nature reviews drug discovery https://doi.org/10.1038/s41573-024-01125-w

Review article

M Check for updates

FGF-based drug discovery:
advances and challenges

Gaozhi Chen'#, Lingfeng Chen ® %4, Xiaokun Li® "'’ & Moosa Mohammadi®?

Abstract

Sections

The fibroblast growth factor (FGF) family comprises 15 paracrine-acting
and 3 endocrine-acting polypeptides, which govern a multitude of
processes in human development, metabolism and tissue homeostasis.
Therapeutic endocrine FGFs have recently advanced in clinical

trials, with FGF19 and FGF21-based therapies on the cusp of approval
for the treatment of primary sclerosing cholangitis and metabolic
syndrome-associated steatohepatitis, respectively. By contrast, while
paracrine FGFs were once thought to be promising drug candidates

for wound healing, burns, tissue repair and ischaemic ailments based
ontheir potent mitogenic and angiogenic properties, repeated
failuresin clinical trials have led to the widespread perception that the
development of paracrine FGF-based drugs is not feasible. However,
the observation that paracrine FGFs can exert FGF hormone-like
metabolic activities has restored interestin these FGFs. The recent
structural elucidation of the FGF cell surface signalling machinery and
the formulation of a new threshold model for FGF signalling specificity
have paved the way for therapeutically harnessing paracrine FGFs for
the treatment of a range of metabolic diseases.
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Introduction

Human fibroblast growth factors (FGFs) act in a paracrine or endo-
crine fashion to regulate a myriad of vital processes in development,
metabolism, and tissue homeostasis'. Canonical paracrine FGFs are
potent mitogenic, angiogenic, differentiation, chemotactic, and
anti-apoptotic molecules capable of acting on stem cells and diverse cell
types of both mesenchymal and epithelial origins®. Accordingly, drug
discovery efforts were initially aimed at exploiting paracrine FGFs for
indications such as wound healing, burns, trauma, and cardiac and
spinal cordischaemia, all of which involve the induction of proliferation
and angiogenesis’. However, clinical trials highlighted safety issues
stemming from the functional pleiotrophy and target tissue promis-
cuity of paracrine FGFs. These failures limited further investigation
intothe therapeuticapplication of paracrine FGFs. Indeed, FGF7 (also
known as palifermin) —approved in 2004 for intravenous administra-
tion for the regeneration of oral and mucosal epitheliain radio-induced
and chemotherapy-induced mucositis and intestinal bowel disease —
remains the only successful case*, although FGF1and FGF2 have been
approved in China for topical use in wound healing and tissue repair
where drug safety is less of a concern’.

By contrast, the therapeutic development of endocrine FGF-based
drugs has advanced notably over the past 15 years. Importantly, the
restricted expression of the FGF hormone co-receptor klotho mini-
mizes the risk of off-target tissue activity, a key concern with the use
of paracrine FGFs’”. Indeed, a pegylated formulation of the inherently
non-mitogenic hepatokine FGF21 (also known as pegozafermin) has
advanced into a phase Ill trial for metabolic syndrome-associated
steatohepatitis (MASH)®. Likewise, a non-mitogenic variant of the
enterokine FGF19 (also known as aldafermin) is nearing approval
for bile acid diarrhoea’. Regarding FGF23, crysvita (a FGF23 neutral-
izing antibody) is currently marketed for the treatment of X-linked
hypophosphataemia (XLH)™.

Box 1| Comparison of the modes of
endocrine and paracrine FGF-induced
asymmetric FGFR dimerization

In contrast to paracrine fibroblast growth factors (FGFs), endocrine
FGFs have intrinsically weak affinities for both heparan sulfate
proteoglycans (HSPGs) and FGF receptors (FGFRs)*. This difference
stems from divergences in the conformation of the heparan

sulfate glycosaminoglycan (HS) binding site and substitutions

of key receptor binding residues in FGF hormones (Fig. 1c and
Supplementary Fig. 1). While conferring an endocrine mode of
action, these attributes are responsible for the insufficiency of
HSPG in promoting endocrine FGF-FGFR complex formation and
receptor dimerization. Klotho coreceptors assist FGF hormones

to stably bind FGFRs, forming a 1:1 FGF-FGFR complex which is
subsequently assisted by HSPGs in the recruitment of another FGFR
chain. This leads to the formation of a 1:2:1:1 FGF-FGFR-klotho-HS
asymmetric quaternary complex (Fig. 3c). Because of their high
affinity for HSPG, paracrine FGFs may rely solely on HSPGs to stably
bind FGFR and induce the 1:2 paracrine FGF-FGFR dimer as implied
by recent biochemical data’ (Fig. 3e). Notably, compared with the
1:2 endocrine FGF-FGFR dimer, the paracrine 1:2 FGF-FGFR dimer
is more stable and long-lived. Accordingly, it transmits a more
persistent and higher amplitude intracellular signal.

The distinction between paracrine and endocrine FGFs has
been blurred by the seminal discovery that peripherial administra-
tion of FGF1, the founding member of the family, can exert a potent,
insulin-dependent glucose-lowering effect in diabetic mice without
causing hypoglycaemia™. As with FGF21 or FGF19, intracerebroven-
tricular (i.c.v.) administration of FGF1in mice also elicits prolonged
anti-hyperglycaemicactivity'>. More recently, other paracrine FGFs —
FGF4, FGF6, FGF9 and FGF16 — were shown to possess FGF1-like ben-
eficial anti-hyperglycaemic activities” . Remarkably, paracrine FGFs
are superior to FGF hormones in exerting glycaemic control in both
peripheral and central administration regimens'>'®. These intrigu-
ing findings have led to a resurgence of interest in harnessing par-
acrine FGFs for the treatment of metabolic disorders such as type 2
diabetes (T2D), MASH and obesity. The formulation of a threshold
model” and the recent discovery of asymmetric FGF receptor (FGFR)
dimerization™ have paved the way for engineering efficacious and safer
paracrine FGF-based partial FGFR agonists, via tailored calibration of
their receptor dimerization capacities (Box 1).

This article is not intended to provide a comprehensive review
of FGF signalling and biology (reviewed elsewhere®') but, instead,
provides a general overview of the FGF family and focus on the thera-
peutic application of recombinant FGFs in metabolic disorders. We
describe the metabolicregulatory activities of FGF hormones, includ-
ing an update on the current status of FGF hormone-based therapy in
the clinic and a critical assessment of current FGF21-related drugs. In
addition, we highlight the discovery of FGF hormone-like activities of
several paracrine FGFs and discuss the ongoing efforts to harness these
paracrine FGFs for the treatment of metabolic diseases. Notably, endo-
crinization of paracrine FGFsis anemerging topicin drug discovery that
has notbeen comprehensively addressed in any reviews at present?*.
There are many paracrine FGFs, including FGF3, FGF5, FGF8, FGF17 and
FGF18 that do not have a reported metabolic regulatory activity and,
accordingly, are not discussed. Likewise, we do not address the roles
of FGF signalling in development and cancer —including the develop-
mentof anticancer drugs that target FGFR — as these topics have been
reviewed elsewhere?* %,

Overview of the FGF family

The human FGF family comprises 18 structurally related secreted poly-
peptides that regulate a plethora of processes involved in develop-
ment, metabolism and tissue homeostasis. Based on their sequence
homology, phylogeny and synteny, FGFs are grouped into 5 classical
paracrine-acting FGF subfamilies, including FGF1, FGF4, FGF7, FGF8, and
FGF9, as well as asingle hormone-like FGF19 subfamily** (Fig.1a). FGFs
sharea core homology domain of approximately 120-130 amino acids
thatformaclassical12 antiparallel 3-stranded ($1-12) B-trefoil domain
inparacrine FGFs. The B-trefoil of FGF hormonesis atypical due tostruc-
tural changes in the $10-B11 region, including the absence of the 311
strand”®®. The conserved trefoil core of FGFsiis flanked by highly divergent
amino-terminal and carboxy-terminal tails which play essential rolesin
regulating the biological activities of different FGFs (Supplementary
Fig.1)”. AllFGFs interact with heparan sulfate glycosaminoglycans (HS);
these comprise the polysaccharide chains of ubiquitously expressed
heparansulfate proteoglycan (HSPG)'®?%%, Nascent HS is alinear poly-
mer of repeating disaccharide units composed of glucuronicacid (GlcA)
and N-acetyl glucosamine (GLcNAc) that undergoes extensive matura-
tion viamodificationsincluding N deacetylation and sulfationand 6-O
sulfation on GIcNAc, 2-0, 3-O and epimerization on GlcA. HSPGs are
presentinall cellsand tissues as either membrane-anchored (syndecans
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Fig. 1| HSPGs define mode of FGF action. a, There are 18 functional mammalian
fibroblast growth factors (FGFs) sorted into six subfamilies. Founding members
of subfamilies are highlighted in colour and with an asterisk. b, Schematic
depiction of the heparan sulphate glycosaminoglycan chains of proteoglycan
(HSPG) featuring sulfated domains separated by unsulfated domains. The crystal
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structure of a fully sulfated heparin octasaccharide is used to show potential
sulfation modifications in the sulfated regions of heparan sulfate (HS).

