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ABSTRACT

Background: The development of a clinically useful fibroblast growth factor 21 (FGF21) hormone has been
impeded by its inherent instability and weak FGF receptor (FGFR) binding affinity. There is an urgent need
for innovative approaches to overcome these limitations.
Methods: We devised a structure-based chimerisation strategy in which we substituted the thermally la-
bile and low receptor affinity core of FGF21 with an HS binding deficient endocrinised core derived from
a stable and high receptor affinity paracrine FGF1 (FGF12HBS), The thermal stability, receptor binding abil-
ity, heparan sulfate and SKlotho coreceptor dependency of the chimera were measured using a thermal
shift assay, SPR, SEC-MALS and cell-based studies. The half-life, tissue distribution, glucose lowering ac-
tivity and adipose tissue remodeling were analyzed in normal and diabetic mice and monkeys.
Findings: The melting temperature of the engineered chimera (FGF12HBS-FGF21¢til) increased by ~22 °C
relative to wild-type FGF21 (FGF21WT), and resulted in a ~5-fold increase in half-life in vivo. The chimera
also acquired an ability to bind the FGFR1c isoform - the principal receptor that mediates the metabolic
actions of FGF21 - and consequently was dramatically more effective than FGF21WT in correcting hyper-
glycemia and in ameliorating insulin resistance in db/db mice. Our chimeric FGF21 also exerted a signifi-
cant beneficial effect on glycemic control in spontaneous diabetic cynomolgus monkeys.
Interpretation: Our study describes a structure-based chimerisation approach that effectively mitigates
both the intrinsically weak receptor binding affinities and short half-lives of endocrine FGFs, and advance
the development of the FGF21 hormone into a potentially useful drug for Type 2 diabetes.
© 2019 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in context

Evidence before this study

The endocrine hormone fibroblast growth factor 21
(FGF21) is a potent modulator of glucose and lipid
metabolism and a promising drug for type 2 diabetes, obe-
sity and metabolic syndrome. However, the inherent instabil-

ity and weak FGF receptor (FGFR) binding affinity are key fea-
tures that have precluded its clinical application.
Added value of this study

Based on an in-depth understanding of the structure-
function relationship of FGFs, we devised a chimerisation
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strategy in which we substituted the thermally labile and low
receptor affinity core of an FGF hormone (FGF21) with an
HS binding-deficient endocrinized core derived from a stable
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high receptor affinity paracrine FGF (FGF12HBS), The chimeric
FGF21 is metabolically more potent and longer acting than
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native FGF21 in both mice and monkeys, and is therefore well
poised to serve as the next generation of FGF21 agonists.

Implications of the available evidence

Our chimerisation strategy can readily be adapted to
FGF19 and FGF23, thereby opening a new horizon for the
discovery of rationally-designed and clinically effective ago-
nists for all three endocrine FGFs. This approach thus has the
potential to impart a major and lasting impact on the man-
agement of a wide spectrum of metabolic diseases for which
there is a persistent unmet clinical need.

1. Introduction

FGF19, FGF21 and FGF23 together constitute a unique
endocrine-acting subfamily within the structurally related FGF
family of polypeptides, and function by regulating major metabolic
axes in mammalian organisms [1,2]. FGF19 is secreted into the
portal vein from the gut; upon reaching the liver and gallblad-
der, it regulates cholesterol catabolism and bile acid production
[2-5]. FGF21 is a hepatokine which acts mainly on adipose tissue
where it regulates glucose and lipid metabolism [6,7]. FGF21
may also signal in the central nervous system to increase energy
expenditure and cause body weight loss [8-10]. FGF23 is secreted
into the circulation by osteocytes, and signals in the kidney and
parathyroid glands to maintain phosphate and vitamin D home-
ostasis [11-13]. Endocrine FGFs mediate their metabolic activities
by binding, dimerizing and activating the alternatively spliced
‘c’ isoforms of the single-pass transmembrane FGF receptors 1-3
(FGFR1-3) and FGFR4.

Compared to paracrine-acting FGF family members, endocrine
FGFs interact only weakly with heparan sulfate (HS) glycosamino-
glycans, the O-linked sugar constituents of HS proteoglycans
(HSPG) [14,15]. Consequently, these FGFs can freely permeate the
HS-rich extracellular matrix, gain access to the circulation, and
act in a hormonal fashion in distant organs [16,17]. In addition
to having poor HS binding affinity, endocrine FGFs also interact
weakly with their cognate FGFRs. As a result of these proper-
ties, HS alone is insufficient to mediate stable endocrine FGF-FGFR
binding, dimerization and signalling. To offset this HS insufficiency,
endocrine FGFs rely on Klotho proteins as additional co-receptors
to bind, dimerize and activate their cognate receptors [18]. «- and
BKlothos are single-pass transmembrane proteins whose extracel-
lular portions consist of tandem TIM barrel domains (termed KL1
and KL2); these are structurally homologous to the TIM barrel do-
mains found in B-glycosidases [19,20]. aKlotho serves as a co-
receptor for FGF23 [21], whereas BKlotho is a co-receptor for both
FGF19 and FGF212223, The Klotho dependency of endocrine FGFs
also determines their target tissue specificities: aKlotho is predom-
inantly expressed in the kidney and parathyroid glands [20,24,25],
whereas SKlotho expression is highest in adipose tissue, liver, pan-
creas and the central nervous system (CNS) [26]. Notably, the re-
stricted expression pattern of «/BKlotho co-receptors leads to the
establishment of three important hormonal axes, namely gut-liver,
liver-fat, and bone-kidney.

X-ray crystallographic studies of a ternary complex consist-
ing of the naturally shed extracellular domain of «Klotho, the
ectodomain of FGFR1c, and FGF23 - as well as of a binary com-
plex of the extracellular domain of BKlotho with the C-terminal
tail peptide of FGF21 - show that Klotho co-receptors serve as non-
enzymatic molecular scaffolds in endocrine FGF signalling [27,28].
Klotho proteins simultaneously grip FGFR by its D3 domain and
endocrine FGF by its long C-terminal tail, thereby enforcing en-

docrine FGF-FGFR proximity and conferring complex stability. Two
such stabilized ternary complexes are then primed to unite into
a symmetric 2:2:2 FGF-FGFR-Klotho quaternary dimer in the pres-
ence of two HS molecules, reminiscent of 2:2 paracrine FGF-FGFR
dimers.

The discovery of FGF hormones as mediators of three major
hormonal axes has spawned an intense effort to adopt these FGFs
for the treatment of multiple metabolic diseases with an unmet
clinical need, including diabetes, obesity, dyslipidemia, bile acid di-
arrhea, hypervitaminosis D and hyperphosphatemia [2,3,6,11,29].
Initial studies quickly established that native FGF hormones pos-
sess poor pharmacodynamic and kinetic properties arising from
their intrinsically weak receptor binding affinities and short half-
lives [2,17,30,31]. A range of standard methodologies - including
non-specific and site-specific PEGylation, fusion with a human-
ized immunoglobulin Fc fragment, and site-directed mutagenesis
- has been applied as a means to either mitigate their poor sta-
bility or enhance their efficacy [32-34]|. More recently, alterna-
tive approaches have been attempted, including the application
of mutagenesis-based optimization of the SKlotho binding site in
the FGF21 C-tail and the generation of an agonistic anti-BKlotho
monoclonal antibody that mimics FGF21 activity [35,36]. However,
these efforts notwithstanding, as of today, no approved endocrine
FGF-based drugs have been brought to market.

Here we describe a structure-based approach to advance the
development of the FGF21 hormone into a clinically useful drug.
Harnessing the known structure-function relationships of en-
docrine FGFs, we pinpointed the atypical g-trefoil core of en-
docrine FGFs as the root cause of their poor potencies and short
half-lives in vivo. Based on this finding, and taking into consider-
ation the recently established independent roles of the endocrine
FGF core and the C-tail in endocrine FGF signalling [27], we de-
vised a unique chimerisation approach. This method entailed re-
placing the thermally labile, low receptor binding affinity core of
endocrine FGF with an endocrinised, thermally stable and high re-
ceptor binding affinity core region derived from paracrine FGFs.
Endocrinisation of paracrine FGFs was accomplished by introduc-
ing structurally non-deleterious mutations into the HS binding site.
The resulting chimera retains the authentic C-tail of endocrine
FGFs, and thus preserves the tissue target selectivity of endocrine
FGFs. We validated this approach by showing that a chimeric
FGF21 (termed FGF12HBS_EGF21¢-il) consisting of an endocrinised
FGF1 core and the C-terminal tail of FGF21 is metabolically more
potent and longer acting than native FGF21 in mice and in mon-
keys. This technology opens up a new horizon for the discovery
of rationally designed clinically effective endocrine FGF analogs,
and could have a major and lasting impact on the management
of metabolic diseases.

