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(57) ABSTRACT 

Diagnostic, prognostic, and treatment methods, composi 
tions, and kits for enhancing insulin secretion and beta cell 
numbers and functions, and controlling glycemia associated 
with diabetes, obesity, atherosclerosis, stroke, myocardial 
infarction, and other cardiovascular diseases, by modulating 
FKN/CX3CR1 expression levels or activities, and its down 
stream signaling pathways in a subject in need or at risk. 
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NOVELTARGET FOR DIAGNOSIS AND 
TREATMENT OF DABETES AND 
CARDIOVASCULAR DISEASES 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

0001. This application is a continuation of PCT Applica 
tion No. PCT/US2013/027860 filed Feb. 27, 2013 which 
claims priority to U.S. Provisional Application Ser. No. 
61/605.444 filed on Mar. 1, 2012, the entire contents of which 
are incorporated by reference herewith. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

0002 This invention was made with Government support 
under Grant Nos. DK033651, DKO63491, and DK074868 
awarded by the National Institutes of Health. The Govern 
ment has certain rights in the invention. 

FIELD OF THE INVENTION 

0003) The present invention relates to diagnostics and 
therapeutics for diabetes, atherosclerosis, and other cardio 
vascular diseases. 

BACKGROUND OF THE INVENTION 

0004. The prevalence of Type 2 diabetes has risen dramati 
cally in the United States and globally and has now reached 
epidemic proportions (Olefsky and Glass, 2010). The etiol 
ogy of this disease involves both insulin resistance and 
decreased beta cell insulin secretion, and one typically needs 
both defects (two hit hypothesis) in order to develop the 
hyperglycemic diabetic state (Defronzo, 2009; Olefsky and 
Glass, 2010; Weir and Bonner-Weir, 2004). Beta cell failure 
in type 2 diabetes is associated with at least 2 major mecha 
nisms: reduced overall beta cell mass and decreased insulin 
secretory function per beta cell (Weir and Bonner-Weir, 
2004). In the prediabetic, insulin resistant state, islets respond 
to the increased insulin demand with enhanced insulin secre 
tion and increased beta cell mass to generate compensatory 
hyperinsulinemia and maintain relative euglycemia. How 
ever, when type 2 diabetes emerges, beta cell function and 
mass are significantly decreased, with insufficient insulin 
Secretion to compensate for the insulin resistance, resulting in 
the chronic hyperglycemic diabetic state. This beta cell dys 
function is largely manifested as impaired glucose-stimulated 
insulin secretion (GSIS) and can be detected in the earliest 
stages of type 2 diabetes with complete loss of first phase 
GSIS (Defronzo, 2009; Weir and Bonner-Weir, 2004). On the 
other hand, decreased beta cell mass is usually not present at 
the time of diagnosis of type 2 diabetes (Rahier et al., 2008), 
Suggesting that loss of beta cell mass is not responsible for the 
onset of type 2 diabetes, but rather is a consequence of dia 
betes. 
0005 Recently, it has been proposed that beta cell dys 
function in diabetes is associated with progressive dediffer 
entiation of beta cells (Jonas et al., 1999: Weir and Bonner 
Weir, 2004). This is accompanied by reduced expression of 
genes necessary for maintaining the mature beta cell pheno 
type, including PDX-1, Glut2 and insulin, with increased 
expression of proliferative genes such as c-myc (Jonas et al., 
1999; Rahier et al., 2008). This may provide a mechanism for 
increasing beta cell mass, at the expense of decreased beta cell 
function. 
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0006 Fractalkine (also known as CX3CL1 or neurotactin: 
FKN) is the only member of the CX3C chemokine family, and 
is expressed in neurons, endothelial cells, hepatocytes and 
vascular smooth muscle cells (Aoyama et al., 2010; Cardona 
et al., 2006: Haskell et al., 1999; Lucas et al., 2001; Zernecke 
et al., 2008). FKN is produced as a membrane-bound protein, 
and mediates cell-to-cell adhesion and communication by 
binding to its cognate receptor CX3CR1 (also known as 
GPR13) (Combadiere et al., 2003: Imai et al., 1997; Lesniket 
al., 2003; Tacke et al., 2007; Teupser et al., 2004: Zernecke et 
al., 2008). In liver, FKN expressed in hepatocyte and stellate 
cells is anti-fibrotic and can suppress inflammatory activation 
of Kupffer cells (Aoyama et al., 2010). In the brain, FKN 
mediates interactions between neurons and glial cells (Car 
dona et al., 2006). A soluble form of FKN is generated 
through proteolytic cleavage at the base of the mucin-like 
stalk, mediated by ADAM 10 and ADAM17 (Garton et al., 
2001; Hundhausen et al., 2003), producing an extracellular 
form of FKN which can regulate target cells by paracrine 
mechanisms. Furthermore, soluble FKN can exert paracrine 
effects in the extracellular space and can also enter the circu 
lation to potentially cause endocrine effects on distant tissues 
(Shah et al., 2011). 
0007 CX3CR1 is the unique receptor for FKN and FKN is 
the only known ligand for this G protein-coupled receptor 
(Imai et al., 1997; Zernecke et al., 2008). FKN is expressed as 
a membrane-bound protein, which can interact with CX3CR1 
on adjacent cells to facilitate cell:cell adhesion and commu 
nication, and plays a role in the attachment of monocytes/ 
macrophages to CX3CR1 expressing cell types (Haskell et 
al., 1999; Zernecke et al., 2008). 
I0008. It has recently been reported that two single nucle 
otide polymorphisms (T280M and V249I), located in the 
coding sequence of human CX3CR1, are associated with an 
increased incidence of type 2 diabetes and metabolic syn 
drome (Shah et al., 2011; Sirois-Gagnon et al., 2011). These 
CX3CR1 gene variants result in lower FKN binding affinity, 
consistent with the view that the FKN/CX3CR1 system plays 
a beneficial role in the maintenance of proper insulin secre 
tion and glycemic control. On the other hand, circulating 
levels of soluble FKN are not decreased in type 2 diabetic 
patients and, in fact, are slightly higher than controls (Shah et 
al., 2011). 

SUMMARY OF THE INVENTION 

0009. The present invention provides a novel target and 
composition and method of diagnosing and prognosing insu 
lin secretion deficiency and/or beta cell dysfunction associ 
ated with diabetes. More specifically, the present invention 
provides that agents modulating CX3CR1 expression and 
activity, such as soluble FKN protein, or an analogue, or a 
small molecule which binds to CX3CR1 provide beneficial 
for improving diabetes by stimulating insulin secretion and 
improving pancreatic islet function. The invention further 
provides a novel target and composition and method of diag 
nosing, prognosing, and preventing glycemia, atherosclero 
sis, stroke and myocardial infarction by decreasing blood 
glucose level, or reducing plaqability of macrophages to ath 
erosclerotic lesions, and/or inhibiting apoptosis of vascular 
Smooth muscle cells in necrotic cores of advanced atheroscle 
rotic lesions. 
I0010. In certain embodiments, the present invention pro 
vides that administration of FKN, or an analogue thereof, or 
a small molecule CX3CR1 agonist improves diabetes by 
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enhancing insulin secretion and/or improving pancreatic islet 
function. Furthermore, the present invention provides that a 
CX3CR1 activator increases insulin expression and secretion 
in pancreatic beta cells by enhancing CX3CR1 downstream 
signaling pathways including increase of intracellular cal 
cium ion level, as well as regulation of macrophage traffick 
ing and inflammation in pancreas. 
0011. In other embodiments, the present invention pro 
vides that infusion of the soluble form of FKN, or an ana 
logue, is beneficial for blunting plaque formation by compet 
ing with the endogenous membrane-bound FKN expressed 
on the activated endothelial cells, and inhibiting recruitment 
and adhesion of monocytes/macrophages. 
0012. Thus, the present invention also provides a novel 
research tool for drug discovery to enhance insulin secretion 
and control glycemia in patients with diabetes, obesity, ath 
erosclerosis, and cardiovascular diseases, and the develop 
ment of endogenous or Small molecule ligands or therapeutic 
agents targeting FKN/CX3CR1 for treating diabetes, obesity, 
atherosclerosis, and other cardiovascular diseases. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1. CX3CR1 KO mice exhibit normal body 
weight, food intake, fat and liver mass, and inflammatory and 
metabolic gene expression in adipose tissue. (A) Body weight 
change on HFD. Mean+/-SEM, n=20 for both WT and KO. 
(B) Cumulative food intake on HFD. Food intake was mea 
Sured from 5 different cages per group, and 4 mice were 
housed in each cage. Mean+/-SEM. (C) Liver mass. 
Mean+/-SEM, n=8 per group. N.S., not significant. NCD, 
normal chow diet. (D) Epididymal fat mass. Mean+/-SEM, 
n=8 per group. *, P<0.05. (E) Immunohistochemistry analy 
sis of epididymal adipose tissue using anti-F4/80 antibody. 
Representative figures were presented from the analyses of 5 
different mice per group. (F) mRNA expression of inflamma 
tory and metabolic genes in epididymal adipose tissue on 
NCD and HFD. Mean+/-SEM, n=5 per group. N, normal 
chow diet; H, high fat diet. AU, arbitrary unit. 
0014 FIG. 2. CX3CR1 KO mice exhibit impaired glucose 
tolerance due to reduced insulin secretion. (A-D) CX3CR1 
KO mice manifest impaired glucose tolerance with normal 
insulin sensitivity either on NCD (n=11) or HFD (n=12). 
Mean+/-SEM. (A) Oral glucose tolerance test. iii, PK0.01 
WT-NCD vs KO-NCD:###, P<0.001 WT-NCD vs KO-NCD: 
***, P-0.001 WT-HFD vs KO-HFD. AUC, area under the 
curve. (B) Insulin tolerance test. *, P<0.05 WT-HFD vs KO 
HFD; **, P<0.01 WTHFD vs KO-HFD; N.S., not significant. 
(C) Plasma insulin (left), C-Peptide (middle), and GLP1 
(right) levels of NCD mice during OGTT in panel A. ii. 
P<0.05:#, P<0.01. (D) Plasma insulin, C-peptide, and GLP1 
levels of HFD mice during OGTT in panel A. *, P<0.05; **, 
P<0.01. (E) Intravenous glucose tolerance test (left) and 
plasma insulin level during IVGTT (right). Mean+/-SEM, 
n=4 per group. (F-G) Plasma insulin and C-Peptide levels of 
NCD (F) or HFD (G) mice during arginine tolerance test. 
Mean+/-SEM, n=8 per group. ii, P-0.05; ##, P<0.01; *, 
P<0.05: **, 0.01. (H) Fractalkine neutralization reduces insu 
lin secretion and causes glucose intolerance in WT mice. 
FKN neutralizing antibody was injected IP to WT mice, and 
30 min later the mice were given oral gavage of glucose (2 
g/kg) for GTT. Mean+/-SEM, n=10 per group. Left, plasma 
insulin level during GTT; right, GTT. See also FIG. 8. 
0015 FIG. 3. CX3CR1 KO islets display reduced insulin 
secretion with lower expression of genes involved in beta cell 
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function and communication. (A) Static GSIS test using pri 
mary mouse islets from WT and CX3CR1 KO mice fed NCD. 
Mean+/-SEM, n=6 per group. *, P<0.05. (B) Static GSIS test 
using primary mouse islets from WT and CX3CR1 KO mice 
fed HFD for 10 weeks. Mean+/-SEM, n=6 per group. (C) 
Static GSIS in the presence or absence of arginine (Arg: 10 
mM) using primary mouse islets. (D) Knockdown of 
CX3CR1 decreases GSIS in Minó cells. Minó cells were 
transfected with scrambled siRNA (Scrb) or 2 different 
CX3CR1 siRNAs (CX-1 and CX-2). 48 h after transfection, 
GSIS was measured in the presence or absence of 100 ng/ml 
FKN (left panel), or quantitative realtime RT-PCR was per 
formed for CX3CR1 expression (right panel). **, P<0.01; 
***, P<0.001. (E) Perifusion experiment using islets from 
WT and CX3CR1 KO mice on NCD. Mean+/-SEM, n=5 per 
group. *, P<0.05; **, P<0.01. (F-G) STZ-treated mice trans 
planted with CX3CR1 KO islets are more glucose intolerant 
than mice transplanted with WT islets. Plasma glucose (F) 
and insulin (G) levels during GTTs. Mean+/-SEM, n=6 per 
group. n=5 per group. (H) mRNA level of genes involved in 
beta cell function and communication in islets from WT or 
CX3CR1 KO mice either on chow and HFD. mRNA level of 
each gene was normalized to 18S rRNA level in the same 
sample. Mean+/-SEM, n=6 per group. *, P<0.05 WT-NCD 
vs KO-NCD or WT-NCT vs WTHFD; **, P<0.01 WT-NCD 
vs KO-NCD or WT-NCT vs WT-HFD; ii, P<0.05 WT-HFD vs 
KO-HFD. See also FIGS. 9 and 10. 

