peptide ligand linker including a Myc
tag, together with HSV1 TMD are utilized in generating the recombinant MTL
constructs. B. CX3CL1 domain deletions resulted in decreased efficacy compared to full
length unmodified CX3CL1. Substitution of the endogenous TMD + intracellular domain
resulted in decreased maximal activity (tCKD + mucin stalk). An additional deletion of
the mucin stalk further decreased the activity (tCKD). Data represent the mean + S.E.M.
from three independent experiments, each performed in triplicate.
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3.3 CX3CL1 surface expression levels measured by ELISA.

We then measured the surface expression level of ligand constructs to determine whether
differences in expression might contribute to observed differences in activity levels.
Since the tCKD + mucin stalk and tCKD MTL constructs were both designed with an
extracellular Myc tag, we used the same constructs for ELISA as were used for the
luciferase assays. To measure cell surface expression levels of full length CX3CLI1, we
generated a Myc-tagged version through site directed mutagenesis using a uracil template
method [27] (Figure 3.3A). To avoid disruption of CKD or mucin stalk, we inserted the
Myc tag between the CKD and the mucin stalk. We then tested this Myc tagged full
length CX3CL1 construct in a luciferase assay to validate that the full length CX3CL1
activity was not disturbed by the introduction of a Myc tag. To compare the behavior of
endogenous full length and Myc tagged full length, we performed cDNA curves as
described in Figure 3.1B. We also stimulated parallel set of cells with 10nM soluble
CX3CLI to assess maximal CX3CR1 stimulation for comparison. Both full length
CX3CL1 and Myc tagged full length reached the maximal activity level triggered by
10nM soluble CX3CL1. At lower concentrations of tethered cDNA, maximum activity

can be induced by addition of 10nM soluble CX3CL1 (Figure 3.3B).

After confirming that full length CX3CL1 and Myc tagged full length CX3CL1 had
similar activities in the luciferase assay, we proceeded to measure surface expression
levels using ELISAs. In ELISA experiments, a similar cDNA curve is created as
described for luciferase assays, but with the highest concentration being 40ng
cDNA/well, which is much higher than what is used in a luciferase assay. This is because

the signal in an ELISA relies on antibody binding, which yields a less sensitive signal
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compared to luciferase assay which relies on detection of luminescence through receptor

signaling saturated at much lower MTL expression levels.

We transfected HEK 293 cells with three CX3CL1 ligand constructs, and a tethered
construct encoding exendin, an unrelated peptide, also containing a Myc tag as a positive
control [28]. We normalized the results to full length CX3CL1 at 40ng cDNA/well. Myc
tagged full length CX3CL1 had the highest expression level, followed by tCKD + mucin
stalk, and lastly tCKD (Figure 3.3C). Clearly there is a difference in expression levels of
the CX3CL1 ligands, which appears to parallel corresponding signal level trends as
observed for activity levels in Figure 3.2B among the three CX3CL1 ligands. Although
intriguing, the relative difference between various constructs observed by ELISA may or
may not be fully translatable to interpreting luciferase results since the later were

performed at a much lower cDNA concentrations.
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3.4 CX3CL1 domain deletions and soluble CKD lead to receptor desensitization.

Based on the results from luciferase assays (Figure 3.2B) and ELISA (Figure 3.3C), we

next asked whethe

reached. This experiment is similar to assessing the behavior of full length CX3CL1 and
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Myc tagged CX3CL1 (Figure 3.3B), where receptors are stimulated by cDNA-expressed

ligand constructs replicates with further addition of soluble CX3CLI1 for 4 hours.

Stimulation with 10nM soluble CX3CL1 can activate full length CX3CL1 (Figure 3.4A)
to maximal activity independent of the amount of cDNA transfected, as also shown in
Figure 3.3B. However, a four-hour stimulation with 10nM rthCX3CL1 failed to further
activate CX3CR1 in tCKD + mucin stalk and tCKD MTL transfected cells (Figure 3.4B
and 3.4C). In fact, maximal stimulation of CX3CR1 by soluble CX3CLI is only achieved
when no tethered ligands (Ong cDNA) were transfected. This suggests that CX3CR1
signaling is inhibited with increasing expression of these transfected MTL constructs.
Hence, it appears that CX3CR1 has become “desensitized” by these constructs, which
leads to reduced ability to be stimulated by soluble CX3CL1. This phenomenon is often
seen in G protein signaling as an adaptive mechanism to avoid overstimulation of

receptors [29].