¢, Structure-based comparison of the HS-binding sites of paracrine FGF2 and
endocrine FGF19. Residues from the HS-binding site (HBS) are shown as sticks.

and glypicans) or extracellular matrix (perlecans) proteins®** (Fig. 1b).
HSPGs impact FGF signalling at multiple levels. In particular, bifurcation
of FGFsinto endocrine and paracrine branches stems from differences
ininteractions of FGFs with HS** %,

HSPGs define the mode of FGF action

The HS-binding site (HBS) of FGFsinvolves residues fromwithin the p1-32
loop and the region spanning 310 and 312 within the trefoil core (Fig. 1c
and Supplementary Fig.1).In paracrine FGFs, the HBS adopts acommon
conformation featuring numerous surface-exposed positively charged
residues (that is, lysine, arginine) which form hydrogen bonds with the
sulfate and carboxylate moieties of HS. Because of their avid interaction
with HSPG, paracrine FGFs are mostly trapped by HSPGsinthe pericellular
matrix of the secreting cells and only signal locally within tissues® (Fig. 2a).
Nevertheless, there are notable differencesin the binding affinities of par-
acrine FGFs for HS; these resultin the establishment of distinct morpho-
genetic gradients that are critical during embryogenesis®. In the FGF19
subfamily, the HBS conformation deviates completely due to the absence
of B11and the presence of fewer basic residues. This structural distortion
markedly weakens HS-binding affinities of FGF hormones, accounting for
the hormonal mode of action of this subfamily**. Specifically, endocrine

FGFs candiffuse freely through the HSPG mesh in the pericellular matrix
toenterthebloodstreamandreachtheir target organs***. For example,
the FGF23 hormone is secreted by osteocytes and osteoblasts in bone,
andsignalsinkidney proximal tubules toinhibit phosphate reabsorption
and vitamin D synthesis®*** (Fig. 2b).

FGF receptors and coreceptors

In addition to dictating paracrine versus endocrine modes of FGF
action, HSPGs serve as obligatory coreceptors, assisting FGFs to stably
bind, dimerize and activate their cognate FGFRs. Importantly, the weak
HS-binding affinities of FGF hormonesimpose a strict dependency of
these FGFs on aklotho and Bklotho proteins as additional corecep-
tors to activate cognate FGFRs>**%, Klotho proteins form a class of
single-pass transmembrane proteins that contain alarge extracellular
domain comprised of two tandem catalytically inactive B-glycosidase
domains and a short intracellular domain® (Fig. 3a). FGFRs form a
distinct group within the receptor tyrosine kinase superfamily. There
are four FGFR genes (FGFR1-FGFR4) each encoding receptors that
comprise three extracellular immunoglobulin domains (D1-D3),
atransmembrane domain and a cytoplasmic tyrosine kinase domain
(Fig.3b). D2, D3 and the short linker between them are necessary and
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sufficient for ligand binding and receptor dimerization. D2 also medi-
ates interactions of FGFRs with HSPGs***. D1 and the D1-D2 linker
which contains a stretch of acidic, serine-rich sequences (referred to
astheacid box) are implicated in receptor autoinhibition**. These act
by engaging the HS and ligand binding D2-D3 regions in cis*’.
FGF-FGFR binding specificity plays a pivotal role in FGF signalling.
Thisis principally achieved by primary sequence differences between
FGFs and FGFRs, spatial and temporal expressions of FGFs, FGFRs,
klotho and HSPG coreceptors and sulfation or epimerization motif
differences of HSPGs. Importantly, a tissue-specific alternative splicing
that involves the second half of the D3 domain in FGFR1-3 generates
epithelial b (FGFR1b-3b) and mesenchymal ¢ (FGFR1c-3c¢) isoforms**
(Fig. 3b). This splicing event plays a cardinal role in the regulation of
FGF-FGFR binding specificity and signalling activity by altering the
composition of key binding sites or grooves for FGF and klotho core-
ceptorsinD3 (ref. 44). For example, aklotho binds to FGFR1c, FGFR3c
and FGFR4 but not to FGFR2c and FGFRb isoforms. Mesenchymal
FGF10 binds the epithelial FGFR2b and FGFR1b but fails to interact with
FGFR1c-3cand FGFR4. Conversely, epithelial FGF9 binds mesenchymal
FGFR1c and FGFR3cbut does not recognize FGFR1b or FGFR2b**.

HSPG and klotho coreceptors enable asymmetric FGFR dimeriza-

tion. Recent structural studies have revealed the precise molecular
mechanism whereby klotho and HSPG coreceptors act in concert,
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Fig.2|FGFsactin endocrine or paracrine fashion. a, Paracrine fibroblast
growth factor (FGF) signalling establishes a bidirectional signalling loop
between epithelial and mesenchymal compartmentsin the liver. FGF4 is secreted
from epithelial cells and binds to the FGF receptor-c (FGFRc) isoforms that

are expressed by mesenchymal cells. Conversely, FGF10 is synthesized in the
mesenchymal tissue and binds to the epithelial FGFRb isoforms. b, Endocrine
FGF23 signalling. Elevations in phosphate, calcium and vitamin D serum levels
induce expression of FGF23 hormone by bone and are released into circulation.

enabling FGF hormones to bind, dimerize and activate their cognate
FGFRs'®***,In these structures, the klotho co-receptor simultaneously
grasps the FGF hormoneby its C-tail and the primary receptor (FGFRP)
by its D3 domain, leading to the formation of a1:1:1 FGF-FGFR?-klotho
ternary complex®**’. In doing so, the klotho co-receptor essentially
compensates for the insufficiency of HS in the enhancement of endo-
crine FGF-FGFR binding. Subsequently, the HS co-receptor enables
the stabilized FGF-FGFR" within the ternary complex to recruitalone
secondary receptor (FGFR®), leading to the formation of 1:2:1:1asym-
metric receptor dimers' (Fig. 3c,d). Since klotho does not participate
in the recruitment of FGFR®, the asymmetric receptor dimerization
modelis predicted tobe applicable to paracrine FGFs (Box 1), although
this remains to be structurally validated™ (Fig. 3e). The dimerization of
the FGFR extracellular domains promotes the formation of an asym-
metric A-loop transphosphorylation complex of intracellular kinase
domains, that mediates the transphosphorylation of tyrosine in the
A-loop. This is amandatory reaction for kinase activation® and is fol-
lowed by phosphorylation of tyrosines in the C-tail, juxtamembrane,
and kinase insert regions of the receptor (Fig. 3f).