0016 FIG. 4. CX3CR1 KO mice exhibit increased beta 
cell mass and insulin content. (A) Immunohistochemistry 
analysis of WT and CX3CR1 KO islets using anti-insulin 
(green grey-scales) and anti-glucagon (red grey-scales) anti 
bodies. (B) Beta cell mass of WT and CX3CR1 KO mice on 
NCD. Mean+/-SEM, n=8 per group. *, P<0.05. (C) Pancre 
atic insulin content. Mean+/-SEM, n=10 pergroup. (D) Rela 
tive islet cell size of WT and CX3CR1 KO mice. Relative islet 
cell size was calculated by dividing beta cell area by nuclei 
number. AU, arbitrary unit. Mean+/-SEM, n=8 per group. 
(E-F) Ultramicroscopic analysis of WT and CX3CR1 KO 
beta cells. (E) Ultramicroscopic pictures of WT and CX3CR1 
KO mouse islets on NCD. (F) Mitochondrial length (upper 
left) and width (upper right), mitochondrial number per given 
area (lower left), and cristae abundance (lower right) was 
calculated using Image.J software. Mean+/-SEM. 10 differ 
ent EM pictures of WT and KO islets, and at least 2 mito 
chondria located nearest to the center of each EM picture 
were analyzed for the morphometry. AU, arbitrary unit; N.S., 
not significant. (G) Vascular density in the islets of WT and 
CX3CR1 KO mice on NCD was analyzed by immunohis 
tochemistry. Pancreatic sections were co-stained with anti 
CD34 (endothelial cell; green grey-scales) and anti-insulin 
(beta cell; red grey-scales) antibodies, and the intensity of 
CD34-positive signals in the insulin-positive area was mea 
sured and graphed in the right panel. Mean+/-SEM, n=6 
(WT) and 8 (KO). (H) Immunohistochemistry analysis of 
mouse islets using anti-CX3CR1 (red grey-scales, on the 
left), anti-FKN (red grey-scales, on the right), or anti-insulin 
(green grey-scales) antibodies. (I) Immunohistochemistry of 
human islet using anti-CX3CR1 (green grey-scales) and anti 
insulin (red grey-scales), or anti-glucagon (red grey-scales) 
antibodies. See also FIGS. 11 and 12. 

0017 FIG. 5. FKN enhances insulin secretion and 
improves glucose tolerance in mice in a CX3CR1-dependent 
manner. (A-C) WT and CX3CR1 KO mice (on NCD) were 
injected IP with glucose (2 g/kg)+FKN (40 ug/kg) or glu 
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cose--vehicle Solution, and blood glucose and insulin levels 
were measured at the indicated time points. Mean+/-SEM, 
n=6 (vehicle) or 7 (FKN). (A) Glucose tolerance test in WT 
mice. *, P<0.05: **, P<0.01. (B) Glucose tolerance test in 
CX3CR1 KO mice. (C) Plasma insulinlevel during the GTTs. 
(D) In vitro static GSIS studies using WT and KO islets in the 
presence or absence of mouse FKN (100 ng/ml). n=6 per 
group. (E) Perifusion experiment using primary mouse islets 
in response to the indicated levels of glucose, GLP1 (100 nM) 
and FKN (100 ng/ml). ***, P<0.001. (F) Oxygen consump 
tion rate in islets during the perifusion experiment in panel E. 
(G) In vitro static GSIS studies using human islets in the 
presence or absence of human FKN (100 or 400 ng/ml). n=4. 
#, P=0.076; *, P<0.05 compared with lane 2. See also FIG. 13. 
0018 FIG. 6. FKN stimulates insulin secretion by increas 
ing intracellular calcium levels in a CX3CR1- and MEK 
dependent manner. (A) GSIS test using primary mouse islets 
with or without pertussis toxin (PTX; 250 ng/ml), Wortman 
nin (Wort; 10 uM), or PD98059 (50 uM), in the presence or 
absence of FKN (100 ng/ml). Mean+/-SEM, n=6 per group. 
(B) GSIS test using Minó cells with or without FKN (100 
ng/ml) or UO126 (10 uM). Mean+/-SEM. (C-I) Intracellular 
calcium level in Minó mouse beta cells in the presence or 
absence of glucose (C, with glucose: D, without glucose), 
nimodipine (10 uM) (E), control antibody (F), anti-CX3CR1 
neutralizing antibody (G), PTX (250 ng/ml) (H), or UO 126 
(10 uM) (I). Mean+/-SEM. (J) Intracellular cAMP level. 
Minó cells were pre-incubated with isobutylmethylxanthine 
for 30 min, and then treated with GLP1 (100 nM), forskolin 
(100 uM), or FKN (100 ng/ml) at low (2.8 mM) or high (16.7 
mM) glucose conditions for 30 min. Mean+/-SEM. (K) PKA 
enzymatic activity was measured in Minó cells incubated in a 
low (2.8 mM) or high (16.7 mM)glucose condition for 15 min 
in the presence or absence of GLP1 (100 nM) or FKN (100 
ng/ml). Mean+/-SEM. (L.) FKN stimulates expression of 
genes involved in beta cell function. Primary mouse islets 
were incubated for 7 days with or without FKN (100 ng/ml), 
and mRNA expression of PDX-1, NeuroD, Glut2, and HIF 
1.C. was measured by quantitative real time RT-PCR. Mean+/- 
SEM. *, P<0.05. (M) ICER-1 mRNA expression in WT and 
CX3CR1 KO islets. Mean+/-SEM. (N) Palmitate-induced 
ICER-1 expression is suppressed by FKN in Minó cells. 
Mean+/-SEM. (O) GSIS by Minó cells treated with palmitate 
(Pal: 0.4 mM) for 48 h in the presence or absence of FKN (100 
ng/ml). (P) FKN represses binding of ICER-1 to NeuroD 
promoter. Minó cells were incubated in serum free media in 
the presence or absence of palmitate (100 uM) and/or FKN 
(100 ng/ml). After 48 h, the cells were fixed and subjected to 
chromatin immunoprecipitation with anti-ICER-1 antibody. 
(Q) Suppressive effect of FKN on ICER-1 expression is abol 
ished by MEK inhibitor (U0126). Minó cells were incubated 
with palmitate (Pal: 0.4 mM) in the presence or absence of 
FKN (100 ng/ml) or U0126 (10 uM). 48 h later, cells were 
harvested and subjected to quantitative realtime RT-PCR. See 
also FIGS. 14, 15 and 16. 
0019 FIG. 7. FKN expression is decreased by aging and 
HFD in islets. (A) FKN mRNA expression in 7 week old (7 
w)-NCD (N), 24 week old (24 w)-NCD, or 24 week old-HFD 
mice.*, P-0.05 24 w-NCD vs 24 w-HFD. FKN mRNA level 
was normalized to 18S rRNA level in each sample. Mean+/- 
SEM, n=6 per group. (B) FKN mRNA expression in 7 week 
old (7 w)-NCD (N; n=5), 1 year old (1 y)-NCD (n=8), or 1 
year old-HFD (H; n=6) mice. Mean+/-SEM. *, P<0.057 
w-NCD vs 1 y-NCD or 7 w-NCD vs 1 y-HFD. (C) FKN 

Dec. 4, 2014 

protein expression levels were measured in aliquots of the 
samples used in panel B. FKN protein levels were normalized 
by total protein concentration. Mean+/-SEM. *, P<0.057 
w-NCD vs 1 y-NCD: **, P<0.017 w-NCD vs 1 y-HFD; #, 
P<0.051 y-NCD vs 1 y-HFD. (D) FKN mRNA expression is 
decreased in in vitro expanded human beta cells. mRNA 
levels of FKN and CX3CR1 were analyzed in freshly isolated 
human islets (Islet) or in vitro expanded islets (Exp) as 
described in experimental procedures. Mean+/-SEM. 
(0020 FIG.8. Insulinto glucose ratio during OGTT in FIG. 
2A. Mean-f-SEM. 
0021 FIG. 9. Oxygen consumption in islets by FKN dur 
ing perifusion (related to FIG. 3). (A) Oxygen consumption 
rate change (AOCR) of perifused WT islets in response to 
mitochondrial fuel KIC (10 mM), high glucose (20 mM), or 
high glucose (20 mM)+nimodipine (5 uM). Mean+/-SEM. 
(B) Oxygen consumption rate of perifuse CX3CR1 KO islets 
in response to mitochondrial fuel KIC (10 mM), high glucose 
(20 mM), or high glucose (20 mM)+nimodipine (5 uM). 
Mean+/-SEM. (C) Area under the curve in panel A and B, and 
statistical analysis. 
(0022 FIG. 10. mRNA expression of components of ATP 
dependent potassium channels or Voltage-gated calcium 
channels in WT or CX3CR1 KO islets (related to FIG. 3) 
0023 FIG. 11. Insulin content of WT or CX3CR1 KO islet 
and total pancreas mass (related to FIG. 4). (A-B) Pancreas 
mass of WT and CX3CR1 KO mice on either NCD (A) or 
HFD (B). Mean+/-SEM. (C) Insulin content per islet from 
WT or CX3CR1 KO mice. For comparison, 20 similar sized 
islets were hand-picked from WT or CX3CR1 KO islets, 
lysed in acidic ethanol, and Subjected to insulin measurement. 
Insulin content perislet was calculated by dividing total insu 
lin content in the tube by 20. n=6. Mean+/-SEM. *, P<0.05. 
(0024 FIG. 12. CX3CR1 and FKN are expressed in human 
and mouse islets, and Minó and INS-1 mouse and rat beta cell 
lines (related to FIG. 4). Semi-quantitative RT-PCR analysis 
of CX3CR1 and FKN expression in human and mouse islets, 
Minó and INS-1 cells. 
(0025 FIG. 13. FKN stimulates GSIS in a dose-dependent 
manner. Primary mouse islets were stimulated with interme 
diate (11 mM) or high glucose (16.7 mM) concentration in 
different concentrations of FKN (10-1000 ng/ml) (related to 
FIG. 5). 
(0026 FIG. 14. FKN stimulates ERK phosphorylation in a 
PTX-sensitive manner (related to FIG. 6). Minó cells were 
pre-treated with DMSO (control), U0126 (10 uM), or PTX 
(250 ng/ml) for 15 min, and then incubated with or without 
FKN (100 ng) for 15 min. Cells were harvested and subjected 
to western blot. 