2. Materials and methods
2.1. Expression and purification of FGFs and the FGFR1c ectodomain

Full length human FGF1 (Metl1-Asp155), its HS binding-
defective derivative carrying a Lys127Asp/Lys128GIn/Lys133Val
triple mutation (FGF14HBS) full length human FGF2 (Met1-Ser155),
mature human FGF4 (Ala67-Leu206) and human FGF9 (Asp35-
Ser208) were expressed and purified according to published pro-
tocols [37,38]. N-terminally histidine-tagged, mature forms of hu-
man FGF19 (Arg23-Lys216), human FGF23 (Tyr25-1le251) and the
ligand-binding domain of human FGFR1c (Asp142-Arg365) were
expressed in E. coli BL21 (DE3), refolded in vitro from bacte-
rial inclusion bodies as previously described [31,38]. Wild-type
mature human FGF21 (His29-Ser209) and its FGFR1c quintuple
binding mutant (FGF21K57S/L59E/KG0S/PE1V/QE5Y. EGE21mut) wwere ex-
pressed using the p-SUMO-FGF21 or p-SUMO-FGF21™4t plasmid in
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E. coli, and purified as described [32]. The FGF1AHBS_FGF21Ctail
chimeric construct was engineered by PCR-based in-frame fu-
sion of a DNA fragment encoding the Met1-Pro151 region us-
ing the expression construct for FGF14HBS and a cDNA fragment
encoding the C-terminal tail of FGF21 (Gly169-Ser209) as tem-
plates. A BKlotho binding deficient variant of FGF1AHBS_FGF21¢-tail
(FGF1AHBS_FGF21C-til AKLBY was generated by sequential introduc-
tion of Asp192Ala and Tyr207Ala mutations into its C-terminal tail.
All mutations were engineered using the QuikChange site-directed
mutagenesis kit (Agilent Technologies, Santa Clara, CA). Competent
E. coli BL-21 (DE3) cells transformed with the FGF1AHBS_FGF21C-tail
or FGF1AHBS_FGF21CtilAKLE expression construct were cultured in
1 L LB medium containing 2% glucose and 30 mg/mL kanamycin
in an incubator shaker at 37 °C and 200 rpm. At an optical density
of 0.8-1.0 at Agpg, recombinant protein expression was induced by
addition of isopropyl-L-thio-B-D-galactopyranoside (IPTG) to 1 mM
and further growth at 37 °C for 4 h. Cells were harvested and lysed
in 25 mM HEPES (pH 7.5) buffer containing 150 mM NaCl, 10%
glycerol and 0.5 mM phenylmethylsulfonyl fluoride (PMSF) using
an Emulsiflex-C3 (Avestin, Inc., Ottawa, Canada) high volume ho-
mogenizer. The lysate was clarified by centrifugation at 20,000 rpm
for 30 mins at 4°C in an Avanti JA-25.5 centrifuge (Beckman Coul-
ter, CA, USA), and the soluble recombinant protein purified by ap-
plication to an anion exchange column (Source 15Q, GE Healthcare,
Piscataway, NJ; column volume (CV)=5 mL) equilibrated in buffer
A (150 mM NaCl, 25 mM Tris-HCI, pH 8.0). The column was devel-
oped with a linear gradient of 1.0 M NaCl in buffer A. Fractions
containing the protein of interest as determined by analysis via
12% SDS-PAGE were pooled, concentrated and applied to a gel fil-
tration column (Superdex™-75 GE Healthcare, Piscataway, NJ) run
in buffer C (1 M NaCl, 25 mM Tris-HCl, pH 8.0). The purity of the
recombinant chimeric protein was estimated to be >98%.

2.2. SPR spectroscopy

All real-time biomolecular interactions were analyzed using a
BlAcore T200 system (GE Healthcare, Piscataway, NJ]) in HBS-EP
buffer (10 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 3 mM EDTA
and 0.005% (v/v) polylobate 20) at 25°C. To determine HS-ligand
binding affinities, biotinylated heparin (Sigma-Aldrich, St. Louis,
MO) was immobilized onto flow channels of a research grade
streptavidin chip (GE Healthcare, Piscataway, NJ). A dilution se-
ries of FGF1WT, FGF21WT and FGF1AHBS_FGF21¢-il was prepared
in HBS-EP buffer and injected over the heparin chip for 180 s at a
flowrate of 50 wL/min; HBS-EP buffer was then flowed at the same
flow rate for 120 s to monitor dissociation. Sensor chips were re-
generated by injecting 50 pL/min of 2.0 M NaCl in 10 mM sodium
acetate, pH 4.5.

To measure interactions between SKlotho/FGFR1c and ligands,
BKlotho and FGFR1c chips were prepared by covalent coupling of
BKlotho or FGFR1c via their free amine groups onto flow chan-
nels of a CM5 sensor chip (GE Healthcare, Piscataway, NJ); the
control flow channel was left blank. Increasing concentrations of
FGF1WT, FGF14HBS FGF21WT, FGF1AHBS_FGF21C-til and FGF1AHBS.
FGF21CtallAKLB were prepared in HBS-EP buffer and injected over
either a BKlotho chip for 120 s or a FGFR1c chip for 180 s at 50
uL/min; HBS-EP buffer was then flowed at the same rate for 120 s
(or for 180 s in the case of the FGFR1c chip) to monitor disso-
ciation. Sensor chips were regenerated as described above. Data
were processed using BIA-Evaluation software; equilibrium dissoci-
ation constants (Kp) were calculated from fitted saturation binding
curves.

2.3. HPLC-MALS analysis

An in-line HPLC (Waters 1525 Binary HPLC Pump equipped with
a 2998 UV detector and a 717 plus auto-sampler)-MALS (Wyatt
miniDawn-Treos and Optilab rEX) system was used to study com-
plex assembly between FGF1WT or FGF1AHBS_EGF21C-@il with the
ligand-binding domain of FGFR1c in the presence of HS dode-
casaccharide (MW=3 kDa). A Superdex™ 200 10/300 GL gel fil-
tration column (GE Healthcare, Piscataway, NJ) was equilibrated in
2xPBS by passing 5 column volumes of the buffer at a flow rate of
0.5 mL/min. Each experiment contained 60 pmoles of each compo-
nent (FGF1WT/ FGF14HBS_EGF21¢-tail FGFR1c and HS dodecasaccha-
ride) at a final injection volume of 50 L in 2xPBS. Light scattering
and refractive index data were manually aligned to UV spectra us-
ing ASTRA software.

2.4. Fluorescence dye-based thermal shift assay

Thermal stability assays were done using a real-time PCR sys-
tem (Bio-Rad, Hercules, CA) using a Protein Thermal Shift™ Dye
Kit (Thermal Fisher Scientific, MA, USA). 20 uL of various ligands
(50 uM in 25 mM HEPES pH 7.5, 150 mM NaCl) were dispensed
in duplicates in PCR strips. 5 uL dye was added by 200-fold di-
lution from a 5000-fold stock solution. A temperature gradient
of 1 °C/min was applied in the range 4-95 °C. Fluorescence was
recorded as a function of temperature in real time. Melting tem-
peratures (T ) were calculated with Step One software v2.2 as the
maximum of the derivative of the resulting SYPRO Orange fluores-
cence curves.

2.5. Pharmacokinetic evaluation

In vivo half-lives of FGF21WT and FGF12AHBS_FGF21C-tail were de-
termined following intraperitoneal (i.p.) injection of a single dose
(0.5 mg/kg in PBS) into adult male Sprague Dawley (SD) rats (220-
250 g). Blood aliquots (200 uL) were drawn from the tail vein
at various times over the course of 9 h, and specific protein lev-
els were measured using human FGF21 and FGF1 immunoassay
ELISA kits (R&D Systems, Minneapolis, MN). Pharmacokinetic pa-
rameters were calculated using the Drug and Statistics Software
(DAS, v 2.0; Mathematical Pharmacology Professional Committee of
China). Elimination half-lives (t;;,) were calculated using the for-
mula ti2 =0.693/Ke, where K, is the elimination rate constant.

2.6. Mitogenicity assay

NIH 3T3 cells were grown to mid-logarithmic phase, transferred
to a 96-well plate (5 x 103/well), starved for 24 h in DMEM with-
out fetal bovine serum (FBS), and incubated with various concen-
trations of FGF1WT or FGF1AHBS_FGF21¢il for 48 h. The number
of viable cells was determined using an MTT-based Cell Growth
Determination Kit (Sigma-Aldrich, St. Louis, MO). For mitogenicity
assays in vivo, male C57BL/6 ] mice (2 months old) were injected
intravenously with vehicle (PBS), FGF1WT or FGF1AHBS_FGF21C-tail
(2.0 mg/kg body weight) every day for 20 days. After treatment,
mice were sacrificed and liver tissues were collected for immuno-
histochemical staining and western blot analyses.

2.7. Generation and stimulation of BaF3 cell lines

Murine pro-B BaF3 cell lines overexpressing wild-type FGFR1c
were generated as described previously [38]. Briefly, BaF3 cells
were infected with lentiviruses engineered to express the FGFR1c
gene. After incubation for 2 days in RPMI 1640 medium contain-
ing 0.3 mg/L L-glutamine, 10% FBS, 50 nM beta-mercaptoethanol,
100 IU/mL penicillin, 100 mg/mL streptomycin sulfate, and 3 ng/mL
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murine IL-3 (Thermo Fisher Scientific Waltham, MA) at 37 °C/5%
CO,, cells were selected for neomycin resistance to isolate clones
stably expressing FGFR1c. Cells were starved for 5 h in FBS/IL-3
free RPMI 1640 medium followed by 10 min of stimulation with
increasing concentrations (10, 50 and 100 ng/mL) of FGF21WT or
FGF1AHBS_FGF21¢-@il Heparin (final concentration, 5 pg/mL) was
added to the culture medium before stimulating the cells with FGF
ligands. BaF3 cell lines co-expressing FGFR1c and SKlotho were es-
tablished by infecting the BaF3-FGFR1c cell line with lentivirus ex-
pressing the SKlotho gene. After infection, cell lines were selected
in medium containing neomycin and hygromycin (0.1% v/v) for
10 days. Stimulation of selected cell lines was done as described
above with FGF21WT or FGF1AHBS_FGF21C¢-@il 35 |igands.

2.8. Adipocyte cell-based experiments

3T3-L1 pre-adipocytes (3T3-L1 MBX ATCC® CRL-3242™) were
cultured as described previously [6], and were seeded at a
density of 150,000 cells/well in 1 mL culture medium in 6-
well plates. Cells were differentiated to mature adipocytes by
culturing for 2 days in differentiation medium [DMEM, high
glucose/10% FBS/10 mM Hepes/MEM nonessential amino acids
(NEAA)/penicillin/streptomycin (PC/SM) (the latter from Thermo
Fisher Scientific Waltham, MA)/2 uM insulin/1 uM dexametha-
sone/0.5 mM 3-isobutyl-1-methylxanthine (IBMX) (the latter from
Sigma-Aldrich, St. Louis, MO)] and then culturing in differentiation
medium without dexamethasone and IBMX for a further 2 days.
Thereafter, the medium was changed every 2 days with DMEM
supplemented with 10% FBS/10 mM Hepes/NEAA/PC/SM. After 7
days, cells containing accumulated lipid droplets (>95%) were used
for experiments. SKlotho dependence was assayed by stimulating
pre-adipocytes and mature adipocytes with increasing concentra-
tions (10, 50 and 100 ng/mL) of FGF21WT or FGF14HBS_FGF21C-tail
for 20 min. Cells were lysed and the levels of various downstream
signals detected by western blotting (see western blotting meth-
ods).