Intracellular signalling pathways

Phosphorylation of aninvariant tyrosine at the C-terminal tail of FGFR
mediates the recruitment of phospholipase Cyl (PLCyl, occasionally
referred to as FRSI1) viaits SRC-homology (SH2) domainto the activated
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FGF23 acts on kidney proximal tubules via the FGF23-FGFR-aklotho-heparan
sulfate proteoglycan (HSPG) complex to suppress phosphate reabsorption and
synthesis of bioactive vitamin D (1,25(0H),D), thereby returning the phosphate
and vitamin D serum levels back to normal. FGF4 is coloured in yellow, FGF10 is
colouredinblue, HSPGis coloured in pale yellow, FGF23 is coloured in orange,
FGFRis coloured in pink and blue, and klotho is coloured in violet. FGFR®, primary
FGFR; FGFR®, secondary FGFR; Klotho™, membrane-bound klotho form.
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Fig.3|FGFR signal transduction units and signalling cascade. a, Schematic
showing domain organization of aklotho- and Bklotho coreceptors. In the

case of aklotho, ectodomain shedding in the kidney gives rise to a circulating
form (aklotho®*). Scissors symbol represents the position of proteolytic
cleavage site in the membrane-bound form (aklotho™). b, Schematic showing
the architecture of fibroblast growth factor (FGF) receptor (FGFR) domains.
Alternative splicing in the FGFR D3 domain generates seven distinct receptors
eachwith aunique ligand binding specificity profile. c, Endocrine FGF
quaternary complex. To form the 1:2:1:1 FGF23-FGFR-aklotho-heparan sulfate
(HS) quaternary complex, membrane-bound klotho engages the D3 domain

of primary FGFR (FGFR") as well as the C-terminal tail of FGF, thus stabilizing
FGF-FGFR interaction. Simultaneously, FGF23, FGFR" and HS work in concert
torecruit secondary FGFR (FGFR®), thereby inducing asymmetric dimerization.
d, Structure diagram depicting the locations of HS-binding site (HBS), ligand
binding site (LBS) and klotho binding site (KBS) on FGFR. e, Model of paracrine
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FGF-induced asymmetric receptor dimer. Owing to the high HS-binding affinities
of paracrine FGFs, HS works as their sole co-receptor to facilitate formation

of astable asymmetric receptor. f, Dimeric endocrine FGF cell surface signal
transduction complex is created by linking cryo-electron microscopy structures
ofthe extracellular 1:2:1:1 FGF23-FGFR~-aklotho-HS (Protein Data Bank ID:
7YSH) via coils to a crystal structure of intracellular asymmetric FGFR3 kinase
dimer trapped in the A-loop tyrosine transphosphorylating reaction (Protein
Data Bank ID: 6PNX). FGF23 (orange) and FGFR molecules (cyan and green)

are shown as cartoons under transparent surfaces, with HS shown in red. FGFR
activation results in downstream phospholipase Cy (PLCy)-dependent activation
of protein kinase C (PKC) and inositol 1,4,5-trisphosphate (IP,)-Ca*' signalling
and FGFR substrate 2 (FRS2)-dependent activation of the PI3K-AKT and
RAS-ERK signalling cascades. DAG, diacylglycerol; PIP,, phosphatidylinositol
4,5-bisphosphate; PIP,, phosphatidylinositol 3,4,5-trisphosphate.

FGFR. This facilitates phosphorylation and hence upregulation of
the lipase activity of PLCy*¢. Additionally, FGFR binding leads to the
translocation of PLCyl to the plasma membrane where its substrate,
phosphatidylinositol 4,5-bisphosphate (PIP,), resides. PIP, hydrolysis
products, namely inositol1,4,5-trisphosphate (IP,) and diacylglycerol
(DAG), trigger the release of Ca** from intracellular stores and subse-
quentactivation of protein kinase C (PKC)***8 (Fig. 3f). Activated FGFR
kinase also phosphorylates the adaptor protein FGFR substrate 2 alpha
(FRS2a). Unlike PLCy1, FRS2a constitutively associates with the juxtam-
embrane region of FGFR viaits N-terminal PTB-domain. This physical
association promotes tyrosine phosphorylation of FRS2a on its long
C-tail by the activated FGFR*~*'. A minimum of five phosphorylated

tyrosines in the long tail of FRS2a* create a hub for regulated dock-
ing and assembly of supramolecular signalling complexes, includ-
ing GRB2-SOS1, GRB2-GAB1-PI3 kinase, CRK-DOCK]1, and SHP2
(refs. 52-58). As in the case of PLCy], these recruitment events juxta-
pose GRB2-SOS1, GRB2-GAB1-PI3 kinase and CRK-CDC42 next to
their respective substrates, namely RAS, PIP, and RAC1, in the plasma
membrane, thereby triggering activation of three distinct pathways™
(Fig. 3f). Recruitment to FRS2a also facilitates tyrosine phosphoryla-
tion and activation of the phosphatase activity of SHP2; however, the
mechanism by which this further boosts FGF signalling (MAPK path-
way) remains unknown*****, In addition, there are several less-well-
characterized substrates and pathways that operate downstream of
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Fig. 4| The threshold model for FGFR signalling specificity and its potential
applicationin FGF-based drug discovery. a, Diverse threshold spectrumin
dimer strength and stability are induced by fibroblast growth factors (FGFs)

to modulate different signalling pathways and cellular fate. The weakest FGF
receptor (FGFR) dimer (left end) is capable of producing a limited response.

By contrast, the strongest FGFR dimer is able to elicit complete cell responses
fromright to left. On-rates and off-rates of FGF-induced FGFR dimer are strictly
controlled by the energetics of FGFR-FGFR, FGF-FGFR, and co-receptor involved
protein-protein interaction (PPI) events. b, Threshold model provides a basis for
engineering custom-made FGFs with distinct receptor dimerization strength to
achieve desired cellular signalling output. FGFR dimer strength and stability can
be fine-tuned by altering the PPIs involved in receptor dimerization. Different
approaches to modify paracrine (left) and endocrine (right) FGFs for drug
development are shown. For example, removing the N terminus or substituting
the heparan sulfate (HS)-binding site of FGF1can reduce FGF1-FGFR dimerization
stability, thereby suppressing the mitogenic activity of FGF1 without impacting
its metabolic action””*. CT, C-terminal tail; FGFR, primary FGFR; FGFRS,
secondary FGFR; NT, N-terminal tail.

activated FGFR independently of FRS2«, including STAT3, JAK2, SRC,
SHIP2 and ICK* "%,

Threshold model for FGF signalling specificity

Inresponse to binding different FGFs, FGFRs dimerize and transmit
quantitatively and qualitatively differentintracellular signals that estab-
lish unique phosphoproteomic and transcriptomic signatures. These
culminateindifferent cellular responses, such as proliferation, differ-
entiation, metabolism and survival. Despite eliciting different cellular
responses, all FGFs appear toinduce common intracellular pathways,
implying that the simplistic view of ‘one pathway per cellular response’
isinadequate to explain FGF signalling specificity. Rather, based on a
cumulative array of structural and biochemical data, the divergent
biological activities of FGFs have been postulated to stem from differ-
ences in the stability and longevity of FGF-induced FGFR dimers, with

ensuing differences in the amplitude and kinetics of intracellular signals
(thatis, the Threshold Model)" (Fig. 4a). Notably, analyses of the crystal
structures of intracellular kinase domains in the process of transpho-
sphorylating the A-loop, C-terminal tail or kinase insert tyrosines, has
shown that tyrosine phosphorylation reactions may depend on distinct
degrees of receptor dimer stability. Importantly, the A-loop tyrosine
transphosphorylationreactionis thermodynamically suppressed due
torepulsive electrostatic forces between kinase domains*. Similarly,
therearedifferencesin the extent of surface areaburied between kinase
domainsin the C-tail tyrosine and kinase insert transphosphorylation
complexes. These findings connect variationsin the thermodynamics
of extracellular dimerization by different FGFs, to qualitative and quan-
titative differences in intracellular signalling. Specifically, compared
with aweak or transient receptor dimer, athermodynamically robust
dimer would more readily overcome these repulsive forces, allowing
for more effective A-loop tyrosine transphosphorylation. Quantita-
tive differences in A-loop tyrosine phosphorylation would result in
gradationsin FGFR activation, leading to the generation of intracellular
signals of different amplitude and duration. Qualitative differencesin
the pattern of tyrosine phosphorylation on the receptor result in the
activation of distinct intracellular signalling pathways.