After observing desensitization of CX3CRI1 by artificial MTLs that we generated, we
performed a similar experiment to see if soluble CX3CL1 acts similarly. However,
comparing MTLs and soluble ligands in parallel can be difficult since MTLs are
transfected into cells for over 24 hours while soluble ligands are added externally to cells
only during a 4-hour incubation. To closely mimic the experimental design, we
substituted the cDNA curve with serial dilution of soluble CX3CL1 for 24 hours. The
next day, we stimulated cells transfected with reporters and reporters with 10nM soluble
CX3CLI or fresh serum free media alone for an additional 4 hours before assessing
activity levels. We observed that chronic stimulation of CX3CR1 with just the CKD of

rhCX3CL1 alone was sufficient to cause a decrease in efficacy (Figure 3.4D). This
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suggested that CKD alone is also sufficient to induce desensitization of CX3CR1, similar

to what was observed with our MTL constructs.

Taken together, these results indicate that only the endogenous full length CX3CL1 can
induce maximal activity of CX3CR1 without triggering CX3CR1 desensitization, while

all other truncated CX3CL1 isoforms that we tested can led to desensitization.
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Figure 3.4 Desensitization of CX3CR1 by CX3CL1 MTLs and soluble CKD. A. Full
length CX3CL1 has maximal activity comparable to thCX3CL1 and does not result in
receptor desensitization. B-C. Domain deletion of synthetic membrane tethered ligand
(MTL) constructs show decreased activity and results in receptor desensitization D.
Soluble rhCX3CL1, which also includes only the CKD domain, induces desensitization.
Overnight stimulation with increasing concentrations of thCX3CL1 results in an apparent
decrease in efficacy. Data represent the mean + S.E.M. from three independent
experiments, each performed in triplicate.
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3.5 Truncations of the N terminus of CKD results in gradually decreased tethered ligand
induced signaling while preserving desensitization.

With the conclusion that the CKD of CX3CL1 alone is sufficient to cause desensitization
of CX3CRI1, we then focused on studying the relationship between the ability of the CKD
to activate and trigger receptor desensitization. Toward this goal, we performed serial
deletions of amino acids starting from the N terminus of the CKD to see if the ability to

activate or desensitize CX3CR1 was altered.

We serially deleted 4 to 8 amino acids from the N terminus through site-directed
mutagenesis. Then we characterized these truncated tCKD constructs for agonist activity
using cDNA curves. We also used cDNA curves with addition of 10nM soluble CX3CLI1
to detect any changes in a receptor desensitization. Truncations of up to seven amino
acids off the N terminus of the CKD resulted in a slightly lower maximal activity level,
whereas desensitization of the response to addition of 10nM CX3CL1 was preserved
(Figure 3.5A-E). This indicates that the truncations of the CKD in the context of tCKD
constructs decreases activity but still results in CX3CR1 desensitization. Deletion of eight
amino acids off the N terminus of the CKD completely abolished the ability to activate
CX3CR1(Figure 3.5F). This is likely because the eighth amino acid is a cysteine that is
important in holding the structure of CX3CL1 in place, which will be further discussed in
the following sections [5]. Also, with deletion of 8 amino acids in this MTL, there is a
slight efficacy decrease when cells expressing this construct are stimulated with 10nM
soluble CX3CL1 (Figure 3.5F). However, this is most likely not due to true

desensitization but may reflect a nonspecific decrease in signal, as seen with a
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nonspecific tether which includes a ligand sequence that is unrelated to tCKD (data not

shown).

Based on this experiment, it appears that tCKD’s agonist activity and CX3CR1

desensitization are most likely related.
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Figure 3.5 CKD N terminal truncations decrease MTL induced signaling while still
triggering desensitization. A-E. Deletions of the first 4, 5, 6, 7, and 8 amino acids from
the N terminus were generated and characterized. Deletion of 4-7 residues resulted in
decreased activity relative to the unmodified tCKD construct and still triggered
desensitization. F. The 8aa deletion construct abolished all agonist activity. Data
represent the mean = S.E.M. from three independent experiments, each performed in
triplicate.