2.9. Quantification of ERK phosphorylation

Pre-adipocytes or mature adipocytes were stimulated with vari-
ous concentrations of FGF21WT, FGF1AHBS_FGF21Ctail or FGF1AHBS.
FGF21¢@ilAKLB (0 0,001, 0.01, 0.1, 1, 10, 100 nM for each)
for 20 min as described above. ERK phosphorylation levels
of cell lysates were measured using Advanced phospho-ERK1/2
Thr202/Tyr204 kit-500 assay kits (Cat#64AERPEG, Cisbio Bioassays,
France) using the protocols provided. Phosphorylated ERK values
were normalized by dividing the value of the phosphor signal with
the maximal signal obtained in response to FGF1AHBS_FGF21C-tail
treatment. 95% confidence intervals (CI) were determined by a ap-
plying a 4-parameter logistic nonlinear regression analysis using
GraphPad Prism version 7.0 (GraphPad Software, San Diego, Cali-
fornia).

2.10. Western blot analysis

3T3-L1 adipocytes, NIH-3T3 cells, BaF3 cells or mouse tis-
sues were lysed using RIPA lysis buffer (25 mM Tris, pH 7.6,
150 mM NacCl, 1%NP-40,1% sodium deoxycholate, 0.1% SDS) con-
taining protease and phosphatase inhibitors (Thermo Fisher Scien-
tific Waltham, MA), and total protein samples were quantified us-
ing a BCA Kit (Protein Assay Kit, Beyotime Biotechnology, Shanghai,
China). 40 micrograms of total lysate proteins from cells or tissues
were separated using 8-12% SDS-PAGE and electro-transferred onto
a nitrocellulose membrane. Protein blots were probed with an-
tibodies against phospho-FGFR1, FGFR1, phospho-ERK1/2, ERK1/2,
Ki67, phospho-ACC, phospho-AKT, SCD-1, FAS, PPARy, GAPDH (all

from Cell Signalling Technology, Danvers, MA), CPT-1a¢ (Novus
Biologicals, Colorado, USA) or B-actin (Abcam, Cambridge, MA).
Immuno-reactive bands were detected by incubating with sec-
ondary antibody (Santa Cruz Biotechnology, Dallas, TX) conjugated
with horseradish peroxidase and visualized using enhanced chemi-
luminescence (ECL) reagents (Bio-Rad, Hercules, CA). Quantification
of immuno-reactive proteins was analyzed using Image ] software
version 1.38e (NIH, Bethesda, MD) and normalized against their re-
spective controls.

2.11. RNA extraction, cDNA synthesis and quantitative RT-PCR

Total RNA was extracted from mouse tissues with TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA) and reverse tran-
scribed into complementary DNA with Prime Script RT reagent
kit (Takara). Quantitative real-time PCR was done using SYBR Pre-
mix Ex Taq (Takara) with specific primers (listed in Table S1)
on a StepOnePlus Real-Time PCR system (Applied Biosystems®
QuantStudio® 3). B-actin was used as an endogenous control to
normalize for differences in the amount of total RNA contained in
each reaction.

2.12. Animals and animal welfare

2.12.1. Mice

Male C57BL/6 ] mice, male db/db (C57BLKS/]-leprdb/leprdb) and
their lean littermate control mice (db/m) were purchased from the
Model Animal Research Center of Nanjing University, China. All
protocols used in these studies were approved by the Animal Care
and Use Committee of Wenzhou Medical University, China. Ani-
mals were housed in a specific pathogen-free (SPF) animal facil-
ity with a controlled environment (22+1 °C, 50-60% humidity, 12-
hour light-dark cycle, lights on at 7 am) and free access to food
and water.

2.12.2. Normal monkeys

Clinically healthy, socially housed adult cynomolgus monkeys
(3-5 years old, 2.90-4.50 kg) were purchased from Xiang Guan
Biotechnology Co. Ltd, GuangZhou, China. Monkeys were housed in
a GLP facility certified by the Chinese FDA at the Safety Evaluation
for Drugs Department at the Tianjin Pharmaceutical Research In-
stitute, China. Animals were housed, acclimatized, maintained, and
fed exactly as described by Talukdar et al., 20169, All studies were
conducted in accordance with current guidelines for animal wel-
fare (Institute for Laboratory Animal Research [ILAR] Guide for the
Care and Use of Laboratory Animals, 1996; Animal Welfare Act,
1966, as amended in 1970, 1976, and 1985, 9 CFR Parts 1, 2, and
3). Procedures were approved by the Institutional Animal Care and
Use Committee of Tianjin Pharmaceutical Research Institute, China.

2.12.3. Diabetic monkeys

Chinese-origin middle-aged (10-16 years) cynomolgus mon-
keys with spontaneous diabetes mellitus (fasting blood glucose
>6.0 mM) (4 males, mean body weight, 10+3 kg, and 2 females,
mean body weight, 5+ 2 kg) were purchased from Xin Gui Biotech-
nology Co. Ltd, Guangxi, China. These animals were housed and
treated as previously described [50]. All procedures involving dia-
betic monkeys were approved by the Institutional Animal Care and
Use Committee of GuangXi, China.

2.13. Drug biodistribution

FGF21WT, FGF1AHBS_FGF21C-tail  FGF1AMBS  and  FGF14AMBS-
FGF21C-tilAKLB \yere |abeled with Alexa Fluor 647 fluorescent dyes
following the manufacturer’s instructions (Alexa Fluor® 647 Pro-
tein Labeling Kit, A30009) and were administered intraperitoneally
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at a dose of 0.5 mg/kg to overnight-fasted C57BL/6 ] mice (22-
25 g). At specific time intervals (0 min, 15 min, 30 min), mice were
anesthetized by injection with 80 mg/kg pentobarbital sodium and
fluorescence distribution was determined using a small animal
in vivo imaging instrument (Vilber NEWTON 7.0, France). Filter
sets (blue: excitation, 500-720 nm; exposure time, 200 ms; red:
excitation, 640-700 nm; exposure time, 150 ms) were used to de-
tect fluorescence. At 30 min post-administration, multiple organs
(epididymal fat, liver, pancreas, muscle, kidney, heart, lung, spleen,
and stomach) were excised for further observation using the same
imaging instrument.

2.14. Evaluation of BKlotho dependent function of
FGF1AHBS_FGF21C-tll i vivo

Male C57BL/6 ] mice (2 months old) were injected subcu-
taneously with vehicle (PBS), FGF1AHBS  FGF21WTor FGF14HBS.
FGF21¢til at a dose of 0.5 mg/kg body weight. After 30 min,
epididymal fat, liver, pancreas, heart, kidney, spleen, lung, mus-
cle, small intestine, and stomach were harvested, homogenized and
lysed using the proprietary T-PER Tissue Protein Extraction Reagent
supplemented with protease and phosphatase inhibitors (Thermo
Fisher Scientific Waltham, MA). Lysates were analyzed for the pres-
ence of ERK phosphorylation by western blotting as readout for
FGF signalling.

2.15. Functional evaluation of FGF12HBS_FGF21¢t4l jn db/db mice

Before each study, body weight was measured and whole-blood
glucose was determined in samples taken from the tail vein using
a Free Style complete blood glucose monitor (Abbott Diabetes Care
Inc., Alameda, CA). 18 db/db mice were randomized (based on their
glucose levels and body weights) and placed into 3 groups of 6
mice each: a control, FGF21WT, and an FGF12HBS_FGF21Ctail groyp,
The control group was treated with vehicle (PBS), while the other
two groups received either FGF21WT or FGF1AHBS_FGF21Ctail (see
below). db/m mice were treated with PBS as an additional control.

For acute dose-response and time-course studies, blood samples
were taken from conscious, fed db/m or db/db animals by tail snip
at the indicated time-points (see Fig. 5) after a single intraperi-
toneal injection of FGF21WT, FGF1AHBS_FGF21¢tall (0125 mg/kg
or 0.5 mg/kg body weight) or buffer alone. Blood glucose levels
were measured as described above. For chronic efficacy evaluation,
mice were subcutaneously injected with FGF21WT and FGF14HBS_
FGF21¢til at a daily dose of 0.5 mg/kg body weight for 24 suc-
cessive days with buffer (PBS) and insulin (10 IU/kg, Humulin R,
Eli Lilly, Indianapolis, IN) as controls. Following the final dose, glu-
cose tolerance tests (GTT) were conducted after fasting overnight
(12 h): mice were challenged with a glucose solution (2 g/kg body
weight, IP), and blood was collected at 0, 15, 30, 60 and 120 min
post-injection; glucose levels were determined as described above.
Area under the curve (AUC) was calculated by the trapezoid rule
for the glucose tolerance curve using GraphPad Prism 7.0 software.
NEFA (Non-Esterified Fatty Acid, Antibodies-online, Germany), GSP
(Glycosylated Serum Protein, Antibodies-online, Germany); Serum
Insulin (Merck Millipore, Germany), C-peptide (Connecting Pep-
tide, Merck Millipore, Germany), were measured using correspond-
ing enzyme-linked immunosorbent assay (ELISA) kits following the
manufacturer’s instructions.

2.16. Indirect calorimetry

db/db mice were acclimated for 24 h in metabolic cages prior to
treatment with FGF14HBS_FGF21¢-til (0.5 mg/kg body weight) daily
for 24 successive days; PBS was used as a control. Light and dark

cycle measurements of all animals were recorded for two com-
plete days at 49-minute intervals. Oxygen consumption (VO2), car-
bon dioxide production (VCO2), respiratory exchange ratio (RER)
and ambulatory activity were measured using an indirect calorime-
try system (Oxymax, Columbus Instruments, Columbus, OH).