The threshold model is perhaps best illustrated by the divergent
biological activities of FGF8aand FGF8b — two alternatively spliced iso-
forms of FGF8 — during brain development. Bothisoforms are expressed
intheisthmusregion inthe midbrain”. FGF8b differs from FGF8aby hav-
inganadditional1l1aminoacidsinits N-terminaltail. Yet, FGF8binduces
differentiation of the midbraininto cerebellum, whereas FGF8ainduces
expansion (proliferation) of the midbrain. Both FGF8 isoforms signal
via the MAPK pathway to exert their divergent biological response,
although FGF8b elicits a MAPK signal two orders of magnitude more
potent and persistent than FGF8a. Crystallographic and supporting
biophysical studies have shown that the extra 11 amino acids in FGF8b
enables the ligand to make additional contacts with its cognate FGFRs
relative to FGF8a™. As a result, FGF8b can induce a more stable and
long-lived FGFR dimerizationthan FGF8a. Recent cryo-electron micros-
copy structures of endocrine FGF23-FGFR-aklotho-HS quaternary
complexes further substantiate the threshold model®. According to
these structures, because of their weak HS-binding affinities, FGF hor-
mones can induce weaker receptor dimerization than a paracrine FGF
such as FGF1. Notably, unlike paracrine FGF1, FGF21 lacks mitogenic
activity, suggesting that weak receptor dimerization and correspond-
ingly a weak intracellular signal is sufficient for a metabolic response,
whereas amitogenic signal requires high thresholds of receptor dimeri-
zation. Besides providing aframework for understanding FGF signalling
diversity, thethreshold model canserve asablueprint for engineering
therapeutically valuable FGFs with biased signalling activity. This could
beachievedby calibrating their receptor dimerization potential through
structure-based manipulations of their interactions with FGFRs and
coreceptors (Fig. 4b).

FGF hormones

Thediscovery of FGF hormones as master regulators of cholesterol, bile
acid, glucose, lipid and mineral homeostasis, has placed these FGFs
at the forefront of drug discovery with respect to metabolic disor-
dersincluding T2D, obesity, chronic kidney disease (CKD), MASH and
phosphate wasting disorders. Indeed, several FGF19 and FGF21 ana-
logues have advanced through clinical trials for metabolic disorders,
two of which are on track for approval for use in bile acid diarrhoea
and MASH (Table 1).
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Table 1] Clinical trials of FGF-based therapies for metabolic disorders

Intervention (company or institution)

Trial identifier

Phase; status

Disease

Aldafermin (NGM282, NGM  FGF19 analogue NCT01943045 Phase Il; completed Diabetes mellitus
HdiemEeerie) NCT01776528 Phase |; completed Diabetes mellitus
NCT02135536 Phase Il; completed Primary biliary cirrhosis
NCT02026401 Phase Il; completed Primary biliary cirrhosis
NCT02649062 Phase I/Il; completed Functional constipation
NCT02704364 Phase II; completed Primary sclerosing cholangitis
NCT04179630 Phase |; completed Impaired renal function
NCT02443116 Phase Il; completed MASH
NCT03912532 Phase II; completed MASH
NCT04210245 Phase Il; completed Compensated cirrhosis; MASH
NCT05130047 Phase II; completed Bile acid diarrhoea; bile acid malabsorption
NCT04823702 Phase I; completed Impaired hepatic function
NCT04828265 Phase I; completed Healthy males
LY2405319 (Eli Lilly and FGF21analogue NCT00481117 Phase I; completed Type 2 diabetes
STz NCT01869959 Phase I; completed Type 2 diabetes
Pegozafermin (BIO89-100, FGF21 analogue NCT05852431 Phase III; recruiting Severe hypertriglyceridaemia
eelsoling) NCT04541186 Phase II; completed Severe hypertriglyceridaemia
NCT06318169 Phase IlI; recruiting MASH and fibrosis (ENLIGHTEN-Fibrosis)
NCT06419374 Phase IlI; recruiting Compensated cirrhosis due to MASH
NCT04929483 Phase lIb; active, not recruiting  Patients with biopsy-confirmed fibrosis stages
F2-F3 MASH
NCT05022693 Phase I; completed MASH
NCT04048135 Phase I/Il; completed MASH
Pegbelfermin (BMS- FGF21analogue NCT02097277 Phase II; completed Obese adults with type 2 diabetes
ggﬁ%ﬁ)&;' B NCT03400163 Phase Il completed MASH
NCT02413372 Phase Il; completed MASH
NCT03486899 FALCON 1; phase Il; completed Liver fibrosis; MAFLD; MASH
NCT03486912 FALCON 2; phase Il; completed  Hepatic cirrhosis; liver fibrosis; MAFLD; MASH
NCT04634149 Phase I; completed Moderate and severe liver impairment
Efruxifermin (AKR-001, FGF21analogue NCT06215716 Phase llI; recruiting Non-cirrhotic MASH with fibrosis
iﬁ;ff: j&tci’cr:)\MGmS' g NCTO6161571 Phase IIl; recruiting MASH/MASLD
NCT03976401 Phase Il; completed MASH
NCT04767529 Phase II; active, not recruiting MASH
NCT06528314 Phase llI; recruiting Compensated cirrhosis due to MASH
NCT05039450 Phase II; active, not recruiting Compensated cirrhosis due to MASH
PF-05231023 (Pfizer) FGF21analogue NCT01923389 Phase [; terminated Obesity
NCT01396187 Phase |; completed Type 2 diabetes
NCT01285518 Phase |; completed Type 2 diabetes
NCTO01673178 Phase |; completed Poor lipid control with and without type 2
diabetes mellitus
BOS-580 (LLF580, Boston FGF21analogue NCT04880031 Phase lla; recruiting Obesity with MASH
ArErmEeseE ) NCT03466203 Phase I: completed Obesity
MK-3655 (NGM313, NGM FGF21analogue NCT03298464 Phase Ib; completed Obesity
gfaﬁgagzrgzii‘gﬁg Rlcick NCT02708576 Phase I completed Obesity
NCT04583423 Phase IIb; terminated Pre-cirrhotic MASH

FGF, fibroblast growth factor; MAFLD, metabolic associated fatty liver disease; MASH, metabolic syndrome-associated steatohepatitis.
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FGF21

FGF21is a circulating hepatokine that regulates glucose homeosta-
sis and insulin sensitivity. Owing to its remarkable ability to correct
hyperlipidaemia and non-alcoholic steatohepatitis, FGF21is also now
widely recognized as a regulator of lipid metabolism. FGF21 serum
levels are elevated in response to various stressors such as fasting,
overfeeding, a ketogenic diet, alcohol consumption, a high carbohy-
dratediet, autophagy deficiency, as well asendoplasmic reticulum and
mitochondrial stresses™””. Notably, the greatest increase is seen when
low proteinintake is combined with high carbohydrate intake™. These
stressors stimulate the expression of FGF21 primarily by activating
the transcription factors PPARa, PPARY, XBP1 or ATF4 (refs. 78-82).