(0027 FIG. 15. Inhibition of Erk activation by U0126 
reduces arginine plus glucose-stimulated intracellular cal 
cium increase and insulin Secretion activity in Minó mouse 
beta cells (related to FIG. 6). (A-B) Intracellular calcium level 
in Minó cells. Minó cells were incubated in 2.8 mM glucose 
media with (middle) or without U0126 (10 uM; left) for 30 
minutes, and then Subjected to intracellular calcium measure 
ment in the presence or absence of arginine (10 mM) and/or 
high glucose (16.7 mM) challenge. (A) Intracellular calcium 
level with arginine treatment. (B) Intracellular calcium level 
with arginine plus high glucose (16.7 mM) treatment. Area 
under the curve for first 90 (panel A) or 60 (panel B) seconds 
was graphed on the right. (C) Inhibition of Erk activation by 
U0126 reduces glucose- and arginine plus glucose-stimulated 
insulin secretion in Minó cells. 
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0028 FIG. 16. FKN prevents palmitate-induced beta cell 
apoptosis in a PI3K-Akt-dependent pathway (related to FIG. 
6). (A-C) Minó cells were treated with palmitate (Pal: 0.4 
mM) in the presence or absence of FKN (100 ng/ml=10.5 
nM) or GLP1 (100 nM) for 48 h, followed by caspase-3/7 
activity measurement (A), cell viability assays (MTT assay) 
(B), or cell number counting (C). The fold change in cell 
number by treatment was measured by dividing total cell 
number at 48 h after incubation by the number of cells ini 
tially plated on each well (1x10" cells/well). (D) Ki67 stain 
ing of WT and CX3CR1 KO pancreas sections. At age 7 
weeks, mice were subjected to chow or 60% HFD for 10 
weeks. Total pancreata collected from the mice were fixed 
with 4% paraformaldehyde, and subjected to IHC. (E) Minó 
cells were treated with FKN (100 ng/ml), GLP1 (100 nM), or 
Wortmannin (Wort; 10 uM), for 15 min, and then subjected to 
Western blot analysis. (F) FKN suppresses palmitate-induced 
beta cell apoptosis through a PI3K-dependent pathway. Minó 
cells were incubated with palmitate (Pal: 0.4 mM) in the 
presence or absence of FKN (100 ng/ml) or Wortmannin 
(Wort; 10 uM) for 48 h, and subjected to caspase-3/7 activity 
measurement. 

DETAILED DESCRIPTION OF THE INVENTION 

0029. The present invention may be understood more 
readily by reference to the following detailed description of 
the preferred embodiments of the invention and the Examples 
included herein. However, before the present nucleic acids, 
peptides, compounds, compositions, and methods are dis 
closed and described, it is to be understood that this invention 
is not limited to specific nucleic acids, peptides or proteins, 
compounds, compositions, cell types, host cells, conditions, 
or methods, etc., as Such may, of course, vary, and the numer 
ous modifications and variations therein will be apparent to 
those skilled in the art. It is also to be understood that the 
terminology used herein is for the purpose of describing 
specific embodiments only and is not intended to be limiting. 
It is also to be understood that as used in the specification and 
in the claims, “a” or 'an' can mean one or more, depending 
upon the context in which it is used. Thus, for example, 
reference to “a cell' can mean that at least one cell can be 
utilized. 
0030 The present invention provides a novel diagnostic, 
prognostic, treatment and research tool methods and compo 
sitions for diabetes, obesity, and cardiovascular diseases, 
including but not limited to, atherosclerosis, stroke and myo 
cardial infarction, by targeting and modulating insulinotropic 
action of CX3CR1 (aka neuroactin or fractalkine receptor, a 
CX3C chemokine receptor). In certain embodiments, the 
treatment method comprises administering to a subject in 
need a composition comprising a therapeutically effective 
amount of an agent, such as the Soluble endogenous FKN (aka 
CXCRL1 or fractalkine) ligand, or an analogue thereof, or a 
CX3CR1 agonist, activator, or antibody that activates 
CX3CR1 expression and/or activity, thus, enhancing 
CX3CR1 downstream signaling pathways, such as an 
increase of intracellular calcium ion level, as well as regulat 
ing macrophage trafficking and inflammation in pancreas of 
the subject. 
0031. As used herein, the term “expression level” refers to 
an amount of DNA, RNA or protein encoded therapy that is 
expressed in a cell. As used herein, a “gene' includes a DNA 
polynucleotide containing at least one open reading frame 
that is capable of encoding a particular polypeptide or protein 
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after being transcribed and translated. Any of the polynucle 
otide sequences described herein may also be used to identify 
larger fragments or full-length coding sequences of the gene 
with which they are associated. Methods of isolating larger 
fragment sequences are known to those of skill in the art. 
0032. As used herein, the terms “polynucleotide.” 
“nucleic acid/nucleotide' and "oligonucleotide' are used 
interchangeably, and include polymeric forms of nucleotides 
of any length, either deoxyribonucleotides or ribonucle 
otides, or analogs thereof. Polynucleotides may have any 
three-dimensional structure, and may perform any function, 
known or unknown. The following are non-limiting examples 
of polynucleotides: a gene or gene fragment, exons, introns, 
messenger RNA (mRNA), transfer RNA, ribosomal RNA, 
ribozymes, DNA, cDNA, genomic DNA, recombinant poly 
nucleotides, branched polynucleotides, plasmids, vectors, 
isolated DNA of any sequence, isolated RNA of any 
sequence, nucleic acid probes, and primers. Polynucleotides 
may be naturally-occurring, synthetic, recombinant or any 
combination thereof. 
0033. As used herein, a “naturally-occurring polynucle 
otide molecule includes, for example, a RNA (mRNA) or 
DNA molecule having a nucleotide sequence that occurs in 
nature (e.g., encodes a natural protein). As used herein, 
“recombinant refers to a polynucleotide synthesized or oth 
erwise manipulated in vitro (e.g., “recombinant polynucle 
otide'), to methods of using recombinant polynucleotides to 
produce gene products in cells or other biological systems, or 
to a polypeptide (“recombinant protein') encoded by a 
recombinant polynucleotide. “Recombinant also encom 
passes the ligation of nucleic acids having various coding 
regions or domains or promoter sequences from different 
Sources into an expression cassette or vector for expression 
of e.g., inducible or constitutive expression of a fusion pro 
tein comprising a translocation domain of the invention and a 
nucleic acid sequence amplified using a primer of the inven 
tion. 
0034. A polynucleotide may comprise modified nucle 
otides, such as methylated nucleotides and nucleotide ana 
logs. If present, modifications to the nucleotide structure may 
be imparted before or after assembly of the polymer. The 
sequence of nucleotides may be interrupted by non-nucle 
otide components. A polynucleotide may be further modified 
after polymerization, such as by conjugation with a labeling 
component. The term also includes both double- and single 
Stranded molecules. Unless otherwise specified or required, 
any embodiment of this invention that is a polynucleotide 
encompasses both the double-stranded form and each of two 
complementary single-stranded forms known or predicted to 
make up the double-stranded form. The “polynucleotide 
sequence' is the alphabetical representation of a polynucle 
otide molecule. A polynucleotide is composed of a specific 
sequence of four nucleotide bases: adenine (A): cytosine (C); 
guanine (G); thymine (T); and uracil (U) in place of guanine 
when the polynucleotide is RNA. This alphabetical represen 
tation can be inputted into databases in a computer and used 
for bioinformatics applications such as, for example, func 
tional genomics and homology searching. 
0035. As used herein, the term “protein' or “polypeptide' 

is interchangeable, and includes a compound of two or more 
Subunitamino acids, amino acid analogs, or peptidomimetics. 
The subunits may be linked by peptide bonds. In another 
embodiment, the Subunit may be linked by other bonds, e.g., 
ester, ether, etc. As used herein, the term "amino acid 
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includes either natural and/or unnatural or synthetic amino 
acids, including both the D or L optical isomers, and amino 
acid analogs and peptidomimetics. A peptide of three or more 
amino acids is commonly referred to as an oligopeptide. 
Peptide chains of greater than three or more amino acids are 
referred to as a polypeptide or a protein. 
0036. As used herein, the term “therapeutically effective 
amount of a therapeutic agent is intended to mean a nontoxic 
but Sufficient amount of Such therapeutic agents to provide at 
least some level of the desired therapeutic effect. The amount 
that is effective will vary from subject to subject, depending 
on the age and general condition of the individual, the par 
ticular active agent or agents, and the like. Thus, it is not 
always possible to specify an exact effective amount. How 
ever, an appropriate effective amount in any individual case 
may be determined by one of ordinary skill in the art using 
routine experimentation. 
0037. As used herein, the term “modulating refers to 
activating, stimulating, and/or up-regulation. Activator or 
agonists are compounds that, e.g., bind to, partially or totally 
stimulate, enhance, increase, activate, sensitize, or up-regu 
late genes or proteins of CX3CR1 or other molecules in the 
downstream signaling pathways. 
0038. As used herein, the term “therapeutic agents' may 
refer to any oligonucleotides (antisense oligonucleotide 
agents), polynucleotides (e.g. therapeutic DNA), ribozymes, 
dsRNAs, siRNA, RNAi, and/or gene therapy vectors. The 
term “antisense oligonucleotide agent” refers to short syn 
thetic segments of DNA or RNA, usually referred to as oli 
gonucleotides, which are designed to be complementary to a 
sequence of a specific mRNA to inhibit the translation of the 
targeted mRNA by binding to a unique sequence segment on 
the mRNA. Antisense oligonucleotides are often developed 
and used in the antisense technology. The term “antisense 
technology” refers to a drug-discovery and development 
technique that involves design and use of synthetic oligo 
nucleotides complementary to a target mRNA to inhibit pro 
duction of specific disease-causing proteins. Antisense tech 
nology permits design of drugs, called antisense 
oligonucleotides, which intervene at the genetic level and 
inhibit the production of disease-associated proteins. Anti 
sense oligonucleotide agents are developed based on genetic 
information. 