2.17. Pathological, histopathological and immunohistochemical and
immunofluorescent evaluation

Six mice were used per group. Livers, epididymal white adi-
pose tissues (Epi-WAT), subcutaneous adipose tissues and brown
adipose tissues (BAT) were excised from db/m (control) and db/db
animals 24 days following chronic administration of either PBS
(as a control), FGF1AHBS_FGF21¢tail or FGF21WT (the latter two at
0.5 mg/kg body weight) and weighed. Tissues were fixed overnight
in 4% paraformaldehyde and embedded in either paraffin or Tissue-
Tek OCT compound (Sakura, Tokyo, Japan). After deparaffiniza-
tion and rehydration, paraffin sections (5 wm) were stained with
hematoxylin and eosin (H&E) reagent using standard procedures.
For immunofluorescence, paraffin sections of Epi-WAT were incu-
bated overnight at 4 °C with primary antibody (anti-glucose trans-
porter GLUT1 antibody (1:200), from Abcam, Cambridge, MA). Af-
ter washing, sections were incubated with a donkey anti-mouse
IgG H&L (Alexa Fluor® 488) secondary antibody (1:1000 dilution)
(Abcam, Cambridge, UK) at room temperature for 1 h followed
by a 10 min incubation with 4’,6-diamidino-2-phenylindole (DAPI)
(Southern Biotech, Birmingham, AL).

Liver steatosis was visualized by Oil red O staining of liver
cryosections. For immunocytochemistry, paraffin sections were in-
cubated with primary antibody [rabbit polyclonal to Ki67 (1:500),
Abcam Cambridge, MA] overnight at 4 °C. After washing, sections
were incubated with horseradish peroxidase-conjugated anti-rabbit
secondary antibody, developed with a DAB (3,3-diaminobenzidine)
developing system (Beyotime Biotechnology, Shanghai, China), and
counterstained with hematoxylin. To determine triglyceride (TG),
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels, 100-200 mg of liver tissues were extracted using
a chloroform/methanol mixture (2:1 v/v). Hepatic extracts were
lyophilized in a stream of nitrogen gas and dissolved in 5% fatty
acid-free BSA. Resuspended extracts were used for measurements
of TG, ALT and AST using a VET Test Chemistry Analyzer according
to the manufacturer’s instructions (Antibodies-online, Germany).

2.18. Effect of FGF1AHBS_FGF21Ctail FGE21WT and FGF1%HBS on food
intake and body weight in cynomolgus monkeys

Four groups of clinically healthy monkeys, each comprising one
male and one female per group, were used. One group received
0.9% NaCl saline solution, while the other three groups were given
FGF14HBS_FGF21Ctall EGF21WT or FGF124HBS by daily subcutaneous
administration at a dose of 1.5 mg/kg (this dose is a 10-fold ef-
fective dose based on weight comparison between mice and mon-
keys). Food consumption was noted at the indicated time and body
weight was measured on day zero, D8, D18 and D28.

2.19. Effect of FGF1AHBS_FGF21Ctail on metabolic regulation in
spontaneous cynomologous monkeys with T2D

After a 60-day acclimatization period, 6 diabetic cynomolgus
monkeys (4 male, 2 female) were randomized into two groups
(control and experimental) based on their gender, age, body weight
(BW), fasting blood glucose and body mass index (BMI) (2 male
and 1 female per group). In the experimental group, FGF14HBS_
FGF21<til (0.05 or 0.15 mg/kg of body weight, termed as low dose
and high dose, respectively) contained in 0.9% NaCl saline solu-
tion (0.5 mL/kg of body weight) was administered daily subcuta-
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neously at about 9:30 am for 15 days at low dose followed by
an additional 15 days at high dose. Control diabetic monkeys re-
ceived saline solution subcutaneously (0.5 mL/kg) once a day for
30 days. Fasting glucose was detected via a blood glucose meter
at approximately 8:30 am on day 0, 6, 8, 10, 14, 16, 20, 24 and
28. 2.5 mL of blood was collected from the post-femoral vein of
each monkey at approximately 9:00 am on day 0, 14 and 29 for
HbAIc and plasma lipid measurement. For OGTT evaluation, mon-
keys were fasted overnight (12 h) and challenged with an oral glu-
cose solution (4 g/8 mL/kg body weight). Blood was collected at 0,
15, 30, 60, 90, 120 and 180 min post-administration, and glucose
and insulin levels determined as described above. Food consump-
tion was noted twice per day (at approximately 9:00 am and 4:00
pm) and body weight was measured at approximately 9:30 am on
day zero, D6, D14, D20 and D28.

2.20. Statistical analysis

All in vitro experiments were repeated in triplicate. All data
were expressed as the mean + SEM and subjected to statistical
analysis by one-way or two-way ANOVA and a Student t-test us-
ing statistical software NASDAQ: SPSS from SPSS Inc. A p value of
<0.05 was considered to be statistically significant.

3. Results

3.1. Atypical B-trefoil cores of endocrine FGFs impart short half-lives
and weak receptor binding affinities

Structural comparison of endocrine and paracrine FGFs shows
that endocrine FGFs adopt atypical and less compact S-trefoil folds
(Fig. 1a—c). This is due to unusual conformations in the stretch be-
tween B strands 10 and 12, a segment which houses a major HS
binding site in paracrine FGFs [17]. Notably, endocrine FGFs lack
a B-strand that corresponds to the B11 strand in this region of
paracrine FGFs (Fig. 1b). This structural divergence reflects the ab-
sence of sequence homology within this region between endocrine
and paracrine FGFs: the region between B10 and 812 strands in
FGF hormones is not only shorter, but also lacks the GXXXXGXX
(T/S) sequence motif conserved in all paracrine FGFs (Fig. 1a-c)
[17,39]. The latter motif plays an important role in shaping the
uniform conformation of the stretch between 10 and 812 strands
across paracrine FGFs, and accounts for their canonical closed-off
and rigid B-trefoil core. The conserved conformation of this stretch
is critical for the formation of hydrogen bonds between the back-
bone and side chains in this region and sulfate moieties in HS
[17,30]. In contrast, the altered conformation of the same region
in FGF hormones is incompatible with the formation of such hy-
drogen bonds. This results in a major loss of HS binding affinity,
and forms the basis of the endocrine behavior of these ligands. An
additional and important functional consequence of the distinctive
conformations of the stretch between 810 and $12 strands in en-
docrine FGFs is that their core is not fully closed off, and is thus
less compact [17,40]. This feature would be expected to render en-
docrine FGFs structurally and thermally more labile, potentially ac-
counting for their short half-lives in vivo. Guided by these struc-
tural considerations, we compared the thermal stabilities of en-
docrine and paracrine FGFs using a fluorescence dye-based thermal
shift assay. In agreement with our structural predictions, these ex-
periments showed that all three FGF hormones have lower melting
temperatures (T ) compared to the four paracrine ligands tested,
namely FGF1, FGF2, FGF4 and FGF9 (Fig. 1d).

In contrast to paracrine FGFs, the binding of FGF hormones to
their cognate FGFRs is either very weak (FGF19 and FGF23) or un-
detectable (FGF21) [23,30,31,40-42]. Based on the crystal struc-
ture of the FGF1-FGFR1c complex (Fig. 1e), FGF21's weak recep-

tor binding affinity stems primarily from a reduced ability of its
core region to interact with the receptor D3 domain. Notably, re-
placement of residues S62, E64, S65, V66 and Y70 from the f4-
B5 strand pair region of FGF1 with the corresponding residues in
FGF21 (namely K57, L59, K60, P61 and Q65) would be expected
to disrupt numerous hydrogen bonding and hydrophobic contacts
with the SC-BE loop in the D3 domain of FGFR1c (Fig. 1f,g). To
test this notion, we mutated all five of these residues in FGF21
to the corresponding residues in FGF1, and tested the ability of
the resulting mutant protein (FGF21™) to bind FGFR1c using sur-
face plasmon resonance (SPR) spectroscopy. FGF1WT bound FGFR1c
with a K4 of 273 nM (Fig. 1h). However, in accord with previ-
ously published data [30,31,42], FGF21WT did not bind to FGFR1c
at all (Fig. 1i). In contrast, FGF21™U¢ acquired significant affinity for
FGFR1c (Fig. 1j), but it retained the same poor stability as FGF21WT
(Supplementary Fig. 1a). These data are fully consistent with our
structure-based predictions. We conclude that the atypical cores of
FGF hormones account for both their structural/thermal instability
and their weak FGFR binding affinity.

3.2. Stability of paracrine/endocrine chimeras in vitro and in vivo

With these data in hand, we reasoned that stabilized, high
affinity analogs of endocrine FGFs could be engineered by replac-
ing their thermally atypical labile core with a structurally more
rigid, high affinity canonical core derived from a paracrine FGF.
This paracrine-endocrine chimerisation approach seemed particu-
larly promising in light of our recently determined structure of the
FGF23-FGFR1c-aKlotho ternary complex (PDB ID: 5W21) [27]. The
structure shows that the core domain and C-tail of endocrine FGF
fulfill functionally independent roles in endocrine FGF signalling
[27]. Specifically, the core region of endocrine FGF engages FGFR
in much the same manner as paracrine FGFs, while the unique C-
tail of endocrine FGF latches onto Klotho co-receptors (Fig. 2a).