3.6 Addition or deletion of the CX3CL1 intracellular domain does not alter the
desensitization pattern.

After observing the difference between full length CX3CL1, tCKD, and soluble
rhCX3CL1 with respect to desensitization of CX3CR1, we next focused on structural
differences between the CKD and full length CX3CL1. Since full length CX3CL1 does
not induce CX3CR1 desensitization while the tCKD MTL does, we started by probing

the differing domains of these two constructs.

One possibility is that the endogenous CX3CLI1 cytoplasmic domain is important, since it
may interact with proteins intracellularly and exert an effect on maintaining downstream
signaling. To test this possibility, we generated a tCKD MTL construct with the
endogenous CX3CL1 cytoplasmic domain attached to the C-terminus of the HSV-1
transmembrane domain. In parallel, we also deleted the intracellular domain from the
endogenous full length CX3CL1 as a complementary experiment (Figure 3.6A). This was
done to test whether the intracellular domain plays a role in blocking desensitization of
CX3CRI. Interestingly, both constructs preserved their initial activation and
desensitization pattern despite the addition or deletion of the cytoplasmic domain (Figure

3.6B, C).
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This suggests that the intracellular domain alone is not sufficient to change the ability of
CX3CLI1 to activate or desensitize CX3CRI1. Other possibilities of domains that block
desensitization based on structural differences may be that the combination of
endogenous transmembrane domain + the intracellular domain, the presence of the mucin

stalk, or all domains together are required.
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Figure 3.6 Addition or deletion of the CX3CLI1 intracellular domain does not alter
desensitization. A. The addition of the CX3CL1 intracellular domain to the tCKD
construct did not change ligand efficacy or desensitization compared to tCKD. B.
Deletion of the intracellular domain of full length CX3CL1 does not alter ligand efficacy
or desensitization. Data represent the mean + S.E.M. from three independent
experiments, each performed in triplicate.

3.7 Chronic CX3CRI stimulation results in homologous desensitization.
Desensitization of receptors can be categorized as either homologous desensitization or
heterologous desensitization. Homologous desensitization is activation-dependent

regulation of a specific receptor (i.e. desensitization occurs with stimulation of the same
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receptor), while heterologous desensitization is also activation dependent, however
activation of one receptor leads to desensitization of a different receptor. (i.e.
desensitization and stimulation of the same receptor are not linked) [30]. Heterologous
desensitization may occur through the regulation of G proteins or downstream effectors,

and may be triggered by different receptors that utilize a common signaling pathway [30].

Since we have demonstrated that CX3CL1_MTLs and soluble CX3CL1 can promote
CX3CRI desensitization, we further investigated whether this desensitization is specific
to CX3CRI1. As previously mentioned, CX3CR1 signals through G and if
desensitization shuts down the Gaoi; pathways, other GPCRs receptors signaling through

Ga; will also be affected (heterologous desensitization).

To test this, we included the Somatostatin receptor 2 (SSRT2), another GPCR receptor
that like CX3CR1 also acts through Gai signaling. The SSRT2 has been previously

characterized in the Kopin laboratory (unpublished data).

We co-transfected CX3CR1 and SSRT2, and stimulated with soluble CX3CL]1 or soluble
somatostatin (s14, a cognate agonist of SSRT2). Since these two GPCRs act through the
same G protein complex, any changes in downstream activity will be reflected in altered

luciferase activity.
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Testing Desensitization with SSRT2 and tCKD
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Figure 3.7 Chronic stimulation by tCKD results in homologous desensitization of
CX3CR1 but not heterologous desensitization of SSRT2. HEK293 cells were transfected
to co-express CX3CR1 and SSRT2. The cells were stimulated for 4 hours with
rhCX3CLI1 or s14, either with or without co-expression of tCKD. Presence of tCKD
selectively reduced stimulation of CX3CR1 by rhCX3CL1, whereas stimulation of
SSRT2 by s14 was not affected. ** p<0.01, ***p<0.0001, NS not significant. Data
represent the mean = S.E.M. from three independent experiments, each performed in
triplicate.

SSRT2 was transfected at 0.5ng per well as opposed to 3ng per well for CX3CR1 based
on the activity level that could be detected in pilot studies. In addition to receptors and
reporters transfected, we also transfected in some of the cells 0.5ng tCKD to induce

CX3CRI desensitization. The endogenous SSRT?2 ligand, somatostatin 14 (s14), was
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used at a saturating concentration of 10nM (based on sigmoidal curves generated from
pilot studies). The results were quantified, normalized (10nM s14 = 100%), and analyzed

using an unpaired t-test.