0039. As an alternative to antisense oligonucleotide 
agents, ribozymes or double stranded RNA (dsRNA), RNA 
interference (RNAi), and/or small interfering RNA (siRNA), 
can also be used as therapeutic agents for regulation of gene 
expression in cells. As used herein, the term “ribozyme’ 
refers to a catalytic RNA-based enzyme with ribonuclease 
activity that is capable of cleaving a single-stranded nucleic 
acid, such as an mRNA, to which it has a complementary 
region. Ribozymes can be used to catalytically cleave target 
mRNA transcripts to thereby inhibit translation of target 
mRNA. The term “dsRNA as used herein, refers to RNA 
hybrids comprising two strands of RNA. The dsRNAs can be 
linear or circular in structure. The dsRNA may comprise 
ribonucleotides, ribonucleotide analogs, such as 2'-O-methyl 
ribosyl residues, or combinations thereof. The term “RNAi’ 
refers to RNA interference or post-transcriptional gene 
silencing (PTGS). The term “siRNA” refers to small dsRNA 
molecules (e.g., 21-23 nucleotides) that are the mediators of 
the RNAi effects. RNAi is induced by the introduction of long 
dsRNA (up to 1-2 kb) produced by in vitro transcription, and 
has been Successfully used to reduce gene expression in Vari 
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ety of organisms. In mammalian cells, RNAi uses siRNA (e.g. 
22 nucleotides long) to bind to the RNA-induced silencing 
complex (RISC), which then binds to any matching mRNA 
sequence to degrade target mRNA, thus, silences the gene. 
0040. As used herein, the therapeutic agents may also 
include any vectors/virus used for gene therapy. The term 
“gene therapy” refers to a technique for correcting defective 
genes or inhibiting or enhancing genes responsible for dis 
ease development. Such techniques may include inserting a 
normal gene into a nonspecific location within the genome to 
replace a nonfunctional gene; Swapping an abnormal gene for 
a normal gene through homologous recombinants, repairing 
an abnormal gene to resume its normal function through 
selective reverse mutation; and altering or regulating gene 
expression and/or functions of a particular gene. As used 
herein, a term “vector/virus' refers to a carrier molecule that 
carries and delivers the “normal’ therapeutic gene to the 
patient's target cells. Because viruses have evolved a way of 
encapsulating and delivering their genes to human cells in a 
pathogenic manner, most common vectors for gene therapy 
are viruses that have been genetically altered to carry the 
normal human DNA. As used herein, the viruses/vectors for 
gene therapy include retroviruses, adenoviruses, adeno-asso 
ciated viruses, and herpes simplex viruses. The term “retro 
virus' refers to a class of viruses that can create double 
stranded DNA copies of their RNA genomes, which can be 
further integrated into the chromosomes of a host cell, for 
example, Human immunodeficiency virus (HIV) is a retrovi 
rus. The term “adenovirus' refers to a class of viruses with 
double-stranded DNA genomes that cause respiratory, intes 
tinal, and eye infections in humans, for instance, the virus that 
cause the common cold is an adenovirus. The term "adeno 
associated virus' refers to a class of Small, single-stranded 
DNA viruses that can insert their genetic material at a specific 
site on chromosome 19. The term “herpes simplex viruses” 
refers to a class of double-stranded DNA viruses that infect a 
particular cell type, neurons. Herpes simplex virus type 1 is a 
common human pathogen that causes cold Sores. 
0041. In certain embodiments, the present invention pro 
vides a method of treating diabetes, atherosclerosis and other 
cardiovascular diseases using protein activators, ligands, and/ 
or agonists and their pharmaceutical compositions that 
directly or indirectly activate CX3CR1 expressions or activ 
ity in cells. In certain embodiments, such CX3CR1 selective 
activators, ligands, agonists comprise any polypeptides, pro 
teins, synthetic, non-toxic, bioactive molecules, and/or 
immunologically active molecules that are capable of directly 
or indirectly bind to or interact with CX3CR1, thus, increase 
insulin expression and secretion in pancreatic beta cells by 
enhancing CX3CR1 downstream signaling pathways includ 
ing increase of intracellular calcium ion level, as well as 
regulate macrophage trafficking and inflammation in pan 
creas. In other embodiments, such CX3CR1 selective activa 
tors, ligands, agonists comprise any polypeptides, proteins, 
synthetic, non-toxic, bioactive molecules, and/or immuno 
logically active molecules that are capable of directly or indi 
rectly bind to or interact with CX3CR1, thus, decrease blood 
glucose level or reduce plaqability of macrophages to athero 
Sclerosis lesions, as well as inhibit apoptosis of vascular 
Smooth muscle cells in necrotic cores of advanced atheroscle 
rotic lesions. 

0042. In other embodiments, the present invention pro 
vides a method of treating diabetes, atherosclerosis and other 
cardiovascular diseases using any drugs, compounds, Small 
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molecules, proteins, antibodies, nucleotides, and pharmaceu 
tical compositions thereof, that are capable of activating 
CX3CR1 and/or FKN expression levels and/or activities. The 
present invention contemplates any molecules, known or later 
developed, that directly or indirectly modulate CX3CR1 or 
FKN, or its downstream signaling pathways. As used herein, 
the term "pharmaceutical composition' contemplates com 
positions comprising one or more therapeutic agents as 
described above, and one or more pharmaceutically accept 
able carriers or vehicles. As used herein, the term “pharma 
ceutically acceptable carriers or vehicles' comprises any 
acceptable materials, and/or any one or more additives known 
in the art. As used herein, the term “carriers' or “vehicle' 
refer to carrier materials suitable for drug administration 
through various conventional administration routes known in 
the art. Carriers and vehicles useful herein include any such 
materials known in the art, which are nontoxic and do not 
interact with other components of the composition in a del 
eterious manner. 

0043. The present invention also contemplates any con 
ventional methods for formulation of pharmaceutical compo 
sitions as described above. Various additives, known to those 
skilled in the art, may be included in the formulations. For 
example, solvents, including relatively small amounts of 
alcohol, may be used to solubilize certain drug Substances. 
Other optional additives include opacifiers, antioxidants, fra 
grance, colorant, gelling agents, thickening agents, stabiliz 
ers, Surfactants and the like. Other agents may also be added, 
such as antimicrobial agents, to prevent spoilage upon stor 
age, i.e., to inhibit growth of microbes such as yeasts and 
molds. Suitable antimicrobial agents are typically selected 
from the group consisting of the methyl and propyl esters of 
p-hydroxybenzoic acid (i.e., methyl and propyl paraben), 
Sodium benzoate, Sorbic acid, imidurea, and combinations 
thereof. 

0044) The present invention also provides a diagnostic 
method for diabetes, atherosclerosis, or other cardiovascular 
diseases by comparing CX3CR1 and/or FKN expression and/ 
or activity levels in subjects at risk for such disorders vs. 
normal Subjects. In certain embodiments of the present inven 
tion, both CX3CR1 and/or FKN mRNA and protein expres 
sion levels in cells from a subject at risk for these disorders are 
compared to a baseline level of CX3CR1 and/or FKN mRNA 
and protein expression levels in normal cells, wherein a 
decreased level of CX3CR1 and/or FKN mRNA and/or pro 
tein expression levels or a reduced CX3CR1 and/or FKN1 
activity in relation to the baseline level of CX3CR1 and/or 
FKN mRNA and/or protein expression or activity levels indi 
cates an association with diabetes, obesity, atherosclerosis, 
and/or other cardiovascular diseases in that Subject. The diag 
nostic method of the present invention is performed using any 
biological fluid and/or tissue containing pancreatic cells and/ 
or islets. 

0045. The present invention further provides a kit for a 
diagnosis of diabetes, obesity, atherosclerosis and other car 
diovascular diseases comprising biomarker detecting 
reagents for determining CX3CR1 and/or FKN expression or 
activity levels, and instructions for their use in diagnosing 
these disorders. As used herein, the term “biomarker” refers 
to an indicator and/or prognostic factor of biologic or patho 
logic processes or pharmacologic responses to a therapeutic 
intervention. As used herein, the term “prognostic factor” 
refers to any molecules and/or Substances contributing to a 
predicted and/or expected course of diabetes, obesity, athero 
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Sclerosis, and other cardiovascular diseases including various 
developments, changes and outcomes of the disease. As used 
herein, the term “detecting reagents' refer to any Substances, 
chemicals, solutions used in chemical reactions and pro 
cesses that are capable of detecting, measuring, and examin 
ing CX3CR1 and/or FKN. In certain embodiments, the biom 
arker detecting reagents used herein comprise chemicals, 
Substances, and solutions that are Suitable for determining 
either mRNA or protein, or both expression and/or activity 
levels of CX3CR1 and/or FKN. 
0046. One of the detecting reagents may include immuno 
logically active molecules comprising an antibody molecule 
or a fragment thereof that specifically binds to CX3CR1 or 
FKNoran antigen for CX3CR1 or FKN. The term “antibody” 
as used herein encompasses monoclonal antibodies (includ 
ing full length monoclonal antibodies), polyclonal antibod 
ies, multispecific antibodies (e.g., bispecific antibodies), and 
antibody fragments so long as they exhibit the desired bio 
logical activity of binding to CX3CR1 or FKN. The term 
“antibody fragments’ comprise a portion of a full length 
antibody, generally the antigen binding or variable region 
thereof. Examples of antibody fragments include Fab, Fab', 
F(ab'), and Fv fragments. 
0047. The term “monoclonal antibody” as used herein 
refers to an antibody obtained from a population of Substan 
tially homogeneous antibodies, i.e., the individual antibodies 
comprising the population are identical except for possible 
naturally occurring mutations that may be present in minor 
amounts. Monoclonal antibodies are highly specific, being 
directed against a single antigenic site. Furthermore, in con 
trast to conventional (polyclonal) antibody preparations 
which typically include different antibodies directed against 
different determinants (epitopes), each monoclonal antibody 
is directed against a single determinant on the antigen. The 
"monoclonal antibodies' may also be isolated from phage 
antibody libraries using the techniques known in the art. 
0048. The monoclonal antibodies herein include “chi 
meric' antibodies (immunoglobulins) in which a portion of 
the heavy and/or light chain is identical with or homologous 
to corresponding sequences in antibodies derived from a par 
ticular species or belonging to a particular antibody class or 
subclass, while the remainder of the chain(s) is identical with 
or homologous to corresponding sequences in antibodies 
derived from another species or belonging to another anti 
body class or Subclass, as well as fragments of such antibod 
ies, so long as they exhibit the desired biological activity. 
0049. The term “single-chain Fv' or “sv” antibody frag 
ments comprise the VHandVL domains of antibody, wherein 
these domains are present in a single polypeptide chain. Gen 
erally, the Fv polypeptide further comprises a polypeptide 
linker between the VHandVL domains which enables the sRv 
to form the desired structure for antigen binding. 
0050. An "isolated antibody is one that has been identi 
fied and separated and/or recovered from a component of its 
natural environment. Contaminant components of its natural 
environment are materials that would interfere with diagnos 
tic or therapeutic uses for the antibody, and may include 
enzymes, hormones, and other proteinaceous or nonproteina 
ceous solutes. In preferred embodiments, the antibody will be 
purified (1) to greater than 95% by weight of antibody as 
determined by the Lowry method, and most preferably more 
than 99% by weight, (2) to a degree sufficient to obtain at least 
15 residues of N-terminal or internal amino acid sequence by 
use of a spinning cup sequenator, or (3) to homogeneity by 
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SDS-polyacrylamide gel electrophoresis under reducing or 
non-reducing conditions using Coomassie blue or, prefer 
ably, silver stain. Isolated antibody includes the antibody in 
situ within recombinant cells since at least one component of 
the antibody's natural environment will not be present. Ordi 
narily, however, isolated antibody will be prepared by at least 
one purification step. 
0051. In order to avoid potential immunogenicity of the 
monoclonal antibodies in human, the monoclonal antibodies 
that have the desired function are preferably humanized. 
“Humanized forms of non-human (e.g., murine) antibodies 
are chimeric antibodies that contain minimal sequence 
derived from non-human immunoglobulin. For the most part, 
humanized antibodies are human immunoglobulins (recipi 
ent antibody) in which hypervariable region residues of the 
recipient are replaced by hyperVariable region residues from 
a non-human species (donor antibody) Such as mouse, rat, 
rabbit or nonhuman primate having the desired specificity, 
affinity, and capacity. In some instances, Fv framework 
region (FR) residues of the human immunoglobulin are 
replaced by corresponding non-human residues. Further 
more, humanized antibodies may comprise residues that are 
not found in the recipient antibody or in the donor antibody. 
These modifications are made to further refine antibody per 
formance. In general, the humanized antibody will comprise 
substantially all of at least one, and typically two, variable 
domains, in which all or substantially all of the hypervariable 
loops correspond to those of a non-human immunoglobulin 
and all or substantially all of the FR regions are those of a 
human immunoglobulin sequence. The humanized antibody 
optionally also will comprise at least a portion of an immu 
noglobulin constant region (Fc), typically that of a human 
immunoglobulin. Antibodies capable of immunoreacting to 
particular CX3CR1 or FKN are made using conventional 
methods known in the art. 