FGF21acts onadiposetissue, accelerating lipoprotein catabolism
and promoting the expression and release of adiponectin by inhibiting
sumoylation and hence restoring the transcriptional activity of PPARYy.
Adiponectin subsequently acts on the liver and skeletal muscle to
mediate the therapeutic effects of FGF21, namely the amelioration of
obesity-related hyperglycaemia, hypertriglyceridaemia, insulin resist-
ance and hepatic steatosis®**. Additionally, FGF21 can directly inhibit
the activity of hepatic mTORCI to enhance liver insulin sensitization
and maintain glucose homeostasis®. Conversely, liver-specific deletion
of Fgf21 upregulates glucose-6-phosphatase and phosphoenolpyruvate
carboxykinase activities through the STAT3-SOCS3 pathway, thereby
increasing gluconeogenesis and glycogenolysis which worsensinsulin
resistance inthe liver®. In the central nervous system (CNS), tanycytes
can sense free fatty acids and maintain lipid homeostasis in the body
through Fgf21 signalling in the hypothalamus, implying a central meta-
bolic regulatory role for FGF21 (refs. 87,88). Indeed, i.c.v. administra-
tion of FGF21 can substantially improve hepaticinsulinresistance and
restore energy balance® ',

FGF21has alsobeenshownto stimulate thermogenesisinadipose
tissue, rendering FGF21a promising candidate for weight loss through
increasing energy expenditure. Cold exposure triggers the expres-
sion and secretion of liver FGF21 (ref. 92). This, in turn, stimulates
the browning of white adipose tissue and thermogenesis in brown
adipose tissue, effectively regulating body temperature®>®, Like-
wise, FGF21-induced thermogenic browning of white fat can induce
weight loss and restoration of glucose control®**. Mechanistically,
FGF21regulates energy homeostasis in adipocytes by activating the
AMPK-SIRT1-PGC-1a signalling pathway, which enhances mitochon-
drial oxidative phosphorylation”. Furthermore, during adaptive
thermogenesis, FGF21 acts in an autocrine manner on adipocytes,
promoting the expression and secretion of CCL11, which drives the
recruitment of eosinophils to the subcutaneous white adipose tis-
sue. This culminates in the proliferation of adipocyte precursors and
adipocyte beiging®.

Cardiovascular protection is another noteworthy therapeu-
tic direction with respect to FGF21. FGF21 prevents angiotensin
II-induced hypertension and vascular dysfunction by activating the
ACE2-angiotensin-(1-7) axis in mice”. Itinhibits vascular calcification
by reducing mineral deposition, suppressing endoplasmic reticulum
stress-mediated apoptosis, decreasing the expression of osteoblastic
genes and inhibiting the osteogenic transition of vascular smooth
muscle cells'®®72, FGF21 ameliorates atherosclerosis by inhibiting
hepatic expression of SREBP2 and inducing adiponectin production
inadipocytes'®. The FGF21-SIRT3 axis mediates the protective effects
of exercise on diabetic cardiomyopathy by maintaining mitochondrial
integrity'**. FGF21regulates cardiac oxidative stress status and may be
animportant target for the treatment of heart failure'®%,

FGF21 also regulates sweet craving behaviour through its physi-
ological action on glutamatergic neurons in the ventromedial hypo-
thalamus, inhibiting the consumption of monosaccharides'*™,
Disturbance of this regulation may promote unhealthy eating, obe-
sity and disease. Pharmacological administration of FGF21 reduces
sweet and alcohol preferences in mice and sweet preferences in
crab-eating macaques'®""2, Indeed, an analogue of FGF21 has been
demonstrated to decrease alcoholintake by approximately 50% among
alcohol-preferring nonhuman primates. This effect is attributed to
FGF21signallingin Bklotho-expressing neurons within the basolateral
amygdala, whichsubsequently projecttothe nucleusaccumbensto pro-
duceaninhibitoryinfluence onalcohol consumption™*"*, FGF21 modu-
lates water intake in response to specific nutritional stimuli that may
lead to dehydration, including aketogenic diet and alcohol consump-
tion. This functionis partially mediated by SIM1-positive neuronsin the
hypothalamus'®. Additionally, FGF21 exhibits protective effects against
alcohol-related damage, including long-term ethanol-induced liver
damage and acute alcohol poisoning. FGF21 may therefore represent a
potential candidate molecule for the treatment of alcohol abuse-related
injuries"*"”. FGF21is highly expressed in the exocrine pancreas, where
ithasbeen suggested to maintain acinar cell proteostasis by stimulat-
ing secretion of digestive enzymes. Chronic pancreatitis is associ-
ated with a loss of FGF21 expression. Remarkably, pharmacological
replacement of FGF21 resolved pancreatitis in rodents"®".

Despite these beneficial therapeutic activities, some potential
detrimental effects of FGF21 have been observed. The most concern-
ing adverse effect of FGF21therapy is bone loss. Several animal-based
studies have found that FGF21 overexpression can lead to bone loss
and increased bone fragility, potentially through increasing PPARy
activity in bone marrow mesenchymal stem cells or inducing the
secretion of insulin-like growth factor binding protein 1 (IGFBP1) in
the liver'®*'%, Likewise, clinical trials have also demonstrated a nega-
tive impact of FGF21 on bone homeostasis. A placebo-controlled,
multiple ascending-dose study in overweight or obese participants
with T2D of the long-acting FGF21 analogue, PF-05231023 (discussed
furtherin the ‘FGF21-based drug discovery’ subsection), showed that
PF-05231023 treatmentled to weightloss,improved plasmalipoprotein
profiles and elevated adiponectin levels. However, dose-dependent
changes were observed in various markers of bone formation and
resorption'”. Inanother randomized controlled trial of the FGF21 ana-
logue, LLF580, a decrease in bone formation markers (BAP, PINP and
OCN) was observed, while there was no difference in bone resorption
markers (CTX1and NTX1)'”. However, other animal and human stud-
ies have reported no significant association between FGF21 and bone
loss'?**2 Further investigationinto theimpact of FGF21on humanbone
homeostasis is therefore warranted. In addition to bone loss, FGF21
hasbeen associated with mitochondrial myopathy and sarcopenia, in
whichincreased FGF21expression and secretion by the affected muscle
fibres and cardiomyocytes is thought to impact metabolic activities
in multiple tissues and organs, thereby transforming mitochondrial
myopathies into systemic diseases®'**"**, However, it remains to be
determined whether elevated FGF21 plays a causal role or is merely a
compensatory response.

FGF21-based drug discovery. Among the FGFs, FGF21-based drug
discovery has garnered the mostinterest. Remarkably, unlike canonical
FGFs, FGF21 is completely devoid of any mitogenic activity™®. This is
consistent with the fact that FGF21 has the weakest HS-binding affin-
ity among its subfamily members, manifesting in a weak capacity to
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Table 2| FGF21-based therapeutics

Agent name Engineering or composition Features and applications Refs.
(company or institution)
LY2405319° (Eli Lilly and Company) L146C/A162C/S195 and deletion of the four MASH or obese patients with type 2 diabetes 140,310
N-terminal amino acids, His-Pro-Ile-Pro
PEG30-Q108 (Merck Research Q136 site-specific pegylation of FGF21 Anti-diabetic 145,311
Laboratories)
Pegozafermin?® (BIO89-100, Glycopegylated FGF21 analogue at S200T Treatment of MAFLD, MASH or severe 8,150,312
89bio Inc) hypertriglyceridaemia
BOS-580° (LLF580, Boston Human IgG1 Fc-FGF21 fusion protein, Q55C and Obese adults with modest hypertriglyceridaemia 127
Pharmaceuticals) G148C mutations
Pegbelfermin® (BMS-986036, Bristol Q136 site-specific pegylated FGF21 analogue Treatment of MASH 144,147148,313
Myers Squibb)
Efruxifermin® (AKR-001, Fc-FGF21 Human IgG1 Fc-FGF21 fusion protein, L126R, Treatment of type 2 diabetes; MASH and F1-F3 154,314,315
and AMG876, Akero Therapeutics) P199G and A208E triple point mutations fibrosis; compensated MASH cirrhosis
PF-052310232 (Pfizer) Fusion of A157C modified FGF21and CVX-2000 Induces weight loss 126,316
scaffold antibody Improves plasma lipoprotein profile
Lowers triglycerides
Treatment of diabetic retinopathy
anti-FGFR1 antibodies (RIMAbs, Antibody that promotes homodimerization and Prevents hyperglycaemia, hyperinsulinaemia, 157
Genentech Inc) activation of FGFR1 hyperlipidaemia and hepatosteatosis
mimAb1 (39F7, Amgen Inc) Monoclonal antibody that binds to Bklotho with Treatment of diabetes and obesity 158,159
high affinity and specifically activates signalling
from the Bklotho-FGFR1c complex
Fazpilodemab (BFKB8488A or Anti-FGFR1-Bklotho bispecific antibody Treatment of overweight or obese patients; 160,317,318
bFKB1, Genentech Inc) obesity-associated metabolic derangements
MK-3655° (NGM313, NGM Anti-FGFR1-Bklotho bispecific antibody Improves insulin resistance and reduces hepatic 162
Biopharmaceuticals/ Merck Sharp & fat in obese, nondiabetic patients
Dohme LLC)
C3201 Avimer (Amgen Inc) Bispecific polypeptides that bind with high Treatment of diabetes and obesity 163
affinity and specificity to FGFR1c and Bklotho
FGF21-ELP-Ex (Ganjiang Chinese Dual agonists MASH 164
Medicine Innovation Center) Fusion of FGF21 variants with enhanced Bklotho
binding property-ELP-Exenatide
FGF21-Fc-GLP1 (HEC Dual agonists Treatment of diabetes and MASH 165
Pharmaceutical Co., Ltd.) Fusion of FGF21 variants with enhanced Bklotho
binding property-IgG4 Fc-GLP1
FGF21-DARP-GLP1 (Ningbo No.2 Dual agonists Type 2 diabetes mellitus and obesity 166