Without chronic stimulation by tCKD, both CX3CR1 and SSRT2 can be activated by
corresponding 10nM soluble ligand (Figure 3.7). In cells where tCKD was transfected,
CX3CRI1 cannot be further stimulated further by 10nM soluble CX3CLI1, while SSRT2
can still be stimulated by 10nM s14 (Figure 3.7). Based on these results, tCKD acts to
homologously desensitize CX3CRI rather, but does not heterologously desensitize

SSRT?2.

3.8 HA tagged CX3CR1 activity and cell surface expression level.

Desensitization of receptors can occur through phosphorylation of receptors via GPCR
kinases and recruitment of B-arrestin that binds to phosphorylated receptors [31]. B-
arrestin in turns dampens the downstream signaling by preventing G proteins from

associating with the receptor as well as by promoting internalization [31].

To test if CX3CR1 desensitization is characterized by receptor internalization, we utilized
an ELISA approach to detect changes in cell surface expression of CX3CR1. By treating
cells with or without soluble CX3CL1, we aimed to compare the surface expression

levels of CX3CRI1 in different activity states.

Because no good antibodies are commercially available to detect endogenous CX3CRI1,
we started by designing a human influenza hemagglutinin (HA) tagged CX3CR1. The

native receptor does not have a cleavable signal peptide (i.e. the initiator methionine
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encoded by the cDNA start codon will also be the N-terminal residue in the mature
receptor protein), we designed receptors with HA at two alternative sites. One construct
placed the HA tag just after start codon, and the second placed the HA tag on the
extracellular face of the receptor, immediately adjacent to the first transmembrane
domain. Pilot studies showed that inserting an HA tag before the first transmembrane
domain disrupts CX3CRI1 signaling thus we subsequently excluded this construct. To
verify that the CX3CRI1 construct including an HA tag after the start codon has the same
desensitization pattern as wild type CX3CR, we first performed concentration response
curves with varying concentrations (5ng or 10ng) of HA tagged or endogenous (i.e.
wildtype; WT) CX3CR1. The maximum efficacy level for HA tagged CX3CR1 was
lower than observed with WT CX3CR1 when compared the same amounts of transfected
cDNAs (Figure 3.8A). However, the sigmoidal shapes of rhCX3CL1 concentration
response curves at tagged vs. WT receptors were similar, reflected by comparable EC50
values determined by GraphPad Prism 5 software (Table 3.1). Pilot studies demonstrated
that activity with HA tagged CX3CR1 and tCKD or endogenous full length CX3CL1
plus stimulation of 10nM soluble on top was similar to that of WT CX3CRI. These data
indicate that adding an HA tag immediately after the start codon makes CX3CRI a less
active construct, whereas the EC50 and desensitization patterns are similar to wild type

CX3CRI.

For ELISA assays detecting CX3CR1 surface expression, we started at 60ng per well
again due to the lower sensitivity of ELISA compared to luciferase assays. HA tagged
receptor rickets (RK) was transfected alongside as a positive control for the anti-HA

antibody [23]. Interestingly, a difference in cell surface expression of HA tagged
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CX3CR1 with or without soluble CX3CL1 following chronic stimulation was observed
(Figure 3.8B). The expression level of 60ng HA tagged CX3CR1 decreases ~30%
following chronic stimulation (Figure 3.8C). In contrast, exposure to hCX3CL1 did not

significantly reduce the expression level of an unrelated receptor, HA-RK.

HA tagged CX3CR1 did appear to undergo internalization as detected in ELISA assays,

which may contribute to desensitization of HA tagged CX3CRI1 by soluble CX3CL1.

EC 50 (nM) 121024 1.6t02.4 1.6 0 2.7 1.9 t02.7

Table 3.1 EC50 values of hCX3CL1 at CX3CR1 HA tagged and WT CX3CR1. Data
shown 95% confidence intervals.
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Figure 3.8 CX3CRI1 cell surface expression level and activity level of HA-tagged
compared to unmodified CX3CR1. A. HA-tagged CX3CR1and endogenous CX3CR1
(i.e. wildtype, WT) activity. B. Expression level of CX3CR1 with desensitization. HA
tagged rickets (RK) was used as a positive control. C. Difference in expression levels of
HA tagged CX3CR1 (60ng per well) with and without soluble CX3CL1 stimulation.
*p<0.05, NS = not significant. Data represent the mean + S.E.M. from three independent
experiments, each performed in triplicate.