0052. Other molecules which selectively bind to CX3CR1 
or FKN gene products (e.g. mRNAs) known to those skilled 
in the art, or discovered in the future are contemplated within 
the scope of the present invention. Such molecules include 
primers and/or probes comprising desired DNA, RNA, and/or 
DNA/RNA hybrid sequences. As used herein, the term 
“primer' refers to a segment of DNA or RNA that is comple 
mentary to a given DNA or RNA sequences (e.g. sequences of 
a particular CX3CR1 or FKN) and that is needed to initiate 
replication by DNA polymerase, and a term “probe' refers to 
a substance, such as DNA, that is radioactively labeled or 
otherwise marked and used to detect or identify another sub 
stance in a sample. As used herein, the term “primer' and 
“probe' are used interchangeably, and typically comprise a 
Substantially isolated oligonucleotide typically comprising a 
region of nucleotide sequence that hybridizes understringent 
conditions to at least about 12, preferably about 25, more 
preferably about 40, 50, or 75 consecutive nucleotides of a 
sense and/or an antisense Strands of a nucleotide sequence of 
CX3CR1 or FKN or naturally occurring mutants thereof. 
0053 As used herein, primers based on the nucleotide 
sequence of CX3CR1 or FKN can be used in PCR reactions to 
clone homologs of CX3CR1 or FKN. Probes based on the 
nucleotide sequences of CX3CR1 or FKN can be used to 
detect transcripts or genomic sequences encoding the same or 
Substantially identical polypeptides or proteins. In preferred 
embodiments, the probe further comprises a label group 
attached thereto, e.g. the label group can be a radioisotope, a 
fluorescent compound, an enzyme, or an enzyme co-factor. 
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Such probes can be used as a part of a genomic marker test kit 
for identifying cells which express or over-express CX3CR1 
or FKN, Such as by measuring a level of encoding nucleic 
acid, in a sample of cells, e.g., detecting mRNA levels or 
determining whether a genomic gene has been mutated or 
deleted. 
0054. In certain embodiments, the biomarkers and/or 
prognostic factors for diagnosing and monitoring diabetes, 
obesity, atherosclerosis or other cardiovascular diseases com 
prise CX3CR1 or FKN. In yet certain embodiments, the kit of 
the present invention comprise any detecting reagents that are 
capable to detect mRNA, protein, or both, expression or activ 
ity levels of CX3CR1 or FKN. In yet other embodiments, the 
kit of the present invention comprise means for calculating 
the expression or activity levels of CX3CR1 or FKN. The kit 
of the present invention further comprises an instruction for 
use in diagnosing and monitoring diabetes, obesity, athero 
Sclerosis or other cardiovascular diseases. In one preferred 
embodiment, the instruction in the kit provides that a 
decreased or reduced CX3CR1 or FKN and/or protein 
expression or activity levels indicates an association with 
diabetes, obesity, atherosclerosis, or other cardiovascular dis 
CaSCS. 

0055 Throughout this application, various publications 
are referenced. The disclosures of all of these publications 
and those references cited within those publications in their 
entireties are hereby incorporated by reference into this appli 
cation in order to more fully describe the state of the art to 
which this invention pertains. 
0056. Several examples are presented below. It should also 
be understood that the foregoing relates to preferred embodi 
ments of the present invention and that numerous changes 
may be made therein without departing from the scope of the 
invention. The invention is further illustrated by the following 
examples, which are not to be construed in any way as impos 
ing limitations upon the scope thereof. On the contrary, it is to 
be clearly understood that resort may be had to various other 
embodiments, modifications, and equivalents thereof, which, 
after reading the description herein, may suggest themselves 
to those skilled in the art without departing from the spirit of 
the present invention and/or the scope of the appended claims. 

EXAMPLES 

0057 The following examples provide a novel regulatory 
pathway for the FKN/CX3CR1 system in the modulation of 
beta cell insulin secretory function. It was found that 
CX3CR1 KO mice develop hyperglycemia with reduced 
nutrient-stimulated insulin secretion and that isolated islets 
from KO mice produce less insulin in response to a variety of 
stimuli compared to WT islets. Furthermore, in vivo FKN 
administration leads to increased plasma insulin levels with 
improved glucose tolerance, while in vitro FKN treatment of 
isolated islets directly enhances beta cell insulin secretion. 
0.058 Here a novel mechanism for regulating beta cell 
function through the FKN/CX3CR1 system is described. 
CX3CR1 KO mice develop glucose intolerance on both chow 
and HFD due to decreased insulin secretion. Neutralization of 
circulating FKN by in vivo administration of anti-FKN anti 
bodies recapitulated this effect, causing glucose intolerance 
with diminished insulin secretion, demonstrating that FKN is 
necessary for ongoing maintenance of circulating insulin lev 
els. The impaired insulin secretion represents a primary beta 
cell defect, since isolated islets from CX3CR1 KO mice 
exhibited impaired GSIS compared to WT islets and 
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CX3CR1 KO islets transplanted into STZ-induced diabetic 
mice had an attenuated ability to correct the diabetic state 
compared to transplantation of WT islets. Finally, in vivo 
administration of FKN treatment led to improved glucose 
tolerance with increased insulin secretion and in vitro treat 
ment directly caused increased GSIS in isolated mouse and 
human islets. In contrast, FKN was without effect on insulin 
secretion in CX3CR1 KO mice or in islets from KO animals. 
Taken together, these studies reveal a novel regulatory system 
for beta cell insulin secretion, Suggesting that a FKN-based 
biotherapeutic, or a small molecule CX3CR1 agonist, could 
be a useful therapeutic tool in the treatment of type 2 diabetes. 
0059. The in vitro studies demonstrate that FKN is not a 
direct insulin secretagogue, since it does not enhance insulin 
secretion in the absence of glucose or at low glucose concen 
trations. Instead, FKN only exerts its effects by potentiating 
GSIS, arginine-, or GLP1-mediated insulin secretion. The in 
vitro studies show that the acute effects of FKN on insulin 
secretion are not due to changes in mitochondrial function, 
cyclic AMP levels, or increased PKA activity. In the presence 
of glucose, FKN causes an increase in intracellular calcium 
levels through a MEK-dependent mechanism. Combined 
with the fact that CX3CR1 deletion impairs the insulin secre 
tory response to arginine, this suggests that the effects of FKN 
on insulin secretion are exerted at a downstream step common 
to several stimulatory inputs, most likely involving MEK 
dependent calcium mobilization events. 
0060. These data demonstrate that FKN has acute effects 
to potentiate GSIS and GLP1-stimulated insulin secretion, 
but it is also possible that FKN has chronic effects on beta cell 
function as well. Thus, CX3CR1 KO islets display decreased 
expression of a set of genes characteristic of normal, fully 
functioning beta cells, including PDX1, NeuroD, GLUT2, 
urocortin3, and CX36. Furthermore, chronic FKN treatment 
of WT islets leads to increased expression of these genes. 
These observations suggest that CX3CR1 deletion, with abla 
tion of FKN signaling, produces beta cells that are partially 
dedifferentiated. Indeed, the KO islets are characterized by 
increased total cell mass due to increased numbers of Smaller 
beta cells, and it has been reported that reduced beta cell size 
is associated with impaired insulin secretory function (Gior 
dano et al., 1993; Pende et al., 2000). Furthermore, it was 
found that ICER-1 is induced in CX3CR1 KO islets while 
FKN treatment of Minó cells suppresses palmitate-induced 
ICER-1 expression. ICER-1 is a transcriptional repressor 
which can inhibit genes associated with the normal differen 
tiated beta cell functional state. It has been shown that ICER-1 
is induced by Saturated fatty acids, oxidized LDL, hypergly 
cemia, and high fat diet and ICER-1 induction can cause beta 
cell dysfunction by inhibiting expression of CX36, as well as 
components of the insulin secretory machinery as exempli 
fied in FIG.3 (Favreet al., 2011; Hussain et al., 2000; Zhou et 
al., 2003). This suggests that increased ICER-1 expression in 
CX3CR1 KO beta cells is mechanistically linked to a more 
chronic state of beta cell dysfunction. In this context, it is 
important to note that invitro siRNA-mediated knockdown of 
CX3CR1 in Minó cells caused decreased GSIS, suggesting 
that the in vivo decrease in insulin secretion in the KO mice 
was not due to an in vivo beta cell developmental defect. 
0061 Together, these studies describe a novel pathway 
regulating beta cell secretory function in which FKN stimu 
lates CX3CR1 to promote increased insulin secretory 
responses. CX3CR1 deficiency mimics some of the beta cell 
abnormalities observed in diabetic islets and FKN treatment 
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restores these defects towards normal. In mice, aging and the 
HFD/obese hyperglycemic state are associated with 
decreased islet FKN expression. Thus, attenuation of this 
newly identified FKN/CX3CR1 system could underlie some 
of the defects in diabetic islets. Furthermore, a FKN-based 
biotherapeutic, or a small molecule CX3CR1 agonist, could 
have utility in the treatment of type 2 diabetes. 

Example 1 

Experimental Procedures 

Animals and Treatments 

0062 7 week old male C57BL/6N and CX3CR1 knockout 
mice were purchased from Taconic (USA). GTT and ITT 
results from the CX3CR1 KO mice were confirmed in 
CX3CR 13P's knockin mice obtained from Jackson Labora 
tory (USA). All the mice were housed in colony cages in 12h 
light/12 h dark cycles. For HFD study, 8 week old mice were 
subjected to NCD or 60% HFD (Research Diets, Inc; USA). 
For oral glucose tolerance test, the mice were fasted for 6 h 
and basal blood samples were taken, followed by oral gavage 
of 2 g/kg bolus glucose. Blood samples were drawn at 10, 20, 
30, 45, 60, 90 and 120 min after oral gavage. For intravenial 
glucose tolerance test, the mice were Surgerized for cathether 
implantation to jugular vein as described previously (Lee et 
al., 2011). After 3 days of recovery, the mice were fasted for 
5h, and then transferred to restrainers. After 1.5 h of stabili 
zation, blood samples were drawn from tail for basal glucose 
and insulin measurement, followed by 1 g/kg bolus glucose 
injection through the jugular catheter. Blood samples were 
drawn for glucose and/or insulin measurement at 1, 5, 10, 30 
and 60 min after glucose injection. For insulin tolerance test, 
mice were fasted for 6 h, and basal blood samples were taken, 
followed by intraperitoneal injection of insulin (0.4U/kg for 
NCD mice, 0.6 U/kg for HFD mice). For FKN neutralization 
experiment, mice were IP injected with anti-FKN neutraliz 
ing antibody (2 g/mouse; Torrey Pines Biolabs, USA). For 
arginine tolerance test, the mice were fasted for 6 hand basal 
blood samples were taken, followed by IP injection of 1 g/kg 
arginine. All animal procedures were in accordance with the 
research guidelines for the use of laboratory animals of Uni 
versity of California, San Diego. 