We chose FGF21 to examine the feasibility of our approach be-
cause among endocrine FGFs, it is the least stable (Fig. 1c) and
also lacks virtually all receptor binding ability [30,31,40,43]. We re-
placed the labile atypical core of FGF21 with the thermally more
stable, high affinity B-trefoil core of paracrine FGF1 carrying three
mutations (i.e., Lys127Asp, Lys128GIn and Lys133Val) in its HS
binding site (termed FGF12HBS) resulting in a FGF14HBS_FGF21¢-tail
chimera containing the authentic C-terminal tail of FGF21 (Gly169-
Ser209) that mediates binding to SKlotho (Fig. 2b). We previously
showed that FGF14HBS has a dramatically reduced HS binding
affinity [37], enabling it to behave in an endocrine fashion while
possessing an enhanced thermal stability compared to FGF1WT
(Supplementary Fig. 1b). Consistent with our previous data on
FGF14HBS 37 SPR analysis showed that the chimera has negligi-
ble HS binding ability (Fig. 2c). SPR analysis also showed that the
chimera is indistinguishable from FGF21WT in terms of binding
to the soluble BKlotho ectodomain, whereas FGF12HBS Jacked any
measurable binding affinity (Fig. 2d-f).

We next compared the in vitro thermal stabilities of the
FGF14HBS_FGF21¢@il chimera and FGF21WT, and found that the Tp,
of the chimera was ~22 °C higher compared to FGF21WT (Fig. 2g).
To see whether this enhanced thermal stability confers a longer
half-life in vivo, we compared the pharmacokinetics of FGF1AHBS-
FGF21¢tail FGF21WT and FGF1WT following single injections of
these proteins into Sprague Dawley (SD) rats. As shown in Fig. 2h,i
and Table S2, the half-life of FGF14HBS_FGF21Ctil (~1.99 h) was
nearly 5 times longer than in the case of FGF21WT (~0.43 h)
(p<0.001, unpaired t-test). As expected, the half-life of FGF1AHBS_
FGF21¢tal was comparable to that of FGF1WT (~2.0 h) (Supple-
mentary Fig. 1c, d). We also found that the FGF1AHBS_FGF21C-tail
chimera was able to bind FGFR1c with an affinity similar to that of
FGF1WT (Fig. 2j and 1h). Taken together, these data unequivocally
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Fig. 1. . The atypical trefoil core domain of endocrine FGFs imparts thermal instability and a weak receptor binding affinity

(a) Structural comparison of paracrine and endocrine FGFs highlighting major differences in their HS binding domains. The view is from the top looking down onto the -
trefoil core. An overlay of Cu traces of four paracrine FGFs [FGF1 (PDB: 2AFG), FGF2 (PDB: 40EE), FGF4 (PDB: 11JT), FGF9 (PDB: 1IHK)] and three endocrine FGFs [FGF19 (PDB:
2P23), FGF23 (PDB: 2P39)] is shown. For FGF21, a homology model was used because an experimentally derived crystal structure is lacking. The FGF21 model was generated
using an automated SWISS-MODEL homology-modeling pipeline (www. swissmodel. expasy. org) on the basis of the structure of its subfamily member FGF19 (PDB: 2P23).
(b) Close-up view of the major HS binding site between 10 and 812 strands of FGF1 (used as a representative of paracrine FGFs) and FGF21 or FGF23. Note that endocrine
FGFs do not have an equivalent 811 strand and are therefore atypical. (c) Superimposition of the atypical S-trefoil core of endocrine FGFs (FGF19/FGF21/FGF23) onto the
canonical B-trefoil core of FGF1/FGF2/FGF4/FGF9. Locations of glycine and threonine residues of the GXXXXGXX (T/S) motif conserved only in paracrine ligands (FGF1, FGF2,
FGF4 and FGF9) are highlighted by red dots. In a-c, FGF19, FGF21, FGF23, FGF1, FGF2, FGF4 and FGF9 are indicated in pink, purple, gray, green, light blue, red and orange,
respectively. (d) Comparison of melting temperatures (Ty,) of paracrine FGFs (FGF1/FGF2/FGF4/FGF9) and endocrine FGFs (FGF19/FGF21/FGF23) obtained by a fluorescence
dye-based thermal shift assay. T, values from three independent measurements are presented as mean + SEM. (e) Crystal structure of FGF1-FGFR1c (PDB: 30JV). FGFR1c
(comprising D2 and D3 domains) and FGF1 are represented as a cyan molecular surface and a green cartoon, respectively. (f) An expanded view of the region boxed in (E)
showing contacts between the hydrophobic patch of FGF1 and the D3 domain of FGFR1c. Selected residues in FGF1 (S62/E64/S65/V66/Y70/Y79/P94, labeled in red or green)
and the FGFR1 D3 domain (labeled in blue) are represented as sticks. The 84 and $5 strands of FGF1 are labeled. Note that FGF1 residues labeled in red are not conserved
between FGF21 and FGF1 (see panel g). A hydrogen bond between E64 in FGF1 and H286 in FGFR1 is depicted as a dashed line. Oxygen and nitrogen atoms are shown in
red and blue, respectively; NT, CT denote the location of the FGF1 N- and C-termini. (g) Structure-based sequence alignment of FGF1WT (aa 59-73) and FGF21WT (aa 54-68).
Secondary structure elements are indicated on top of the sequence alignment. The five residues in FGF21WT that were mutated so as to correspond to those in FGF1WT (thus
generating FGF21™") are highlighted in red. (h-j) Representative SPR sensorgrams of binding interactions between FGF1WT (h), FGF21WT (i) and FGF21™* (j) with FGFR1c.
FGF1WT, FGF21WT and FGF21™¢ at the indicated concentrations were passed over CM5 chips containing the immobilized FGFR1c ligand-binding domain. In (h), K4 values
from three independent measurements are presented as mean + SEM.(For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

show that our paracrine-endocrine chimerisation approach can be
applied to generate analogs of endocrine FGFs that have greater
structural stability and enhanced FGFR binding affinity.

3.3. FGF12HBS_FGF21C-tal signals weakly in an HS-dependent
paracrine fashion

We next characterized the HS and pKlotho dependen-
cies of the FGF1AHBS_FGF21Ctal chimera. In size exclusion
chromatography/multi-angle light scattering (SEC-MALS) experi-
ments, we found that the HS decasaccharide caused stoichiometric
dimerization of the FGF1WT-FGFR1c complex, with the molecular
mass of the dimeric species (90.5 kDa) closely matching that of
a 2:2:2 dimer (91.6 kDa) (Fig. 3a). In contrast, in the presence of

HS, the FGF1AHBS_EGF21Ct%il_EGFR1c complex eluted as a 44 kDa
species (Fig. 3a), demonstrating that the chimera is severely im-
paired in its ability to dimerize the FGFR1c ectodomain in an HS-
dependent manner.

In agreement with these SEC-MALS data, NIH 3T3 cell-based ex-
periments showed that FGF12HBS_-FGF21¢-til js almost two orders
of magnitude weaker than FGF1WT in its ability to induce tyro-
sine phosphorylation of FGFRs and activation of downstream MAPK
signalling (Fig. 3b). This loss of signalling ability was mirrored in
the diminished mitogenic potential of the chimera in cultured cells
compared to FGF1WT (p<0.001, unpaired t-test) (Fig. 3¢). We com-
plemented these cell-based data by assessing the mitogenic activ-
ity of FGF12HBS_FGF21¢til in C57BL/6 ] mice. To do this, animals
were injected intravenously with either 2.0 mg/kg body weight
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Fig. 2. . Design and characterization of a thermally stable, high FGFR binding affinity FGF1AHBS-FGF21¢%il chimera

(a) Core and C-terminal tail regions of endocrine FGFs play independent roles in ternary complex formation. Image at center shows the crystal structure of the FGF23-
FGFR1c-aKlotho complex (PDB:5W21); the core and C-tail of endocrine FGF are delineated within dashed black and blue boxes, respectively. In image at left, aKlotho has
been removed to visualize the fact that the binding of endocrine FGFs to FGFR is mediated exclusively by the core region. In image at right, the receptor has been removed
to illustrate the fact that the unique C-tail of endocrine FGF is specialized for aKlotho co-receptor binding. Endocrine FGF ligand, FGFR1c and Klotho are coloured in orange,
cyan and green, respectively. (b) Left: crystal structure of the FGF1-FGFR1c complex (PDB ID: 1EVT) with a modeled bound HS oligosaccharide; an expanded view is shown
at top right. Modeling of HS is based on the crystal structure of the FGF2-FGFR1c-HS ternary complex (PDB ID: 1FQ9). FGF1WT and FGFR1c are coloured green and cyan,
respectively; the HS oligosaccharide carbon backbone is shown in grey sticks. Side chains of three lysine residues of FGF1 predicted to make major contacts with HS are
shown as sticks; black dashed lines denote hydrogen bonds. Lower right: Linear representations of human FGF1 (Met1-Asp155) (shown in green), FGF21 (His29-Ser209)
(core and C-tail shown in yellow and orange, respectively) and the chimeric molecule FGF14HBS_FGF21¢%il composed of the HS-binding defective endocrinized FGF1 and
the C-terminal tail of FGF21 (Gly169-Ser209). (c-f) Representative SPR sensorgrams of HS binding abilities of FGF1WT, FGF21WT and FGF12HBS-FGF21¢il (¢), BKlotho binding
ability of FGF14HBS (d), FGF21WT (e) and FGF12HBS_FGF21¢%i! (f). (g) Ty values of FGF21WT and FGF14HBS_FGF21Ctil obtained by fluorescence dye-based thermal shift assays.
(h) Pharmacokinetics of FGF21WT and FGF14HBS_FGF21¢%il following injection into rats (Log C-T). (i) Half-lives of FGF21WT and FGF14HBS_-FGF21¢%il in vivo based on the data
shown in (h). Data are shown as mean +/- SEM (n=6). ***p<0.001vs FGF21WT unpaired t-test. (j) Representative SPR sensorgrams of FGFR1c binding ability of FGF14HBS-
FGF21¢%il In panels c-g, j, the various proteins at the indicated concentrations were passed over the sensor chip containing the indicated immobilized molecule shown in
the panels.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