3.9 CX3CRI1 polymorphism activity.
After exploring the homologous desensitization of CX3CR1, we finally turned to

CX3CRI natural variants that have been reported (Exome aggregation consortium;

http://exac.broadinstitute.org) in an online database. Using our pharmacological assays,
we wanted to determine if natural variants of CX3CRI1 found in humans had any
alterations in signaling. Based on the prevalence of allele frequency and missense
mutations, T280M, V2491 and the combination of these two (strong linkage results in a
haplotype) are identified as common missense natural variants of CX3CR1 (see appendix
5.2) [32]. We thus want to study whether these polymorphisms changed activity or

desensitization patterns of CX3CRI1.

First, we tested the maximal efficacy of these natural variants with a soluble CX3CL1
concentration response curve. “Wild type” CX3CR1 and the V2491, T280M double
mutant had slightly higher maximal efficacy compared to the natural variants with
corresponding single mutations (Figure 3.9A). Interestingly, the double mutant has higher
maximal activity than each individual natural variant alone. The EC50 determined by
GraphPad Prism 5 software also showed that CX3CRI1 natural variants have similar

potency as the WT receptor (Table 3.2).
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We also transfected increasing concentrations of receptor variants to assess the difference
in basal receptor activity. The results are normalized to background and suggests there is
not a significant difference in luciferase levels except at the 12ng concentration (Figure
3.9B). Basal activity levels of receptors are comparable at concentrations from Ong to
6ng. However, there is more variance at the 12ng concentration. This is partly because
the relatively low signal level that CX3CRI1 produces in the absence of CX3CLI1 ligands,
which is less than 3% of fully stimulated by agonist. The relative variability of signals
therefore appears larger when compared to normal luciferase assays performed with

ligands where absolute luminescence counts are very high.

The differences in maximal activity level of these natural variants will be discussed

further in the following chapter.

Receptor CX3CR1 T280M | CX3CR1 V2491 | CX3CR1 T280M, 2491 | WT CX3CR1

EC 50 (nM) | 53t01.3 | 49to 1.4 | 6.7t0 1.6 | 9.0to 1.4

Table 3.2 CX3CR1 polymorphisms EC50. Data shown 95% of confidence intervals.

33



1501
— -~ CX3CR1 T280M
B,(E O CX3CR1 V249
%g 1004 <~ CX3CR1 T280M, V249I
< g -o- CX3CR1WT
%5
S N
%Té 50-
S =
Ee)
<
o(;q | fal L)
No -13 -12 11 -10 -9 -8 -7
Ligand log [rhCX3CL1], (M)

CX3CR1 Polymorphism Basal Activity

T280M

V249|

T280M, V249
WT

Luciferase Activity Fold
Increase to Background
(Normalized to BetaGal)

[cDNA], (ng/well)

Figure 3.9 CX3CRI1 polymorphism activity levels. A. CX3CRI1 variants concentration
response curves with thCX3CL1 B. Basal activity of CX3CR1 variants.
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Chapter 4: Discussion

CX3CL1, a chemokine that plays an important role in various diseases involving
inflammation, exerts its effects through binding and activation of its cognate receptor
CX3CRI1. Because CX3CLI1 and CX3CRI1 have been postulated to play a prominent role
in diseases of the CNS and the cardiovascular system based on accumulating evidence,
we studied the molecular pharmacology of CX3CL1 and CX3CR1 in hopes of better
understanding this ligand receptor interaction. In turn, a more in depth understanding,

may help the future development of therapeutics targeting this receptor ligand pair.

The uniqueness of CX3CL1 lies with its properties to act both as a soluble
chemoattractant and as an adhesion molecule when expressed as the endogenous full
length membrane anchored ligand. Here we studied these special properties of CX3CL1
focusing on the roles of its different domains. Utilizing established luciferase assays and
an MTL strategy, we first investigated the role of domains on receptor signaling. Since
rthCX3CL1 is commercially available and contains only the CKD, we started by assessing
the maximal efficacy of the CKD onCX3CR1. We performed concentration dose
response curves and determined the saturating concentration of hCX3CL1 for CX3CRI1.
Next, we designed some MTL constructs to compare with full length CX3CL1, to see if
changes in domains will alter CX3CL1 agonist activity. The two MTL constructs, tCKD
+ mucin stalk and tCKD, appear to both activate CX3CR1 to a lower level when
compared to endogenous full length CX3CL1. Interestingly, tCKD had the lowest
activity level while the soluble CKD was able to fully activate CX3CRI1. The striking
difference in the maximal activity levels of distinct ligand constructs warranted further

investigation to determine if there was a mechanistic explanation.
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To probe this difference further, we first measured the cell surface expression levels of
various MTL constructs since GPCR activity is often correlated with presence of a MTL

at the cell surface.