Plasma Protein Measurements 

0063 Plasma insulin (ALPCO, USA), C-peptide 
(ALPCO, USA), GLP1 (active 7-36 GLP1; Millipore, USA), 
and fractalkine (R&D systems, USA) levels were measured 
by ELISA. 

Islet Isolation and Transplantation 

0064. For primary mouse islet isolation, the bile duct near 
ampullar Vater was ligated, and the common bile duct was 
cannulated and injected with 3 ml of KRB buffer containing 
collagenase XI (800 U/ml; Sigma, USA). The pancreas was 
dissected from the Surrounding tissues, removed, and incu 
bated in a stationary bath for 13 min at 37 C. The digested 
tissue was washed with KRB without collagenase, and then 
the islets were purified by a density gradient (Histopaque 
1077 and 1119: Sigma) centrifuged at 3,000 g for 25 min. A 
single aliquot of 200 freshly isolated islet equivalents was 
aspirated into a 200 ul pipette tip, and then the pipette tip was 
connected to a silicon tube (I.D.x.O.D.—0.76 mmx1.67 mm; 
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Dow Corning, USA). Under anesthesia, the left kidney of the 
recipient mouse was exposed through a lumbar incision. A 
capsulotomy was performed on the caudal outer Surface of the 
kidney, and tip of the tubing was advanced under the capsule, 
followed by slow injection of the islets using 20 ul pipette 
attached to the 200 pipette tip. The tube was then removed and 
the capsulotomy was cauterized with a disposable cautery 
pen (Aaron medical, USA). 

Histology Analyses 

0065. To identify FKN and CX3CR1 expression in pan 
creatic tissues, deparaffinized tissue sections were blocked 
for endogenous peroxidase and endogenous biotin and over 
laid with 0.5% fish gelatin in phosphate-buffered saline 
Tween 20. Sections were then incubated with control IgG, 
anti-insulin (N1542; Dako, USA), anti-glucagon (PA 1 
85465; Pierce, USA), anti-CD34 (MEC17.4; Novus, USA), 
anti-FKN (TP-233; Torrey pines biolabs, USA) or anti 
CX3CR1 (ab8021: Abcam, USA) antibodies, followed by 
incubation with secondary antibodies conjugated with 
Alexa488 (Jackson Laboratories, USA) or Cy3 (Jackson). 
For islet morphometric study, specimens were viewed on a 
Zeiss AxioObserver Z1 microscope, and 24-bit TIFF images 
were acquired with a Zeiss AxioCam digital camera driven by 
Zeiss AxioVision 3.1 software (Carl Zeiss, Germany). Images 
were processed with Adobe Photoshop CS4 (Adobe Systems, 
USA). Relative pancreatic areas of beta cells were calculated 
by dividing insulin-positive area by total pancreatic area mea 
sured using Image J software (U.S. National Institutes of 
Health, USA). 
Measurement of Insulin Secretory Response from Isolated 
Islets 
0066 Isolated mouse islets were cultured overnight in 
mouse islet media (DMEM containing 1 g/L glucose, 10% 
v/v FBS, 0.1% v/v Penicillin/Streptomycin). Islets of similar 
sizes were harvested by hand-picking manually under a 
microscope. For dynamic resolution of insulin secretory 
response, islets were perifused at 37°C., 5% CO2 in a system 
comprised of a pump, gas equilibrating system and islet 
chamber, which concomitantly measured oxygen consump 
tion rate while collecting outflow fractions for subsequent 
assay of insulin fraction collector, as described previously 
(Sweet et al., 2004). The perifusate, Krebs Ringer Bicarbon 
ate buffer (2.6 mmol/l CaCl2/2H2O, 1.2 mmol/l MgSO4/ 
7H2O, 1.2 mmol/l KH2PO4, 4.9 mmol/l KC1, 98.5 mmol/l 
NaCl, and 25.9 mmol/l NaHCO3 (all from Sigma-Aldrich, St. 
Louis, Mo.) supplemented with 20 mmol/l HEPES/Na 
HEPES (Roche, Indianapolis, Ind.) and 0.1% BSA (Serologi 
cal, Norcross, Ga.).), was pumped at 100 microL/min when 
oxygen consumption was measured and 250 microL/min 
when only insulin secretion was measured (in order to resolve 
first phase insulin secretory response to glucose). Glucose 
and GLP1 were added to the buffer as indicated in the figures. 
Fractions were collected and kept at -80°C. until analysis of 
insulin. For static GSIS assays with mouse islets, approxi 
mately 20 islets were hand picked, incubated for 2 hours in 
KRB buffer at 37° C., 5% CO, and then incubated for 75 min 
with 2.8 mM or 16.7 mM glucose in the same conditions. For 
static GSIS assays with human islets, overnight shipped 
cadaveric human islets (Prodo Labs, USA) were washed with 
recovery media (Prodo Labs, USA) twice, and incubated 
overnight in the recovery media at 37°C., 5% CO. Next day, 
the islets were washed twice with 2.8 mM glucose DMEM, 
and incubated overnight in 2.8 mM glucose DMEM supple 
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mented by 1% free fatty acid free BSA, at 37°C., 5% CO. On 
day 3, the islets were washed with fresh 2.8 mM glucose 
media, and then incubated for 60 min in 2.8 mM or 16.7 mM 
glucose media with or without FKN. Insulin concentrations in 
the Supernatant were determined using Ultrasensitive mouse 
or human Insulin ELISA kits (Alpco). 

Intracellular Calcium Level Measurement 

0067. The Cytoplasmic free calcium ion concentration in 
Minó cells was measured by fura-2 fluorescence ratio digital 
imaging. Briefly, Minó cells, grown on coverslips, were 
loaded with 5 uM fura-2 AM dissolved in 0.01% Pluronic 
F-127 plus 0.1% DMSO in KRB at room temperature for 60 
min and then washed in fresh KRB for 30 min. The coverslips 
with Minó cells were mounted in a perfusion chamber on a 
Nikon microscope stage. The ratio of fura-2 fluorescence 
with excitation at 340 or 380 nm (F340/380) was followed in 
a single cell over time and captured with an intensified CCD 
camera (ICCD200) and a MetaFluor Imaging System (Uni 
Versal Imaging, Downingtown, Pa.). Data from more than 50 
cells on each coverslip was analyzed for statistics, and the 
data was confirmed by at least 3 independent experiments. 
cAMP Level Measurement 
0068 Intracellular cAMP level of MinG cells was mea 
sured using Bridge-it cAMP assay kit (Mediomics, LLC, 
USA). 

Electron Microscope 
0069. Scanning electron micrographs were taken using 
Phillips 12XL30 ESEM in an environmental mode at Calit2 
Nano3 facility. Five non-overlapping areas in the central 
region of a single SEM image, each with 7 ommatidia, were 
selected and used for ommatidial size measurement. For 
transmission electron micrographs, primary mouse islets 
were fixed in 2% paraformaldehyde plus 2.5% glutaralde 
hyde (Ted Pella, Redding, Calif.) in 0.1 M sodium cacodylate 
(pH 7.4) on ice for 1 hr. The samples were washed three times 
with buffer consisting of 0.1 M sodium cacodylate plus 3 mM 
calcium chloride (pH 7.4) on ice and then post-fixed with 1% 
osmium tetroxide, 0.8% potassium ferrocyanide, 3 mM cal 
cium chloride in 0.1 M sodium cacodylate (pH 7.4) for 1 h, 
washed three times with ice-cold distilled water, en bloc 
stained with 2% uranyl acetate at 4°C. for 1 h, dehydrated 
through graded ethanol Solutions, and embedded in Durcupan 
ACM resin (Fluka, St. Louis, Mo.). Ultrathin (80 nm) sections 
were post-stained with uranyl acetate and lead salts prior to 
imaging using a JEOL 1200FX transmission EM operated at 
80kV. The negatives were digitized at 1800 dpi using a Nikon 
CoolScan system, giving an image size of 4033x6010 pixels 
and a pixel resolution of 1.77 nm. 

Human Islet and In Vitro Beta Cell Expansion 
0070 The human islet and beta cell samples were pre 
pared and analyzed as described previously (Kayali et al., 
2007). Human adult islets were provided by the Islet Cell 
Resource Center Basic Science Human Islet Distribution Pro 
gram, and the Islet Transplant Program at the University of 
Illinois at Chicago. The islets were from six cadaveric donors 
aged 25-55 years, and 60-90% pure in mature islets (viability 
of 80-90%). Islets were expanded by the Whittier or NIH 
protocols as described previously (Kayali et al., 2007). 
Briefly, in the Whittier Protocol isolated islets were hand 
picked after dithizone staining, partially dissociated, and 
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plated on HTB-9 coated dishes using RPMI-1640 (Mediat 
ech, Herndon. VA) supplemented with 2 mM L-glutamine 
and 10% fetal bovine serum and 25 ng/ml hepatocyte growth 
factor. The cells were passaged 1:2 upon confluence. In the 
NIH protocol. 2,000 islet equivalents enriched by retention on 
a 40 um filter were seeded onto tissue culture-treated dishes in 
CMRL-1066 medium (Invitrogen, USA) containing 2 mM 
L-glutamine and 10% fetal bovine serum. Cells were cultured 
for 2 weeks (passage 0), and after that cells were harvested 
every 4-7 days with trypsin and subcultured (1:2) for up to 2 
months. RNA was isolated from fresh human adult islets or 
islets cultured in monolayer for three or four passages. 
Microarray analysis was performed on the RNA samples as 
described previously (Kayali et al., 2007; Kutlu et al., 2009). 

Statistics 

0071. The results are shown as means-SEM. All statistical 
analysis was performed by Student's t test or ANOVA in 
Excel (Microsoft): P-0.05 was considered significant. 