FGF12HBS_FGF21¢-@il or FGFIWT (as a control) for twenty consec-  ing FGFRIc, but it lacks SKlotho expression unless it is chemically
utive days. Analysis of the livers from chimera-injected animals induced to differentiate into adipocytes [6]. Thus, 3T3L1 cells pro-
showed no evidence of hyperplasia compared to the PBS-treated  vide a convenient tool to study the BKlotho-dependency of FGF

control (Fig. 3d-g). In contrast, injection of FGF1WT caused a clear signalling. Engineered BaF3 cell lines and undifferentiated or dif-
increase in the number of hyperproliferating liver cells (p<0.001, ferentiated 3T3L1 cells were stimulated with different doses of ei-
unpaired t-test) (Fig. 3d-g). Taken together, these in vitro, cell-  ther the FGF14HBS-FGF21¢Rl chimera or FGF21WT (as a control);

based and in vivo data show that the FGF12AHBS_FGF21til chimera total cell lysates were then analyzed using phosphospecific anti-
has a severely diminished ability to signal in an HS-dependent bodies for FGFR1c and ERK1/2. As previously documented [22],
paracrine fashion. FGF21WT signalling was strictly BKlotho-dependent in both BaF3
and 3T3L1 cell lines (Fig. 4a-d). In contrast, high concentrations
of FGF14HBS_EGF21Ctil Jed to some weak BKlotho-independent

3.4. FGF1AHBS-FGF21<19! can signal in a BKlotho dependent manner signalling (Fig. 4a and c), a result that is consistent with the
enhanced affinity of FGF1AHBS_FGF21¢tal for FGFR1c. Neverthe-

We conducted a series of cell-based and in vivo experiments less, BKlotho expression dramatically augmented the ability of the

to test the BKlotho dependency of the endocrinized FGF14M®- chimera to activate FGFRIc in both BaF3 and 3T3L1 cell lines
FGF21<til chimera. To do this, we first explored the chimera’s abil- (Fig. 4b and d). We further validated these results by quantita-

ity to activate its cognate FGFR1c in the context of engineered BaF3 tive analysis of ERK1/2 phosphorylation. In these experiments, both
cell lines expressing either FGFR1c alone or co-expressing FGFR1c FGF14HBS_FGF21Ctail and FGF21WT showed an enhanced ability to

and BKlotho, as well as in the context of 3T3L1 fibroblast cells. activate ERK1/2 signalling in mature adipocytes compared to pre-
The latter cell line endogenously expresses several FGFRs includ-
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Fig. 3. . FGF1AHBS_FGF21¢%i s impaired in HS-dependent signalling

(a) SEC-MALS analysis of a 1:1:1 stoichiometric mixtures of FGF1, FGFR1c and HS (green) and FGF14HBS_FGF21¢%il FGFR1c and HS (red). Y axes show scales representing
molecular mass (left) and Aygo (right). Molecular masses of the protein components used were FGF1WT (17.4 kDa), FGF14HBS_FGF21¢til (21,0 kDa), FGFR1c ligand-binding
domain (25.4 kDa) and HS (3.0 kDa). For each complex, the peak region used for molecular mass determination is demarcated, together with a horizontal dashed line
showing the corresponding molecular mass. (b) Western blots showing dose-dependent phosphorylation of FGFR1 and ERK1/2 in NIH-3T3 fibroblasts induced by FGF1WT
and FGF14HBS_FGF21¢4il at the concentrations shown. (c¢) NIH-3T3 fibroblast cell proliferation in response to FGF1WT (green), FGF14HBS-FGF21¢-4il (red), or a PBS control
(black) using an MTT assay (see Methods). Data from three independent measurements are presented as mean +/- SEM. ***P<0.001vs FGF1WT, unpaired t-test. (d) Liver
tissue from C57BL/6 ] mice chronically treated by intravenous injection with FGF1WT, FGF14HBS_FGF21¢%il (2.0 mg/kg body weight per day) or a PBS control (vehicle) were
immunostained with an anti-Ki67 antibody. Scale bar, 100 pm. (e) Quantitation of immunohistochemical staining data shown in (D) using Image] software. Data are presented
as mean +/- SEM (n=4). #*#p<0.001 vs vehicle; ***p<0.001vs FGF1WT, unpaired t-test. (f) Western blot analysis of Ki67 level in livers from mice chronically treated with
FGF1WT, FGF14HBS_EGF21¢%il or a PBS control (vehicle). An actin loading control is shown below. (g) Quantification of western blot results shown in (f) using Image ]
software. Data are presented as mean +/- SEM (n=4). #*##p<0.001vs vehicle; ***p<0.001vs FGF1WT, unpaired t-test.(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

adipocytes. Notably, the chimera was more potent than FGF21WT and the FGFR1c D3 domain so as to impart greater FGF14HES-
in BKlotho-dependent signalling as evidenced by a leftward shift FGF21¢tail:FGFR1c complex stability relative to FGF14HBS_FGFR1c.

in its dose response curve compared to that of FGF21WT (Fig. 4e), To complement these cell-based data, we compared the or-
presumably reflecting its enhanced FGFR binding ability. gan distribution of the FGF12AHBS_FGF21¢tal chimera in vivo us-

To further corroborate the SKlotho dependency of the chimera, ing real-time imaging and functional assays. For real-time imag-
we constructed a BKlotho binding deficient version by introduc- ing, overnight-fasted C57BL/6 ] mice were infused intraperi-

ing a double mutation (Asp192Ala and Tyr207Ala) into the C- toneally with fluorescent-tagged FGF1AHBS_FGF21Ctail or controls
terminal tail of FGF1AHBS_FGF21¢til, SPR analysis confirmed that  (i.e., FGF14HBS FGF21WT or FGF1AHBS_FGF21CtilAKLB) and imaged
this double mutant (FGF1AHBS_FGF21CtailAKLB) completely failed ~ 30 mins post injection. As in the case of FGF21WT, the chimera
to bind BKlotho (Supplementary Fig. 2a). Importantly, unlike accumulated in BKlotho-expressing tissues such as epididymal fat
its parent molecule, the FGF1AHBS_FGF21CtilAKLB mytant showed (WAT), liver and pancreas (Fig. 4f), implying that the presence

no evidence of elevated activity in SKlotho-expressing differenti- of the FGF21¢til in the chimera is responsible for homing the
ated adipocytes relative to undifferentiated controls (Supplemen- chimera to these tissues. In contrast, FGF14HES and FGF14HES-
tary Fig. 2b). The superior signalling capacity of the FGF1AHBS. FGF21C-tallAKLB [acked target tissue preference, as they were evenly

FGF21¢4ll chimera relative to FGF14HES in the presence of SKlotho distributed throughout the body (Fig. 4f and Supplementary Fig.
implies that BKlotho engages the C-tail of FGF1AHBS_FGF21C-tail 2¢,d). To determine functional bio-distribution, a single dose of
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Fig. 4. . fKlotho promotes signalling by the FGF12HBS-FGF21¢%1! chimera

(a-d) Western blot analyses showing dose-dependent phosphorylation of ERK1/2 induced by FGF21WT and FGF12HBS_FGF21<il jn BaF3 cells expressing FGFR1c alone (a), BaF3
cells co-expressing FGFR1c and BKlotho (b), and dose-dependent phosphorylation of FGFR1c and ERK1/2 induced by FGF21WT and FGF12HBS-FGF21¢til in undifferentiated
(c) and differentiated (d) 3T3L1 adipocytes. (e) Relative values of ERK1/2 phosphorylation in undifferentiated and differentiated 3T3L1 adipocytes induced by a range of
concentrations of FGF21WT and FGF14HBS-FGF21¢til n=3/concentration group. (f) Left hand panels: Distribution of Alexa 647 Fluor-labeled FGF14HBS_FGF21C-tail. FGF21WT
and FGF14HBS proteins in C57BL/6 ] mice at 0, 15 and 30 mins post-intraperitoneal injection (0.5 mg/kg body weight). Right hand panels: Ex vivo fluorescence imaging of
the indicated organs harvested from the same mice. Injection with fluorescent dye alone was used as a control (Ctrl). Vertical scale at right shows colour correspondence
with fluorescent intensity. (g) Western blot analyses of ERK1/2 phosphorylation in lysates prepared from WAT, liver, pancreas, muscle, kidney, heart, lung, spleen, small
intestine and stomach from C57BL/6 ] mice 30 min after subcutaneous injection with PBS (vehicle), FGF14HBS_FGF21¢-til FGF14HBS or FGF21WT (0.5 mg/kg body weight). For
each tissue, an ERK1/2 antibody was used as a loading control. (h) Quantitation of western blot data from (g) using Image ] software. Data are presented as mean +/- SEM
(n=6). ***p<0.001, FGF12H8S FGF21WT and/or FGF12HBS_FGF21¢%il vs vehicle; ##p<0.01, ###p<0.001, FGF14HBS ys FGF1AHBS_FGF21Ctil: &&p 0,01, ¥&p0.001, FGF21WT vs
FGF14HBS_FGF21¢til unpaired t-test.
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Fig. 5. . Effects of FGF1AHBS_FGF21¢%il on blood glucose levels and insulin sensitivity in db/db mice

(a) Changes in blood glucose levels of db/db mice following an acute intraperitoneal injection of FGF12HBS_FGF21¢-@il FGF21WT or FGF14HBS (0.5 mg/kg body weight) over the
course of 24 h; db/db mice treated with buffer alone (PBS) and their littermates (db/m) served as controls. Data are presented as mean +/- SEM (n=5). *p<0.05, **p<0.01,
***p<0.001vs db/db; #p<0.05, #p<0.01, *#p<0.001 vs FGF21WT treatment, unpaired t-test. (b-d) Fed-state blood glucose levels (b), body weight (c) and food intake (d)
of db/db mice over the course of 24 days of daily subcutaneous administration of FGF12HBS_FGF21¢til FGF21WT or FGF14HBS (0.5 mg/kg body weight). Data are presented
as mean +/- SEM (n=6). *p<0.05, ***p<0.001vs db/db; *#p<0.001vs FGF21WT treatment, unpaired t-test. (€) Serum insulin levels of db/db mice after a 24-day course of
treatment with FGF14HBS_FGF21¢til FGF21WT or FGF14HBS administered as in (b). Data are presented as mean +/- SEM (n=6). **p<0.01, ***p<0.001vs db/db; *#p<0.01vs
FGF21WT treatment, unpaired t-test. (f,g) Glucose tolerance test in db/db mice performed 12 h after the final injection (on day 24) of sequential administration with FGF14HBS_
FGF21¢@il FGF21WT or FGF14HBS 35 detailed in (b). Changes in blood glucose levels (e) and integrated area under the curve (AUC) (f) are shown. Data are presented as mean
+/- SEM (n=6). *p<0.05, ***p<0.001vs db/db; #*##p<0.001vs FGF21WT treatment, unpaired t-test.