Hospital)

Fusion of FGF21 variants with enhanced klotho
binding property-DARP-GLP1

DARP, designed ankyrin repeat protein; ELP, elastin-like polypeptide; FGF, fibroblast growth factor; FGFR, FGF receptor; MAFLD, metabolic associated fatty liver disease; MASH, metabolic
syndrome-associated steatohepatitis. “Agents that have entered clinical trials.

promote FGFR dimerization and signalling

37 However, native FGF21

the molecule by an intermolecular disulfide bond, a deletion of four

has poor pharmacokinetics in vivo with an elimination half-life of
only 0.5-1.5 hours™*"*, Accordingly, a major emphasis of FGF21 drug
developmentis directed towards enhancingits stability and biological
half-life. A variety of approaches have been adopted to enhance the
pharmacokinetics of FGF21, including mutational stabilization, pegyla-
tion, Fc fusion and antibody conjugation (summarized in Table 2).
Notably, most FGF21 analogues and mimics were developed in the
absence of amechanistic understanding of the FGF hormone cell sur-
facesignalling complex, thatis, before 2023. Therefore, we will evaluate
these drugs in light of our current mechanistic understanding of the
FGF hormone signalling complex (Fig. 5).

LY2405319 was the first FGF21analogue to enter clinical trial**'*,
ItharboursalL146C/A162C double mutation toimprove the stability of

N-terminal amino acids (AHis-Pro-lle-Pro, AHPIP), which are prone
toproteolytic cleavage, as well as a C-terminal SI95A mutation to facili-
tate large-scale, homogenous protein production in yeast'* (Fig. 5a).
These modifications preserved the biological functions of LY2405319.
However, modelling studies of an FGF21-FGFR1c-Bklotho-HS complex
suggest that they might negatively impact the ability of LY2405319
to induce receptor dimerization. In particular, N-terminal trunca-
tion would impair the ability of FGF21to engage its secondary FGFRIc
chainwithin the 1:2:1:1FGF21-FGFR1c-Bklotho-HS signalling complex.
Likewise, S195A would perturb the conformation of a key DPL turn
in the Bklotho binding site, causing a reduction in klotho binding.
Lastly, L146C and A162C are mutations predicted to destabilize HS and
secondaryreceptor bindingsites, as well as the core of FGF21. Indeed,
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LY2405319 does not have an improved half-life relative to FGF21 and

141

still requires daily administration'*.

Pegylation is another

commonly used strategy designed to

increase the circulating half-life of protein drugs. Pegylation reduces
plasma clearance of protein drugs by renal filtration while also protect-
ing them from proteolysis'*’. Two pegylated FGF21 analogues, pegbel-
fermin (BMS-986036)"** and pegozafermin (BI089-100)%, have been

Fig. 5| Strategies to therapeutically harness FGF21. Various approaches have
been adopted toimprove fibroblast growth factor 21 (FGF21) protein stability
and half-life including: a, introduction of intramolecular disulfide bonds to
improve the stability of the molecule, b, pegylation to reduce plasma clearance
and proteolysis, ¢, conjugation with scaffold antibody or Fc fragments to

extend the half-life, reduce aggregation and in vivo degradation, d, therapeutic
antibodies or polypeptides targeting FGF receptor (FGFR) or fklotho that mimic
anti-diabetic and lipid-lowering properties of FGF21 by dimerizing and activating
FGFRIc, e, GLP1-FGF21dual agonism by fusing FGF21 and GLP1 (or its analogue
exenatide) together using different linkers, such as elastin-like polypeptide (ELP),
Fcfragment or designed ankyrin repeat protein (DARP) to generate synergistic
actions. FGF, fibroblast growth factor; FGFR, FGF receptor; HPIP, His-Pro-Ile-Pro;
HS, heparan sulfate; KBS, klotho binding site; NT, N-terminal tail.

successfully developed as long-acting forms of FGF21 and are currently
progressing through clinical research stages (Fig. 5b). Pegbelferminis a
Q136 ssite-specific pegylated FGF21 with a19-24 hcirculating half-lifein
humans, that enables once-weekly administration'*>'*¢, However, in the
recent FALCON1and FALCON 2 clinical trials, Pegbelfermin treatment
did not meet primary endpoints'”*s, Subsequently, pegozafermin
emergedasaglycopegylated FGF21 analogue carryingaS200T/R203A
double mutation, where the newly introduced T200 serves as the
conjugation site for a 20-kDa linear PEG through a glycosyl linker'.
This modification dramatically prolongs the circulation half-life to
55-100 h, enabling once-weekly administration of low or high dose
pegozafermin once every 2 weeks in humans'***°. Q136 in pegbelfermin
isnot proximal to any protein-proteininterface in the FGF21-FGFR1c-
Bklotho-HS quaternary complex, and thus is not predicted toimpact
the biological activity of FGF21. By contrast, the pegylation site in
pegozafermin falls within the Bklotho binding region at the distal C-tail
of FGF21. Pegozafermin has been shown to have greater potency than
wild type FGF21in activating FGFRI1c in cell-based studies'’.
Conjugation with either a scaffold antibody or Fc fragments has
also been used to improve the circulating half-life of FGF21 (Fig. 5¢).
Forexample, PF-05231023 is engineered by conjugating two molecules
of FGF21via an engineered A157C mutation to the CVX-2000 scaffold
antibody, increasing the circulating half-life to 66.5-96.6 h™*"**, How-
ever, the A157C mutation maps to the atypical HS-binding site of FGF21,
and its conjugation with the CVX-2000 scaffold would sterically hinder
FGF21 from interacting with HS. Hence, PF-05231023 would be inca-
pable of inducing HS-dependent asymmetric receptor dimerization.
Rather, we envision that PF-05231023 acts by engaging two separate
FGFR1c-Bklotho binary complexes, thereby enabling receptor tyrosine
kinase transphosphorylation and activation in an HS-independent
manner (Fig. 5c). However, the distance between the FGFR1c molecules
insuch a dimer would be too great relative to the physiological asym-
metric dimer, implying that PF-05231023 might have weaker activity
than native FGF21 in promoting receptor transphosphorylation and
activation. Itis possible that any increase in the circulation half-life of
PF-05231023 offsets the predicted loss in the ability of PF-05231023 to
induce physiological asymmetric FGFR1c dimerization.
Efruxifermin (also known as AKR-001, Fc-FGF21 or AMG876)"
and BOS-580 (LLF580)'” were both engineered by fusing the Fc region
of human IgG1 to the N terminus of FGF21. The FGF21 component
of efruxifermin contains three point mutations (L126R, P199G and
A208E), which aim to enhance the stability of the FGF21 protein. Efrux-
ifermin has been reported to have a 3-3.5 day circulating half-life’>*.
The L126R mutation in efruxifermin falls in close proximity to the
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secondary FGFRIc binding site and hence it could potentially weaken
hydrophobic interactions with D2 of the secondary receptor. The
G199P and A208E mutations in efruxifermin, however, replace resi-
duesinthe fklotho bindingsite of FGF21with corresponding residues
in FGF19, potentially enhancing the interactions of efruxifermin
with fklotho.BOS-580 harbours Q55C and G148C mutations that are
engineered to allow for anintramolecular disulfide bond and impart
greater protein stability”®’. The extra disulfide-bridge in BOS-580
would rigidify the atypical HS-binding site of FGF21, potentially
improving the ability of HS to induce receptor dimerization. BOS-580
hasareduced elimination half-life and requires once-monthly subcu-
taneous dosing in humans'?. Importantly, in contrast to PF-05231023,
both efruxifermin and BOS-580 should retain the ability to induce
asymmetric receptor dimerization in an HS-dependent fashion
(Fig.5c).Intheory, the bivalent nature of efruxifermin and BOS-580,
combined with the flexibility of the linker region, could support
simultaneous assembly of two independent side-by-side quaternary
signalling complexes. Indeed, this scenario would explain why these
analogues exhibit better activity than native FGF21in vivo™>"¢, How-
ever, itisalso possible that due to sterical constraints, only one of the
two FGF21 components of these analogues can form an HS-induced
quaternary complex (Fig. 5c).