Example 2 

CX3CR1-Deficient Mice Exhibit Impaired Glucose 
Tolerance with Reduced Insulin Secretion 

0072 Obesity causes inflammation and insulin resistance 
and the FKN/CX3CR1 system plays a role in monocyte 
attachment and immune cell migration (Combadiere et al., 
2003; Hotamisligil et al., 1995; Lee et al., 2010; Lee et al., 
2011; Lesnik et al., 2003; Olefsky and Glass, 2010; Tacke et 
al., 2007; Teupser et al., 2004). To address the potential effect 
of this receptor on obesity-induced inflammation, lean and 
obese CX3CR1 KO mice were Studied. The KO mice exhib 
ited normal food intake, body weight gain, and liver mass 
either on chow or high fat diet (HFD) (FIGS. 1A-1C). Adi 
pose tissue mass was the same between KO and WT mice on 
chow diets, but was slightly lower in the KO mice on HFD 
(FIG. 1D). 
0073 Interestingly, it was found no evidence that FKN or 
CX3CR1 play a role in macrophage accumulation in adipose 
tissue or liver or in inflammation-induced insulin resistance. 
For example, macrophage infiltration (FIG. 1E) and expres 
sion of macrophage marker genes, such as F4/80 and CD11c 
(FIG.1F), was not altered in the adipose tissue of KO mice. 
Moreover, CX3CR1 KO did not affect HFD-induction of 
genes involved in inflammation (iNOS, MCP-1, and TNF-C.) 
or fibrosis (lysyl oxidase and collagen la) in adipose tissue 
(FIG. 1F). Consistent with this, Lumeng also recently 
reported that CX3CR1 deficiency is without effect on adipose 
tissue macrophage content in HFD mice (Morris et al., 2012). 
Furthermore, the decrease in GLUT4 expression which typi 
cally occurs on HFD was not attenuated by the CX3CR1 KO 
(FIG.1F), suggesting that CX3CR1 KO does not affect insu 
lin resistance. 

0074. Unexpectedly, both lean/chow-fed and obese/HFD 
CX3CR1 KO mice developed glucose intolerance compared 
to wildtype (WT) mice upon oral glucose administration, and 
this effect was exacerbated in the obese state (FIG. 2A). 
Despite the glucose intolerance, these mice exhibited normal 
insulin sensitivity, as shown by insulintolerance testing (FIG. 
2B), Suggesting that a defect in insulin secretion was the 
cause of the hyperglycemia. To assess this, circulating insulin 
and C-peptide levels were measured during the oral glucose 
tolerance tests (OGTTs). Lean chow-fed and obese HFD KO 
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mice displayed decreased insulin and C-peptide secretion 
with normal GLP1 levels (FIGS. 2C, 2D, and FIG. 8), com 
pared to their WT counter parts, indicating that CX3CR1 
deficiency causes a beta cell insulin secretory defect. Inter 
estingly, the glucose intolerance and the defect in insulin 
secretion in the CX3CR1 KO mice was more pronounced 
after an intravenous (IV) glucose challenge, and the differ 
ences between WT and KO mice were quantitatively greater 
than after oral glucose (FIG. 2E). Furthermore, insulin secre 
tion provoked by intraperitoneal (IP) arginine administration 
was reduced in both lean/chow-fed and obese/HFDCX3CR1 
KO mice (FIGS. 2F and 2G) further indicating that CX3CR1 
deficiency causes a beta cell insulin secretory defect. 
0075. In complementary experiments, anti-FKN antibod 
ies were injected into mice to neutralize circulating FKN. 
This led to decreased C-peptide levels and glucose intoler 
ance (FIG. 2H), fully consistent with the results in the KO 
mice, indicating that ongoing stimulation of CX3CR1 is 
required for normal insulin secretion and glycemic control. 

Example 3 

CX3CR1 KO Islets Display Reduced Insulin 
Secretion with Decreased Expression of Genes 

Associated with Beta Cell Function 

0076. To directly test beta cell function, and to determine 
whether the in vivo insulin secretory defects are primary or 
secondary, in vitro systems on isolated islets and Minó cells 
were carried out. First, to directly test the function of 
CX3CR1 in beta cells, insulin secretion was measured under 
static incubation conditions by isolated islets obtained from 
chow and HFDWT and CX3CR1 KO mice. As seen in FIG. 
3A, the KO islets exhibited a marked decrease in GSIS which 
was more profound in islets obtained from HFD KO mice 
(FIG.3B). Moreover, CX3CR1 KO islets exhibited reduced 
insulin secretion in response to arginine (FIG.3C), consistent 
with the in vivo results seen in FIG. 2F. To demonstrate the 
cell autonomous effects of CX3CR1 on GSIS in another way, 
and to show that they are independent of in vivo developmen 
tal issues, RNAi interference was used to deplete CX3CR1 in 
Minó cells in vitro (FIG. 3D). Two different anti-CX3CR1 
siRNAs led to CX3CR1 knockdown and both attenuated 
GSIS and abrogated FKN effects on insulin secretion. Time 
dependent insulin secretions were Subsequently measured in 
WT and KO islets using perifusion analysis. The KO islets 
demonstrated significantly lower insulin secretion rates com 
pared to WT in response to both high glucose and GLP1 
stimulation (FIG. 3E). Interestingly, oxygen consumption 
rates by WT and CX3CR1 KO islets were comparable (FIG. 
9), implying that CX3CR1 KO does not affect metabolic 
pathways or mitochondrial respiration. These in vitro experi 
ments demonstrate that the effects of CX3CR1 deletion are 
cell autonomous and not secondary to other in vivo events. 
0077. To test that the affect of CX3CR1 KO is intrinsic to 
the islet in vivo, CX3CR1 KO and WT islets were trans 
planted into the kidney capsule in streptozotocin (STZ)-in 
duced diabetic mice. As seen in FIG. 3F, transplantation of 
WT islets had a greater effect to lower glucose levels com 
pared to transplantation of the KO islets. This was further 
confirmed by measurements of insulin secretion, which 
showed greater basal and insulin stimulated insulin levels in 
the STZ. mice transplanted with WT islets compared to the 
STZ. mice receiving the KO islets (FIG.3G). Thus, the insulin 
secretory defect in CX3CR1 KO islets is mediated by alter 
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ations in islet function independent of extra-islet mecha 
nisms. Taken together, these data indicate that the beta cell 
FKN/CX3CR1 system is necessary for normal insulin secre 
tory function in response to glucose, arginine, and GLP1, 
both in vitro and in vivo. 
0078. To test whether the insulin secretory defect in 
CX3CR1 KO islets is associated with altered gene expres 
sion, quantitative RT-PCR analyses were performed. As 
shown in FIG. 3H, the KO islets expressed lower levels of 
genes involved in normal beta cell secretory function Such as 
PDX-1, NeuroD, insulin, Glut2, and urocortin3. Moreover, 
CX3CR1 KO islets exhibited reduced expression of Con 
nexin 36 (FIG. 3H), a gap junction component involved in 
beta cell communication allowing the synchronization of islet 
responses to metabolic signals (Calabrese et al., 2003: Car 
valho et al., 2010; Speier et al., 2007). Furthermore, expres 
sion of some components of ATP-dependent potassium chan 
nels (Kiró.2) or L-type Voltage-gated calcium channels 
(Cav1.2 and Cav1.3) was reduced in CX3CR1 KO islets 
although this did not reach statistical significance (FIG. 10). 
Thus, the insulin secretory defect in CX3CR1 KO islets is 
associated with reduced expression of genes involved in beta 
cell function and communication. 

Example 4 

Histologic Studies of WT and CX3CR1 KO Islets 
0079. To determine whether CX3CR1 deletion affects 

islet development, immunohistologic (IHC) studies were 
conducted and the expected effect of HFD to increase islet 
size (Maclean and Ogilvie, 1955; Picket al., 1998) was found. 
However, under both chow and HFD conditions, the islets 
were larger in the KO mice (FIG. 4A). This was accompanied 
by a significant (P<0.05) increase in beta cell mass, as mea 
Sured by morphometric analyses of insulin positive islet cells 
(FIG. 4B), and a corresponding increase in total pancreatic 
insulin content (FIG. 4C, FIGS. 11A and 11B). These results 
show that CX3CR1 KO mice have sufficient beta cells and 
insulin, indicating that the in Vivo phenotype is due to a defect 
in coupling extracellular signals to the insulin secretory 
machinery. Interestingly, the average beta cell size was 
decreased in the KO islets (FIG. 4D), showing that the 
enhanced islet mass was due to an increased number of 
smaller beta cells. It has been reported that smaller beta cells 
display decreased GSIS activity (Giordano et al., 1993; Pende 
et al., 2000). Consistent with this, when similar sized WT and 
CX3CR1 KO islets were selected for comparison, a small but 
significant decrease in insulin content perislet was seen in the 
CX3CR1 KO group (FIG. 11C). 
0080. The histologic analysis also showed that the mor 
phologic features of the WT and KO islets, such as predomi 
nance of insulin positive beta cells in the core mantled by 
glucagon positive alpha cells, was unaffected by the KO (FIG. 
4A). To assess mitochondria in CX3CR1 KO islets, ultrami 
croscopic analysis was performed using electron microscopy. 
As seen in FIGS. 4E and 4F, morphology, size, number, and 
cristae abundance of mitochondria were comparable in WT 
and CX3CR1 KO beta cells, consistent with the normal oxy 
gen consumption rate in the CX3CR1 KO islets (FIG. 9). 
Formation of a proper microvascular network within islets is 
essential for adequate insulin secretion (Eberhardet al., 2010; 
Lammertet al., 2003), and since FKN/CX3CR1 can modulate 
angiogenic pathways, vascular density within the islets was 
assessed by staining for the endothelial marker CD34. As 
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seen in FIG. 4G, CD34 staining was the same in CX3CR1 KO 
and WT islets. Finally, total pancreas mass in chow-fed or 
HFDCX3CR1 KO mice was comparable to WT (FIG. 11). 
Together, the results suggest that the defective insulin secre 
tion in CX3CR1 KO mice was not due to gross developmental 
defects, mitochondrial dysfunction, or defective intra-islet 
vascularization. 
0081. As shown in FIG. 4H, IHC revealed that FKN and 
CX3CR1 are highly expressed in insulin-positive beta cells in 
mouse islets. Similarly, in human islets, CX3CR1 was 
expressed in beta cells, but not in glucagon-positive alpha 
cells (FIG. 4I). RT-PCR analyses revealed that both the recep 
tor and FKN are expressed in isolated human and murine 
islets, as well as in the Minó (mouse) and INS-1 (rat) beta cell 
lines (FIG. 12). 

Example 5 

In Vitro and In Vivo FKN Treatment 

I0082 To provide a further test of the overall concept, WT 
and CX3CR1 KO mice were treated with acute administra 
tion of the 84 amino acid soluble chemokine portion of cir 
culating mouse FKN. This led to improved glucose tolerance 
in the WT mice (FIG. 5A), but was without effect on glucose 
levels in the KO animals (FIG.5B). Importantly, in vivo FKN 
administration caused an increase in insulin secretion in the 
WT mice, but not in the KOs (FIG.5C, FIG. 13). Isolated WT 
and CX3CR1 KO islets were also treated with soluble FKN 
and a marked 58% increase in GSIS in WT islets with no 
effect in the KO islets was found (FIG. 5D). FKN also sig 
nificantly potentiated glucose plus GLP1-induced insulin 
secretion in perifused primary mouse islets (FIG.5E), but did 
not effect oxygen consumption (FIG. 5F). These in vivo and 
in vitro results demonstrate that FKN effects are direct and are 
CX3CR1-dependent. To demonstrate the translatability of 
these findings to human beta cells, studies in isolated human 
islets were conducted. As seen in FIG. 5G, treatment of 
human islets with human FKN led to a dose responsive 
increase in GSIS with a 65% increase at the maximal concen 
tration. Thus, the potentiating effects of FKN are quantita 
tively similar in mouse and human islets. 