FGF12HBS_FGF21C-il EGF14HBS or FGF21WT (the latter two as con-
trols) were injected into C57BL/]6 mice. After 30 min, epididymal
fat, liver, pancreas, muscle, kidney, heart, lung, spleen, small in-
testine, and stomach were harvested and analyzed for the pres-
ence of ERK1/2 phosphorylation by Western blotting as a readout
for FGF signalling. As in the case of FGF21WT, the chimera pref-
erentially signalled in fat, liver and pancreas (Fig. 4g,h), implying
that the presence of the FGF21 C-tail in the chimera is selectively
recognized by these SKlotho expressing tissues. Importantly, con-
sistent with our cell-based data (Fig. 4b and d), the chimera was
more potent than FGF21WT in activating ERK1/2 in vivo (p<0.001;
p<0.01, unpaired t-test) (Fig. 4g,h). In contrast, FGF14HBS had no
such tissue target selectivity, indiscriminately activating the ERK1/2
pathway in all tissues tested (Fig. 4g,h).

3.5. FGF1AHBS_FGF21Ctil js pharmacologically superior to FGF21WT
in regulating blood glucose and insulin sensitivity

We assessed the potency of the FGF12AHBS_FGF21C-taill chimera
in alleviating hyperglycemia in a db/db diabetic mouse model;
FGF21WT and FGF12HBS were used as controls. An acute injection
of either the chimera or FGF12HBS (each at 0.5 mg/kg body weight)
lowered blood glucose to a normal level within 3 h, with an effect
lasting up to 24 h. In contrast, FGF21WT produced a much weaker
glucose lowering effect (p<0.001; p<0.01; p<0.05, unpaired t-test)
(Fig. 5a). This difference was more pronounced at a lower ligand
concentration: at a dose of 0.125 mg/kg body weight, FGF21WT
essentially lacked glucose-lowering activity, whereas FGF14HBS_
FGF21¢tail still exerted robust activity, especially within the first
3 h post-administration (p<0.001; p<0.01; p<0.05, unpaired t-test)
(Supplementary Fig. 3a).

We also compared the effects of chronic administration of the
chimera, FGF21WT and FGF12HBS in db/db mice over a period of 24
days. Consistent with our acute dose injection data, daily admin-
istration of FGF21WT led to a modest but significant reduction in
glucose levels (p<0.05, unpaired t-test) (Fig. 5b) resembling that
seen following administration of insulin, the classic treatment for
hyperglycemia in type 2 diabetes (p<0.001; p<0.05, unpaired t-
test) (Supplementary Fig. 3b). In contrast, both the chimera and
FGF14HBS robustly lowered blood glucose to a normal level with-
out causing hypoglycemia (p<0.001, unpaired t-test) (Fig. 5b). In
obese mice, chronic administration of FGF21 has been shown to
cause beneficial weight loss [44]. We therefore studied the ef-
fect on body mass following chronic administration of FGF1AHBS_
FGF21¢tal, We found that the chimera had a greater potency
compared to FGF21WT in reducing the body mass of db/db mice
(p<0.001, unpaired t-test) (Fig. 5¢), without causing any significant
adverse effect on appetite or food intake (Fig. 5d). In contrast, as
previously reported for FGF1WT [45], db/db mice treated daily with
FGF14HBS had a markedly reduced food intake and a correspond-
ing loss of body mass (p<0.001, unpaired t-test) (Fig. 5¢,d). More-
over, long-term administration of the chimera did not cause de-
tectable liver proliferation, nor did this treatment induce expres-
sion of hepatocarcinoma related genes in the livers of db/db mice
(Supplementary Fig. 4a-c). Notably, long-term administration of
the chimera was also accompanied by desirable changes in the
levels of several metabolic parameters, including insulin (p<0.001;
p<0.01, unpaired t-test) (Fig. 5e), glycated serum protein (GSP) and
C-Peptide (p<0.01, unpaired t-test) (Supplementary Fig. 5a,b). The
chimera showed greater efficacy compared with FGF21WT in im-
proving insulin sensitivity as measured by a glucose tolerance test
(GTT) (p<0.001, unpaired t-test) (Fig. 5f,g). We conclude that the
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superior pharmacodynamics/kinetics of FGF12HBS_FGF21Ctail js a
consequence of its greater stability and receptor binding affinity
compared to FGF21WT,

We also explored the potential of parenteral administration of
FGF1AHBS_FGF21¢-@il i diabetic therapy. We found that db/db mice
chronically treated with FGF1AHBS_-FGF21¢-til were phenotypically
normal in terms of locomotor activity, O, consumption, CO, pro-
duction and respiratory exchange ratio (p<0.001; p<0.01; p<0.05,
unpaired t-test) (Supplementary Fig. 6). These data suggest that
chronic treatment with FGF12AHBS_FGF21Ctail does not elicit ad-
verse pleiotropic effects, at least in mouse models.

To establish a basis for clinical trials, we monitored the ap-
petite of healthy cynomolgus monkeys following chronic daily ad-
ministration of the chimera; FGF21WT, FGF12HBS and buffer alone
were used as controls (Supplementary Fig. 7). As in the case of
FGF21WT, the chimera had no adverse impact on food intake or
body weight, whereas administration of FGF14HBS Jed to a dra-
matic loss of appetite and ultimately to a substantial reduction of
body mass (Supplementary Fig. 7b,c and Tables S$3-5). Notably, all
cynomolgus monkeys survived to their scheduled autopsies, with
the single exception of an FGF12HBS_treated female which died on
day 18 (Supplementary Fig. 7b).

3.6. FGF1AHBS_EGF21%tail js more potent than FGF21 in adipose
remodeling

Obesity is characterized by increased fat stores and an expan-
sion of WAT, largely as a result of an increase in the size of
adipocytes [46,47]. We found that treatment of db/db mice with
either FGF1AHBS_FGF21¢tail or FGF21WT reduced the size of both
white and brown adipocytes (p<0.001; p<0.01, unpaired t-test)
(Fig. 6a-c), and was accompanied by progressive body weight loss
during the course of 24 days’ treatment. Notably, the chimera was
conspicuously more potent in reducing fat mass and adipocyte
size than FGF21WT (p<0.01; p<0.05, unpaired t-test) (Fig. 6a,b).
Moreover, db/db mice treated with FGF12HBS_FGF21Ctail exhibited
consistently enhanced phosphorylation of AKT in adipose tissue
compared to mice treated with FGF21WT (p<0.01, unpaired t-test)
(Fig. 6d,e), implying a more potent insulin-sensitizing activity of
FGF14AHBS_FGF21¢-@il compared to FGF21WT. FGF21 has been shown
to lower blood glucose via upregulation of glucose transporter
1 (GLUT1) [6,48-50]. Consistent with these data, we found that
FGF12HBS_FGF21¢-@il was more potent than FGF21WT in resolving
impaired GLUT1 translocation in the WAT of db/db mice (p<0.01,
unpaired t-test) (Fig. 6f,g). The stimulatory effect of FGF21WT on
the conversion of white to brown adipose tissues (“browning”) has
also been well documented [51]. We therefore compared the ef-
fects of FGFAHBS_FGF21¢til and FGF21WT on the expression of per-
oxisome proliferator-activated receptor-gamma coactivator (PGC-
1) and uncoupling protein-1 (UCP-1), two representative mark-
ers of adipose browning and thermogenesis. We found that treat-
ment with FGFAHBS_FGF21Ctail resulted in a greater enhancement
in the expression of these two genes in subcutaneous white adi-
pose tissue compared to FGF21WT (p<0.001; p<0.01, unpaired t-
test) (Fig. 6h,i).

3.7. Long-term effects of FGF12HBS_FGF21<tail on hepatic steatosis

We further compared the effects of FGF1AHBS_FGF21¢tail and
FGF21WT on hepatic steatosis in db/db mice. We found that daily
administration with FGF12HBS_FGF21¢il gver 24 days reduced the
liver mass to a significantly greater extent compared to FGF21WT
(p<0.05, unpaired t-test) (Fig. 7a). Concomitantly, histological
staining and biochemical analyses showed that chronic treatment
of db/db mice with FGF1AHBS_FGF21Ctall caused a greater at-
tenuation of hepatic steatosis (Fig. 7b) and a greater reduction

in liver triglycerides (TGs) compared to FGF21WT (p<0.05, un-
paired t-test) (Fig. 7c). Consistent with these histological find-
ings, we found enhanced reductions in the injury markers ala-
nine transaminase (ALT) and aspartate transaminase (AST) in the
livers of db/db mice treated with the chimera compared to the
livers of animals treated with FGF21WT (p<0.05, unpaired t-test)
(Fig. 7d,e). These relative changes were mirrored by correspond-
ing reductions in serum levels of ALT, AST and non-essential fatty
acids (NEFA) (p<0.001; p<0.01, unpaired t-test) (Supplementary
Fig. 5c-e). The decreased lipid accumulation in hepatic tissues
implies a decline in lipogenesis (lipid synthesis) and lipid stor-
age in the FGF1AHBS_EGF21¢tail treatment group. This was con-
firmed by our contemporaneous finding of lowered expression of
fatty acid synthase (FAS) and stearoyl-CoA desaturase (SCD-1) in
hepatic tissues (p<0.01; p<0.05, unpaired t-test) (Fig. 7f,g). We
also analyzed acetyl CoA carboxylase (ACC) phosphorylation and
carnitine palmitoyl transferase-1a¢ (CPT-1a) expression as read-
outs for activation of S-oxidation pathways in the livers of db/db
mice treated with either FGF21WT or the chimera, and found that
FGF14HBS_FGF21Ctall has a significantly greater ability to stim-
ulate B-oxidation relative to FGF21WT (p<0.05, unpaired t-test)
(Fig. 7f,h).