Asanalternative drug design strategy, antibodies or polypeptides
that mimic the anti-diabetic and lipid-lowering properties of FGF21by
dimerizing and/or activating FGFR1c have been developed (Fig. 5d).
Among these, FGFR1 monoclonal antibodies (mAbs) — directed
against K164-P179 and F197-Y210 of the FGFR1 D2 domain’’ — actina
Bklotho-independent manner leading to global activation of FGFR1c
acrosstissues, thus promoting off-target side effects such as hypophos-
phataemia. By contrast, 39F7 (mimAbl), which is a high affinity ago-
nistic mAb against fklotho, activates FGFR1c in a klotho-dependent
manner”®, Since Bklotho exists as preformed binary complexes
withits cognate FGFRs (thatis, FGFR1c, FGFR2c and FGFR4) on the cell
surface, 39F7 is expected to dimerize two FGFR-Bklotho binary com-
plexes allowing their receptor components to phosphorylate and
activate each other in trans (Fig. 5d). The apparent FGFR1 specificity
of 39F7 can be attributed to the fact that klotho binds with highest
affinity to FGFRIc.

In addition, two antibodies — fazpilodemab (BFKB8488A or
bFKB1)'**!*! and MK-3655 (NGM313)'%*> — as well as one avimer poly-
peptide, C3201 (ref.163), have been developed that engage FGFR1 and
Bklotho with dual specificity. These bispecific antibodies or polypep-
tides are proposed to act by stabilizing the Bklotho-FGFR1binary com-
plex. However, as receptor dimerization is mandatory for activation,
stabilization of already preformed Bklotho-FGFR1 duplexes would
be insufficient to explain the stimulatory activity of these molecules.
Rather, we envision that these bispecific antibodies mimic the action
of FGF21 by simultaneously engaging the Bklotho component within
apreformed FGFR1c-Bklotho duplex and a free FGFRIc, thus inducing
asymmetric dimersthat could be further stabilized by HS in amanner
reminiscent of the physiological situation (Fig. 5d).

Recently, FGF21and GLP1 fusion has emerged as anew methodol-
ogy to develop more efficacious anti-diabetes/obesity drugs (Fig. 5e).
Inthis approach, FGF21and GLP1 (orits analogue exenatide) are fused
together using linkers such as elastin-like polypeptide (ELP)'**, Fc
fragment'®, or an albumin-binding designed ankyrin repeat protein
(DARP)™®, These dual agonists exhibit improved therapeutic activity
compared with FGF21 and GLP1 alone. However, whether such dual
agonists are capable of simultaneously engaging both FGFR1c and

GLP-1R systems is unclear. Likewise, the potential adverse effects of
these dual agonists need to be investigated.

FGF19

Human FGF19 and its mouse orthologue (FGF15), discovered in the
1990s, are founding members of the endocrine FGF subfamily. FGF19
isexpressed by intestinal enterocytes in response to activation of the
farnesoid X receptor (FXR, also known as bile acid receptor) by post-
prandial bile acids'®'*’. It then enters the portal vein circulation and
reaches theliver, where it binds and activates FGFR4 in a Bklotho- and
HS-dependent fashion, exerting a negative regulatory effect on bile
acid metabolism. Specifically, FGF19 inhibits the biosynthesis of bile
acids from cholesterol, thus downregulating the size of the bile acid
pool”*"2, Accordingly, FGF19 holds therapeutic potential in treating
diseases suchasbile acid stagnation and primary biliary cholangitis'”.

FGF19 is also a postprandial regulator of hepatic protein and
glycogen synthesis. It functions by inducing dephosphorylation
and hence inactivation of the transcription factor cAMP-response
element-binding protein (CREB); this effectis insulin-independent”*"”,
Fgf19”" mice are unable to maintain blood glucose concentrations,
exhibiting decreased liver glycogen content and glucose intolerance'”.
Recent research has also revealed that FGF19 can regulate metabolic
syndrome by acting in the CNS. I.c.v. injection of FGF19 can pro-
duce powerful anti-diabetic effects, including improving glucose
tolerance, reducing food intake and weight, and increasing energy
expenditure>”7 % Interestingly, FGF19 canalso stimulate water intake
through signalling in the central nervous system'’, while sending
signals of satiety to the brain to suppress foraging-like behaviour',

Pharmacological studies in mice have confirmed FGF19 to be an
important regulator of lipid metabolism. FGF19 induces weight loss
independently of uncoupling protein 1 (UCP1), by inhibiting bile acid
synthesis and subsequently reducing dietary lipid absorption'®>. Post-
prandially, FGF19 can regulate intestinal lipid phagocytosis through
either the SHP-TFEB axis or SHP-LSD1 axis to lower postprandial
triglyceride levels. It can also inhibit SREBF2 through SHP, thereby
suppressing the expression of intestinal NPC1L1 and postprandial
cholesterol absorption, thus regulating lipid metabolism'* %, FGF19
inhibits hepaticlipogenesis by activating DNMT3A through SHP, a pro-
cessthatisderegulated inindividuals with metabolic associated fatty
liver disease (MAFLD)'®". In addition, FGF19 is crucial for maintaining
cholesterolhomeostasis and preventing atherosclerosis through SRC
phosphorylation of hepatic FXR'*®, Moreover, FGF19 can also promote
browning of WAT and adaptive thermogenesis'®’.

The effects of FGF19 on skeletal muscle are also emerging. In mice,
FGF19 has been shown to ameliorate skeletal muscle atrophy induced
by glucocorticoid treatment or obesity, as well as sarcopenia. This
effect is mediated by an increase in skeletal muscle mass, the size of
fibres in the soleus and grip strength'®'!. In an experimental cer-
ebral palsy model, FGF19 restored musculoskeletal and locomotor
dysfunction'®* These findings suggest that FGF19 may be a poten-
tial therapeutic candidate for muscle wasting caused by glucocorti-
coids, ageing, cachexia or obesity, as well as for locomotor disorders
associated with cerebral palsy.