Example 6 

Effects of FKNTreatment on Beta Cell Signaling 
I0083) To determine the pathways by which FKN/ 
CX3CR1 regulates insulin secretion, GSIS was measured in 
isolated islets treated with inhibitors of Goi (pertussis toxin), 
PI3K (Wortmannin), and MEK (PD98059) at low and high 
glucose levels. FKN-stimulated insulin secretion was inhib 
ited by pertussis toxin and the MEK inhibitor, but not by 
Wortmannin (FIG. 6A). Consistent with these results, FKN 
stimulated ERK phosphorylation in a Goi and MEK depen 
dent fashion (FIG. 14), and inhibition of MEK suppressed 
FKN potentiation of glucose and GLP1-induced insulin 
secretion in Minó cells (FIG. 6B). As seen in FIGS. 6A and 
6B, FKN-stimulated insulin secretion was not evident at 2.8 
mM glucose and only occurred when Sufficient glucose was 
provided (16.7 mM), consistent with FIG. 5, which shows 
that FKN is not a direct insulin secretagogue, but rather, 
potentiates the effects of other insulin secretory signals such 
as glucose and GLP1. 
0084. In beta cells, calcium signaling is a critical compo 
nent of the insulin secretory process (Seino et al., 2011). 
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Since FKN has been shown to increase cytoplasmic calcium 
levels in macrophages and fibroblasts (Fong et al., 2002: Imai 
et al., 1997), the FKN effect on intracellular calcium at low or 
high glucose conditions was measured in Minó cells. As 
shown in FIGS. 6C and 6D, FKN increased intracellular 
calcium levels with high glucose (6C), but was without effect 
in the absence of glucose (6D). Interestingly, inhibition of 
calcium influx by the L type calcium channel inhibitor, nimo 
dipine, blocked both glucose- and FKN-induced intracellular 
calcium increase, implying that calcium influx is necessary 
for the FKN effect (FIG. 6E). CX3CR1 neutralization with a 
specific antibody blocked the FKN-induced intracellular cal 
cium increase, showing that this effect of FKN is mediated by 
CX3CR1 activation (FIGS. 6F and 6G). Moreover, the effect 
of FKN on intracellular calcium was blocked by treatment 
with the pertussis toxin or the MEK inhibitor (FIGS. 6H and 
6I), Suggesting that a GCi and MEK-mediated effect plays a 
mechanistic role in FKN-stimulated insulin secretion. Inter 
estingly, the MEK inhibitor attenuated arginine-induced 
intracellular Ca" increase and insulin secretion in Minó 
cells, but only in the presence of glucose (FIG. 15). 
0085 Part of the effect of glucose and GLP1 to augment 
insulin secretion involves increases in cyclic AMP levels. 
Consequently, glucose, GLP1, and forskolin stimulated 
cyclic AMP levels with and without FKN were measured in 
Minó cells (FIG. 6J). Interestingly, FKN was without effect 
on cyclic AMP concentrations, and consistent with this, PKA 
activity was also unaffected by FKN treatment (FIG. 6K). 
I0086 Longer term effects of FKNonislet gene expression 
were also assessed. Seven (7) days of chronic in vitro treat 
ment of islets with FKN led to increased expression of PDX1, 
NeuroD, HIF-1C. and insulin (FIG.6L), and these genes were 
all down regulated in the CX3CR1 KO islets (FIG. 3H). 
Recently, it has been shown that beta cell dysfunction induced 
by HFD or free fatty acid treatment is, at least partially, 
mediated by the induction of inducible cyclic AMP early 
repressor (ICER-1) (Cho et al., 2012: Favre et al., 2011; 
Hussain et al., 2000; Zhou et al., 2003). Interestingly, ICER-1 
expression was highly induced in the CX3CR1 KO islets 
(FIG. 6M) and FKN treatment abolished palmitate-induced 
induction of ICER-1 mRNA in Minó cells (FIG. 6N). Con 
comitantly, FKN treatment prevented chronic palmitate-me 
diated inhibition of GSIS (FIG. 6O). Moreover, using chro 
matin immunoprecipitation experiments, it was found that 
FKN treatment blocked the effect of palmitate to induce 
binding of ICER-1 to the NeuroD promoter in Minó cells 
(FIG. 6P). These results suggest that one aspect of the FKN 
effect on beta cells might involve regulation of genes neces 
sary for the insulin secretory machinery and this could be 
partially mediated by ICER-1 suppression. To test whether 
FKN regulation of ICER-1 is associated with MEK signaling 
pathways, Minó cells were incubated with palmitate in the 
presence or absence of FKN and the MEK inhibitor. As shown 
in FIG. 6G, FKN treatment suppressed palmitate-induced 
ICER-1 expression while it increased expression of NeuroD, 
PDX-1 and Glut2: all of the FKN effects were abolished by 
the MEK inhibitor. These results suggest that FKN Sup 
presses ICER-1 expression through a MEK-dependent path 
way. 

0087 Beta cell failure in type 2 diabetes is associated with 
loss of beta cell volume as well as loss of GSIS (Prentki and 
Nolan, 2006). FKN has been shown to increase survival of 
microglial cells and vascular Smooth muscle cells through a 
CX3CR1-PI3K-Akt-dependent pathway (Boehme et al., 
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2000; Chandrasekar et al., 2003). Therefore, whether FKN 
has in vitro effects on beta cell growth and survival was 
assessed. As shown in FIG. 16A, FKN prevented beta cell 
apoptosis induced by chronic palmitate treatment, and this 
effect was comparable to that observed with GLP1 treatment. 
Moreover, FKN increased the number of viable cells, which 
was reduced by chronic palmitate treatment (FIGS. 16B and 
16C). Interestingly, the increase in viable cell number by 
FKN was comparable to the degree of inhibition of beta cell 
apoptosis, suggesting that the increase of beta cell number 
was due to reduced apoptosis, rather than increased prolifera 
tion. Consistent with this, CX3CR1 KO did not change the 
number of Ki67 positive proliferating cells on both chow and 
HFD (FIG. 16D). FKN stimulated Akt phosphorylation, 
which was inhibited by Wortmannin (FIG. 16E). Moreover, 
the preventative effect of FKN against palmitate-induced 
apoptosis was inhibited by Wortmannin (FIG.16F), suggest 
ing that the anti-apoptotic effect of FKN operates through a 
PI3K-Akt-dependent mechanism. 

Example 7 

Islet FKN Expression is Decreased by Aging and 
HFD 

I0088 Aging and obesity are major risk factors for beta cell 
dysfunction. It was found that mRNA and protein levels of 
FKN were decreased in islets from old or HFD/obesef diabetic 
mice (FIGS. 7A to 7C). On the other hand, CX3CR1 expres 
sion was not affected by aging or HFD (data not shown). 
Interestingly, FKN expression was not decreased after 24 
weeks of age on normal chow, but was significantly decreased 
in the same age mice by 16 weeks of HFD, Suggesting that 
HFD accelerates the decreased FKN expression in aging. Ex 
vivo expansion of beta cells causes dedifferentiation and loss 
of beta cell function. To evaluate whether reduced FKN/ 
CX3CR1 signaling correlates with beta cell differentiation 
status, FKN and CX3CR1 mRNA levels were compared in 
human islets and ex vivo expanded human beta cells. As seen 
in FIG. 7D, FKN, but not CX3CR1, expression was signifi 
cantly decreased in expanded human islet-derived cells. It 
was previously demonstrated that expanded human islet cells 
dedifferentiate and go through an epithelial to mesenchymal 
transition invitro (Kayali et al., 2007; Kutlu et al., 2009), such 
that the resulting expanded cells are closer in phenotype to 
mesenchymal stem cells than to the original endocrine cells. 
I0089 Certainly, beta cell dysfunction in diabetes is a com 
plicated, multi-factorial process, involving factors in addition 
to FKN/CX3CR1. Several other possibilities also come to 
mind. First, it is possible that the local expression of soluble 
FKN is dominant over the circulating levels and that intra 
islet FKN levels are low in Type 2 diabetes, similar to what 
have observed in aging and HFD/obese islets in mice. Sec 
ondly, CX3CR1 signaling could be impaired in diabetic beta 
cells leading to FKN resistance. Finally, while FKN levels are 
not decreased, it is possible that CX3CR1 expression is 
decreased in beta cells from Type 2 diabetes patients, 
although we did not observe this in islets from aging or 
HFD/obese mice. 
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What is claimed is: 
1. A method for increasing insulin secretion and control 

ling glycemia comprising administering to a subject in need 
thereof an effective amount of a composition comprising an 
agent that activates FKN/CX3CR1 or downstream signaling 
pathways. 

2. The method of claim 1, wherein said agent is soluble 
FKN, or an analog thereof. 

3. The method of claim 1, wherein said agent is a CX3CR1 
agonist. 

4. The method of claim 1, wherein said agent enhances 
CX3CR1 or FKN expression or activity in said subject. 

5. The method of claim 1, wherein said agent enhances 
FKN/CX3CR1 downstream signaling pathways. 

6. The method of claim 1, wherein said agent increases beta 
cell numbers, improves pancreatic islet function, or decreases 
blood glucose level in said Subject. 

7. The method of claim 1, wherein said agent reduces 
plaqability of macrophages to atherosclerotic lesions. 

8. The method of claim 1, wherein said method is used for 
preventing or treating disorders selected from the group con 
sisting of diabetes, obesity, atherosclerosis, stroke, myocar 
dial infarction, and cardiovascular diseases. 

9. A pharmaceutical composition for increasing insulin 
secretion and controlling glycemia comprising a pharmaceu 
tically acceptable excipient and an effective amount of an 
agent that activates FKN/CX3CR1 or downstream signaling 
pathways. 

10. The composition of claim 9, wherein said agent is 
soluble FKN, or an analog thereof. 

11. The composition of claim 9, wherein said agent is a 
CX3CR1 agonist. 

12. The composition of claim 9, wherein said agent 
enhances CX3CR1 or FKN expression or activity in said 
Subject. 
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13. The composition of claim 9, wherein said agent 
enhances FKN/CX3CR1 downstream signaling pathways. 

14. The composition of claim 9, said agent increases beta 
cell numbers, improves pancreatic islet function, or decreases 
blood glucose level in said Subject. 

15. The method of claim 9, wherein said agent reduces 
plaqability of macrophages to atherosclerotic lesions. 

16. The method of claim 9, wherein said agent is used for 
preventing or treating disorders selected from the group con 
sisting of diabetes, obesity, atherosclerosis, stroke, myocar 
dial infarction, and cardiovascular diseases. 

17. A diagnostic method for insulin secretion deficiency, 
beta cell dysfunction, or glycemia, comprising: 

(a) obtaining a biological sample from a Subject at risk; 
(b) determining in the sample an expression level or activ 

ity of CX3CR1 or FKN, and 
(c) diagnosing said Subject as at risk for insulin secretary 

deficiency or beta cell dysfunction when the expression 
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level or activity of CX3CR1 or FKN in said subject is 
significantly decreased or reduced as compared to an 
expression level or activity of CX3CR1 or FKN in a 
normal Subject. 

18. A method for determining a prognosis of a subject 
having insulin Secretion deficiency, beta cell dysfunction, or 
glycemia, comprising: 

(a) obtaining a biological sample of said subject; 
(b) determining the expression level or activity of CX3CR1 

or FKN in a sample from said subject before and after a 
treatment; and 

(c) associating a lower relative CX3CR1 or FKN expres 
sion level or activity with a higher risk course of insulin 
Secretion deficiency, beta cell dysfunction, or glycemia, 
thereby determining the prognosis of the Subject. 

k k k k k 