After designing a Myc tagged full length CX3CL1 construct and validating that its
agonist activity was the same as endogenous full length CX3CLI1, we performed a cDNA
curve to measure expression using ELISA. The Myc tagged full length CX3CL1 had the
highest surface expression level, followed by the tCKD + mucin stalk, whereas tCKD
showed the lowest expression. This differences in cell surface expression levels may
partially explain the differences in agonist activity observed in luciferase assays. Take
tCKD as an example, at any given concentration, the presence of Myc tagged tCKD is
much lower than Myc tagged full length CX3CL1. Assuming the ability to activate
CX3CR1 is the same for tCKD and full length CX3CL1, tCKD will eventually induce the
same maximal activity of CX3CRI1 as cDNA concentrations of tCKD increase to
overcome the difference in expression levels vs. full length CX3CL1. On the other hand,
if tCKD acts as a partial agonist of CX3CRI1, it may fully occupy the receptor but with a
lower maximal activity. In addition, a lower surface expression level will also contribute
to the lower activity level. Thus, the difference in surface expression levels may account
for some difference in activity levels seen in luciferase assays, but other factors such as
MTLs acting as partial agonists and/or MTL induced desensitization may contribute as

well.

We wanted to further test whether tCKD is a partial agonist of CX3CR1. To do so we
further stimulated cells transfected with MTL constructs with a saturating concentration

of soluble ligand. If the difference in maximal level observed is because tCKD is a true
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partial agonist, higher concentrations of soluble CX3CL1 should be able stimulate
CX3CRI1 further. Interestingly, stimulation with tethered constructs, including tCKD left
CX3CRI unresponsive to further stimulation. Further full stimulation was only seen with
low cDNA concentrations of endogenous full length CX3CL1. From these data, we
hypothesized that there were no additional available receptors following MTL
transfection and that CX3CR1 had been “desensitized” when chronically stimulated by

tCKD + mucin stalk or tCKD.

Since CX3CRI1 appears to be desensitized by transfection with MTLs for 24 hours, we
next investigated whether this decreased ability to activate receptors is specific to our
MTL constructs. Chronic stimulation with soluble CX3CL1 and MTL CX3CLI1
constructs is different because one is added externally, while the other is expressed at the
cell surface. To closely mimic the experimental design for MTLs constructs, we
chronically stimulated CX3CR1 overnight with increasing concentrations of thCX3CL1
and then performed acute stimulation the next day before assessing luciferase activity.
The results indicate that chronic stimulation of CX3CR1 with soluble CX3CL1 (which

includes the CKD only) also induces receptor desensitization.

Reduced ability to be further stimulated following chronic exposure to ligand is an
important feature of G protein dependent signaling. Physiologically, GPCR signaling is
not constant and the activity levels can be adjusted based on prior activation states [7].
Thus, a given dose of agonist may elicit a variable response based on the prior signaling
state of receptors. In our case, CX3CRI is desensitized because we activated receptors
with agonists over a period of time. The purpose of this response is to prevent

overstimulation of receptors, which allows for a fine-tuned receptor response based on
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the surrounding environment. Conversely, receptors can also undergo ““sensitization” to

achieve a larger activity level if signal has been dampened compared to a prior state [7].

To further elucidate the relationship between the ability to activate and desensitize a
receptor, we focused on the chemokine domain of CX3CLI. Up to eight amino acids
were deleted from the N terminus of the CKD, and activation and desensitization using
cDNA curves was tested. Serial deletions of the CKD up to seven amino acid caused a
decrease in the agonist efficacy of CX3CL1, but also maintained the ability to
desensitize. Deleting eight amino acid from the N terminus completely abolished agonist
activity and receptor desensitization. The eighth amino acid of CX3CL1 is a cysteine
residue, which forms a disulfide bond with another cysteine at position 34 that is
important for maintaining the proper structure of CX3CL1 [33]. The amino acids on the
N terminus of CKD were previously demonstrated to insert into a CX3CR1 “pocket” [5].
The results from tCKD truncations indicated that tCKD’s ability to activate and

desensitize CX3CR1 are linked, and when activation is lost so is receptor desensitization.