3.8. FGF1AHBS_FGF21<-til fynctions as an insulin sensitizer in
non-human primates with T2D

Lastly, we studied the ability of the chimera to exert glycemic
control in spontaneous diabetic cynomolgus monkeys (Fig. 8 and
Tables S6-S8) as a model for human T2D [52-55]. We found that
15 days of daily administration of FGF14HBS_EGF21<-tail at 3 Jow
dose (0.05 mg/kg) was sufficient to induce a significant glucose-
lowering effect (p<0.01; p<0.05, unpaired t-test) (Fig. 8a,b). This
effect was stable following a secondary 15-day period of daily ad-
ministration at a higher dose (0.15 mg/kg) without evidence of hy-
poglycemia (Fig. 8a,b). We also found a significant but short-lived
reduction in food intake during the first few days following low-
dose administration of the chimera. This transient effect was more
pronounced and persistent following high-dose treatment (Table
$7). These changes in appetite in FGF14HBS_FGF21-1il treated ani-
mals were accompanied by slight changes in body weight relative
to pre-treatment (Table S7). We also noted some weight loss in the
saline control group, possibly ascribable to environmental stress;
similar phenomena have been reported in previous studies [56].

To further evaluate the effect of FGF1AHBS-FGF21¢til on glu-
cose homeostasis, we subjected T2D monkeys to an oral glucose
tolerance test (OGTT). We found a reduction in glucose levels over
the course of 3 hr at each of the doses administered, with a sig-
nificantly greater effect at the higher dose (Fig. 8c). Concomitantly,
there was a substantially greater decrease in serum insulin level
in high-dose treated animals compared to those receiving low-
dose treatment (Fig. 8d). Consistent with these data, serum lev-
els of hemoglogin A1C (HbAlc, a marker for severity of hyper-
glycemia) was also reduced by the chimera (Fig. 8e). We also mon-
itored total cholesterol (TCHO) and low-density lipoprotein (LDL)
levels, and found modest but statistically significant reductions as
a result of administration of FGF1AHBS_.FGF21<-til at a high dose
(p<0.01; p<0.05, unpaired t-test) (Fig. 8f,g and Table S8). Taken
together, our data suggest that FGF14HBS_FGF21¢til administra-
tion improves glucose homeostasis in T2D monkeys principally by
dampening insulin resistance and suppressing appetite.

4. Discussion
We devised and implemented a structure-based chimerisation

approach that effectively mitigates both the intrinsically weak re-
ceptor binding affinities and short half-lives of endocrine FGFs.
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Adipose tissues were isolated from db/db mice treated with FGF14HBS_FGF21Ctil or FGF21 for 24 days (0.5 mg/kg body weight); corresponding tissues from db/db mice
treated with buffer alone (PBS) and their littermates (db/m) served as controls. (a) Epididymal fat weight of db/db mice treated with FGF12HBS_FGF21Ctil or FGF21WT, Data
are presented as mean +/- SEM (n=6). ***p<0.001vs db/db; #*#p<0.01vs FGF21WT treatment, unpaired t-test. (b,c) Images of WAT (b) and brown adipose tissue (BAT) (c)
sections stained with hematoxylin and eosin (H&E). Data are representative of 6 mice from each group. Scale bar, 100 pm. Right hand panels: relative adipocyte sizes
calculated from H&E stained sections (Relative sizes=unit area/ the cell number per unit area). Data are presented as mean +/- SEM (n=6). **p<0.01, ***p<0.01vs db/db;
#p<0.05, ##p<0.01vs FGF21WT treatment, unpaired t-test. (d,e) Western blot analysis for Epi-WAT AKT phosphorylation and its quantitation by image J. Data are presented
as mean +/- SEM (n=6). *p<0.05, ***p<0.001vs db/db; *#p<0.01vs FGF21WT treatment, unpaired t-test. (f,g) Enhanced translocation of GLUT1 in Epi-WAT as measured by
immunofluorescence staining (f) and quantified by image ] (g). Data are representative of 6 mice from each group; ***p<0.001vs db/db; *##p<0.001 vs FGF21WT treatment,
unpaired t-test. Scale bar, 100 um. (h,i) Real-time quantitative PCR analysis of mRNAs encoding PGC-1« (h) and UCP-1 (i) in subcutaneous adipose tissue. Data are presented
as mean +/- SEM (n=6). ***p<0.001vs db/db; #**p<0.01, #*##p<0.001vs FGF21WT treatment, unpaired t-test.

Such endocrine FGF analogs are therefore potentially clinically use-
ful. The practicality of the strategy we developed is established by
the fact that a rationally engineered chimera, FGF12HBS_FGF21C-tail
is both potent and long-acting while retaining its SKlotho depen-
dency (Figs. 2 and 4).

The longer half-life of the chimera is in all likelihood at-
tributable to its increased thermal stability; nonetheless, we cannot
exclude the possibility that additional factors such as reduced ex-
cretion, tissue clearance, or proteolytic degradation may also con-
tribute. Indeed, relative to native FGF21, the chimera would be ex-
pected to be less prone to proteolysis because of its structurally
more rigid core. In common with FGF14HBS37 the chimera has a
diminished ability to signal in an HS-dependent fashion, and ac-
cordingly has a severely suppressed ability to induce unwanted HS-
dependent FGFR signaling and cellular proliferation (Fig. 3). How-
ever, unlike FGF12HBS | the chimera has an enhanced signalling ca-
pacity in Bklotho-expressing cultured cells, and acts in vivo pri-
marily in Bklotho-expressing adipose and liver tissues (Fig. 4).
Thus, FGF12HBS_FGF21¢til but not FGF14HBS, is a functional ana-
log of FGF21WT, Notably, while FGF12HBS causes a severely dimin-
ished appetite with accompanying weight loss in db/db mice and
in monkeys, like FGF21WT, the chimera is neutral with respect to

these parameters (Fig. 5 and Supplementary Fig. 7). We attribute
these differences to the absence of FGF124HBS tissue target speci-
ficity.

Systemic administration of recombinant human FGF21 has been
reported to significantly reverse hepatic steatosis and fatty liver
in a T2D animal model [7,44,57]. Additionally, in obese humans,
administration of an FGF21 analog can significantly improve dys-
lipidemia by decreasing TG levels and shifting to a potentially
less atherogenic apolipoprotein concentration profile [58]. More-
over, FGF21 and its analogs or mimetics have been reported to
be capable of improving glucose homeostasis in rodents and in
primates [59-61]. Our chimera is superior to FGF21WT in reduc-
ing body weight and in ameliorating fatty liver in db/db mice
(Figs. 5-7), and exerts a significant beneficial glucose lowering ef-
fect in spontaneous diabetic cynomolgus monkeys (Fig. 8). This
is in marked contrast to the absence of the hypoglycemic effect
elicited by LY2405319 (a pegylated form of FGF21) [58] or PF-
05231023 (two modified FGF21 molecules linked to a humanized
immunoglobulin 1 (IgG1) monoclonal antibody backbone) [62]. We
note that the minimal effects of the chimera on serum lipid pa-
rameters in spontaneous diabetic cynomolgus monkeys probably
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Fig. 7. . Effects of FGF1AHBS_FGF21¢%i! on hepatic steatosis and lipid metabolism in db/db mice

The db/db mice were chronically treated by daily subcutaneous injection of PBS alone (as a control) or FGF1AHBS_EGF21¢til or FGF21WT proteins (0.5 mg/kg body weight
per day) over the course of 24 days. (a) Changes in liver mass of db/db mice. Data are presented as mean +/- SEM (n=6). *p<0.05vs db/db, #p<0.05vs FGF21WT treatment,
unpaired t-test. (b) Images of liver tissue sections stained with hematoxylin and eosin (H&E) (upper panel) or Oil Red O (lower panel). Red dots in the Oil Red O stained
tissue sections are indicative of micro- and macro-vesicular steatosis; note the greater improvement following administration of the chimera compared to administration of
FGF21WT, Data are representative of 6 mice per group. Scale bar, 100 um. (c-e) Triglyceride (TG) (c), alanine transaminase (ALT) (d) and aspartate transaminase (AST) (e)
levels in liver extracts (see Methods). Data are presented as mean +/- SEM (n=6). *p<0.05, **p<0.01, ***p<0.001vs db/db; *p<0.05vs FGF21WT treatment, unpaired t-test.
(f) Western blot analyses of liver tissues of db/db mice following 24-day chronic treatment with FGF124HBS_-FGF21¢tail Note the inhibition of expression of SCD-1 and FAS
and enhancement of ACC phosphorylation and CPT-1a expression. (g,h) Densitometric quantification of Western blot data shown in (f). Data are presented as mean +/- SEM
(n=6). *p<0.05, **p<0.01, ***p<0.001vs db/db; #p<0.05, *#p<0.01vs FGF21WT treatment, unpaired t-test.

reflects the fact that at the outset, these animals do not have sig-
nificantly elevated serum lipids [63-65].

Our chimerisation approach circumvents the shortcomings as-
sociated with modification-intensive PEGylation or Fc fusion strate-
gies, including an inherent risk of compromised efficacy [66,67].
Moreover, our chimeric FGF21 is unlikely to trigger an undesired
immune response: only the point of fusion offers a remote risk for
the generation of a novel epitope. Given these considerations, our
approach holds significant promise as a paradigm for a new gen-
eration of FGF21-based anti-diabetic therapies. A similar strategy
could readily be adapted to FGF19 and FGF23, both of which - in
common with FGF21 - lack the stability and potency required for
clinical application.
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