However, tCKD’s ability to activate and desensitize CX3CR1 is apparently different
compared to endogenous CX3CL1. Despite the fact that both MTLs constructs and
endogenous CX3CLI1 contain CKD, only endogenous full length CX3CL1 does not
induce desensitization. The endogenous constructs also had the highest surface
expression level of all tethered ligands based on our ELISA assays. In theory, more
exposure of ligands to receptors should lead to desensitization. Therefore, we
investigated the role of various domains in endogenous full length CX3CL1 that could
contribute to protecting CX3CR1 from desensitization. One of the possible domains that

could help prevent receptor desensitization is the intracellular domain. The intracellular
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domain is not present in other CX3CLI constructs, and it may interact with intracellular
signaling molecules thus modulating receptor sensitization. We chose to evaluate the role
of the intracellular domain on two constructs, tCKD and full length CX3CL1, in hope of
detecting any small changes that would alter CX3CR1 desensitization. The deletion or
addition of the intracellular domain however, did not alter receptor desensitization in our
experiments. This indicates that the intracellular domain alone cannot determine whether
CX3CRI1 can be desensitized by a ligand. Other domains including mucin stalk,
endogenous TMD, or even combinations of these may influence the ability of CX3CLI to
desensitize CX3CR1. The exact domains that are important in preventing receptor
desensitization remain to be revealed, which may require additional domain swapping
experiments. In addition, we cannot exclude based our data that the length of MTLs may
also play a role in preventing CX3CR1 desensitization since full length CX3CLI has the

longest length among our CX3CL1 ligand constructs.

GPCR desensitization can be characterized as homologous or heterologous
desensitization. Homologous desensitization is activation-dependent and regulated by
GPCR kinases that prevent Go; subunits from being activated by CX3CR1. B-arrestin
recruitment following receptor activation also contributes to receptor internalization.
Both aspects could dampen the signaling level of CX3CR1 [34]. In comparison,
heterologous desensitization may also act through altering the downstream G protein
signaling effectors, which can decrease activity levels [30]. However, such
desensitization also alters other GPCRs utilizing a common signal transduction pathway.
Because we had established that CX3CRI1 is prone to desensitization, we wanted to

characterize what type of desensitization was occurring. Utilizing the readily available
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somatostatin receptor which also acts through Gai, we stimulated tCKD transfected cells
either with soluble CX3CLI1 or soluble somatostatin. Following chronic stimulation, the
somatostatin receptor could be activated independent of the desensitization state of

CX3CRI1, suggesting it is not desensitized in a heterologous manner.

For homologous desensitization, GPCR kinase phosphorylation and B-arrestin
recruitment contribute to the internalization of receptors [31]. We chose to measure the
changes in cell surface expression levels of CX3CR1 before and after stimulation with
CX3CLI. Similar to what was done for ELISA with endogenous CX3CL1, we designed
an epitope tagged CX3CRI1 that can be recognized through antibody binding. Of the two
constructs that we designed, the CX3CRI1 that was HA tagged after the start codon had a
lower efficacy of CX3CR1 but had a similar EC50 and desensitization patterns compared
to wild type CX3CRI in our pilot studies. We then used this HA tagged CX3CR1
construct to investigate the behavior of wild type CX3CR1 in ELISA assays. Subsequent
experiments detected changes in the cell surface expression levels of CX3CR1, which
indicated that internalization of receptor occurred following chronic stimulation with
soluble ligand. Further experiments utilizing B-arrestin assays to quantify -arrestin
recruitment are underway and will be used to further investigate CX3CR1

desensitization.

To date we have explored the structure of CX3CL1 with a focus on the ability to activate
and desensitize CX3CRI1. As we are ultimately interested in the role of
CX3CLI1/CX3CRI in disease settings, we also wanted to identify naturally occurring
variants of CX3CR1 and characterize them. Based on high allele frequency and the

criteria that the variant had to be a sequence missense mutation, we focused on three
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natural variants: T280M, V2491, and a double mutant harboring both mutations. Previous

studies in the literature have also focused on these three CX3CR1 natural variants.

For example, heterozygous and homozygous V2491 variants have been shown to have
lower binding capacity compared to WT, and these alleles are associated with a decreased
risk of acute coronary events [32] (see appendix 5.2). Studies have also shown that these
common variants may be associated with a lower risk of inflammatory conditions
including asthma, coronary artery disease, carotid artery stenosis, and atherosclerosis [35-
37]. However, more meta-analysis is needed to demonstrate a clear association due to the

limited numbers of patients carrying variant alleles.

Using luciferase assays, we detected changes in maximum efficacy of variants compared
to wild type CX3CR1. We were able to confirm that all three natural variants that we
tested have lower maximal activity level compared to wild type. Interestingly, we
confirmed that V2491 has a low maximal activity level as demonstrated in the literature
[32], but the haplotype containing both V2491 and T280M has a higher maximal activity
level compared to the two single variants alone, and comparable to WT CX3CRI1. These
three variants all have similar EC50 values compared to wild type, meaning that the
potency has not been markedly altered. Further experiments are required to test the
difference in activation/desensitization patterns of the natural variants in luciferase

assays.

We also assessed ligand independent signaling of both wild type and variant receptors.
The changes in basal activity were less significant and were complicated by the low
signal to noise ratio of this assay. This means that our assay may not have been able to

detect significant changes in activation or desensitization patterns as seen in other studies
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using different assays such as bioluminescence resonance energy transfer (BRET) [38].
Nevertheless, current studies are underway to see if significant changes in desensitization

can be observed using luciferase assays.

We studied the CX3CL1/CX3CRI ligand receptor interaction using a structure function
based approach. We designed and made ligand constructs to probe the importance of
various domains of CX3CL1, and also developed assays to test the different signaling
effects seen with full length CX3CL1 and soluble CX3CL1. Here we report receptor
desensitization by CKD of CX3CLI1 but not by the endogenous full length CX3CL1
construct. The desensitization appeared to be homologous when triggered by CX3CLI
and was consistent with the internalization pattern observed using ELISA assays. This
study contributes to the understanding of CX3CL1/CX3CR1, and may assist the
development of a potential therapeutic that modulates inflammation in the settings of

cardiovascular disease.

Future directions include further investigation of why tethered ligands do or not induce
CX3CRI desensitization (domains that may play a role, and whether length of ligand
alone is sufficient for the difference observed in CX3CR1 desensitization), confirming
homologous desensitization of CX3CR1 in other cell lines (particularly in glia,
monocytes, etc.), investigating the mechanism of CX3CR1 desensitization (through
BRET assays and probing potential GRK phosphorylation sites on the C terminus of
CX3CR1), and evaluating the desensitization profile of CX3CR1 polymorphisms

(through luciferase and BRET assays).

42



Chapter 5: Appendix

5.1 CX3CR1/CX3CLI1 deficiency in animal models.

CNS disease

Mouse model of CX3CR1 knockout Contributes to more

EAE (closely severe EAE symptoms
resemble Multiple
Sclerosis)
Mouse model of CX3CRI1 microglia  Prevented neuron loss
Alzheimer’s knockout
Disease
Mouse model of CX3CR1 microglia Aggravated
Parkinson Disease knockout pathological outcomes

Table 5.1 Selective studies focused on CX3CR1 deficiency in animal models of CNS
disease. EAE = experimental autoimmune encephalomyelitis.

Cardiovascular disease

Mouse model of CX3CL1 knockout Reduction of

atherosclerosis atherosclerosis
Mouse model of CX3CR1 knockout Reduction of
atherosclerosis atherosclerosis
Mouse model of CX3CR1 knockout Decreased
atherosclerosis atherosclerosis
lesions

Table 5.2 Selective studies focused on CX3CR1 deficiency in animal models of
cardiovascular disease.
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5.2 CX3CRI1 natural variants in human.

1923 2601
49 3
516 700
605 1211
64 76
100 182
87 151

Table 5.3 CX3CR1 polymorphism genotype/haplotype data adapted from a meta-
analysis [37]. WT CX3CR1 is homozygous for V at position 249, and homozygous for T
at position 280.

CX3CRI1 polymorphism and association with cardiovascular disease.

V2491 Reduced risk of coronary
artery disease
V2491 Reduced risk of acute

coronary events

Table 5.4 Selective studies focused on CX3CR1 polymorphism and association with
cardiovascular disease.
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