FGF19-based drug discovery. FGF19 possesses the highest HS-binding
affinity among its subfamily members, potentially allowing this
ligand to cross the receptor dimerization threshold required for a
mitogenic signal”. Indeed, FGF19 overexpression is implicated in

hepatocellular carcinoma'®, lung cancer'®*, colorectal cancer'®,
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Table 3 | FGF19-based therapeutics

Name (company or institution) Engineering or composition Features and applications Refs.
FGF19-4 (Amgen Inc) Replace N terminus amino acids 38-42 to 41-43 Selectively lost its ability to induce FGFR4- 198
of FGF21 and heparin-binding domain amino acids = mediated hepatocyte proliferation but retained its
50-57 to 51-57 of FGF21 ability to modulate glucose regulation
Treatment of diabetes and obesity
FGF19V (Genentech, Inc) 1-20 amino acids of FGF21 fused with 25-194 Shows diminished mitogenic activity but intact 200
amino acids of FGF19 metabolic function
Treatment of diabetes and obesity
FGF19%FCR; FGF192K8 or Partial defect in binding affinity to FGFR Incur a dramatic loss in mitogenic activity, yet 202
FGF19%"8S(Wenzhou Medical (FGF19%F°™: Y115A) and its coreceptors, i.e., are indistinguishable from FGF19"" in eliciting
University) Bklotho (FGF19%8; D198A) or heparan sulfate glycaemic control and regulating bile acid
(FGF19%HES; K149A) synthesis
Fibapo (CIMA-University of A fusion protein encompassing FGF19 coupledto  Fatty liver regeneration 319

Navarra)

human ApoA-lin its C terminus

Aldafermin? (also named
NGM282 and M70) (NGM

Three amino acid substitutions (A30S, G31S and
H33L) and a five-amino acid (P24-S28) deletion in

Treatment of various metabolic and liver diseases,
including MASH, stage 2 or 3 liver fibrosis, bile

9,173,201,209

Biopharmaceuticals) N-terminal

acid diarrhoea, primary sclerosing cholangitis

FGF, fibroblast growth factor; FGFR, FGF receptor; HBS, heparan sulfate binding sitek; MASH, metabolic syndrome-associated steatohepatitis; WT, wild type. °Agent in clinical trials.

196 197

pancreatic cancer”° and gallbladder carcinoma™’. Accordingly, devel-
oping non-mitogenic versions of FGF19 has been a primary focus in
FGF19-based drug development'®'°, Table 3 provides an overview of
current and past FGF19-related drug discovery efforts. Unlike the inher-
ently non-mitogenic FGF21 which selectively activates FGFR1c, FGF19
can redundantly signal via both FGFR1c and FGFR4. This has fuelled
the speculation that mitogenic and metabolic effects of FGF19 are car-
ried out by FGFR4 and FGFR1c, respectively. By swapping sequences
between FGF19 and FGF21, an FGF19-FGF21 chimaera, named FGF19-4,
was engineered in which the N-terminal tail and HS-binding site of
FGF19 are replaced by those of FGF21 (ref. 198). Another chimaera,
FGF19V, was engineered by fusing the N terminus of FGF21 to the core
of FGF19 (ref. 200). Those chimeras were shown to have selectively
lost the ability to activate FGFR4 while remaining active on FGFRIc.
The FGF19-4 chimaera was shown to be devoid of mitogenic activ-
ity while retaining the full metabolic activities of FGF19'%, Likewise,
aldafermin (also named NGM282 and M70), a non-mitogenic FGF19
variant, was engineered by modifying the N-terminal tail of FGF19,
including a 5 N-terminal deletion (AP24-S28) and 3 amino acid sub-
stitutions (A30S, G31S and H33L)*". Recent structural studies of the
FGF23-FGFR-aklotho-HS quaternary complexes have shown that the
N-terminal tail of endocrine FGFs engage secondary FGFR, thereby play-
ing an important role in stabilizing asymmetric FGFR dimerization'®.
Thus, it is conceivable that the N-terminal tail alterations in FGF19-4,
FGF19V and aldafermin diminish the receptor dimerization potential
of these molecules to alevel that is below the threshold necessary for
amitogenicresponse, but thatis still sufficient for metabolic activity.
Based on the threshold model, the receptor dimerization potential of
FGF19 was calibrated by targeting the HS, FGFR and Bklotho co-receptor
binding sites of FGF19, resulting in FGF19 variants that retain the ben-
eficial glucose-lowering and bile acid regulatory activities but have
severely impaired mitogenic activity?**

As the only FGF19 analogue that has entered clinical trials, alda-
fermin demonstrates promising therapeutic potential for cholestatic
liver diseases and MASH?®. Notably, patients with MASH and com-
pensated cirrhosis who underwent 48 weeks of aldafermin treatment
also showed improvements in stage of fibrosis. Aldafermin s the first
drugto exhibit beneficial effects in MASH patients with compensated

cirrhosis***. However, it shows no anti-diabetic effects, and some of its

benefits dissipate once treatment is discontinued”®. Regarding drug
safety, diarrhoea, abdominal painand nausea were the most frequently
reported adverse reactions during clinical trials**°. However, these
unexpected effects have broadened the application of the FGF19 ana-
logue to functional constipation*”. Inaphasell clinical trial, aldafermin
was found to accelerate gastricemptying and colonic transit, thereby
increasing bowel movement frequency’”’. However, the mechanism
involved remains unclear and requires further studies. In addition,
aldafermin inhibits bile acid synthesis by suppressing CYP7A1, which
typically resultsin elevated serum cholesterol levels. Indeed, increases
in LDLC (low-density lipoprotein cholesterol) were observed not only
in MASH patients but also in healthy volunteers administered with
aldafermin®*®?°?, Combination therapy with rosuvastatin and alda-
fermin has been shown to reduce plasma total cholesterol and LDLC
levels, while elevating HDLC (high-density lipoprotein cholesterol)
levels”°. Recently, amouse-based study revealed proliferative lesions
in hepatocytes overexpressing MYC only four days after aldafermin
administration”". Therefore, future development of FGF19 analogues
need more careful evaluation of their safety profile and potential
interactions with certain oncogenic mutations.

FGF23

FGF23is primarily synthesized and secreted by osteocytes and osteo-
blasts in the bone. It circulates through the bloodstream to reach its
target tissues and organs, namely the kidneys and parathyroid glands,
to maintain mineral and vitamin D homeostasis. FGF23 inhibits phos-
phatereabsorptioninthekidneys, reduces the production of1,25-dihy-
droxyvitamin D, inhibits the production of parathyroid hormone and
promotes calcium reabsorption*? (Fig. 2b). Underscoring the impor-
tance of maintaining phosphate and vitamin D concentrations within
anarrow range, FGF23 bioactivity is tightly regulated by acomplex set
of post-translational events. Most notably, a furin protease inactivates
FGF23 by cleaving it at a specific motif R7*HTR°S™° at the bound-
ary between the core of FGF23 and its 72 amino acid long C-tail; the
latter houses the mandatory aklotho binding site (Supplementary
Fig.1). Therate of this cleavage is modulated by glycosylation at Thr178
by GalNAc-T3, and phosphorylation of Ser180 by Fam20C kinase.
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Glycosylation protects FGF23 from cleavage by furin protease, while
phosphorylation prevents glycosylation®*>?"*, This intricate balance
of proteolysis (furin), phosphorylation (Fam20C), and glycosylation
(GalNAc-T3) ensures dynamic regulation of FGF23 homeostasis in vivo.

The structural basis for how FGF23 binds and dimerizes each
of its three cognate FGFRs (that is, FGFR1c, FGFR3c and FGFR4) in a
HS-dependent and aklotho-dependent manner has been comprehen-
sively elucidated. Briefly, aklotho and HSPG coreceptors enable FGF23
toinduce asymmetric 1:2 FGF23-FGFR dimerization, which is manda-
tory for FGFR kinase activation and hence signalling’®*’. Compared
to FGF19 and FGF21, the FGF23 C-tail is longer and has been shown to
contain two distinct binding sites for aklotho*>*'° (Supplementary
Fig.1). However, based onthe current structural information, onlysite1,
which corresponds to the single site in FGF19 and FGF21 for Bklotho,
engages aklotho to enhance FGF23-FGFR binding (Supplementary
Fig.1). Thus, therole of site 2 in FGF23 signalling remains unknown.

Dysregulated FGF23 levels can lead to a spectrum of congenital
bonedisorders. For example, mutations affecting the RxxR motifinhibit
proteolytic cleavage of FGF23, leading to an elevation of intact FGF23
levels in autosomal dominant hypophosphataemic rickets syndrome.
Likewise, mutations in genes such as Enppl, Phex, and Dmpl1 result
in excessive levels of serum FGF23, leading to hypophosphataemic
osteomalacia?”’. Conversely, destabilizing mutations in FGF23 lead to
reduced|levelsofintact FGF23, giving rise to hyperphosphataemicfamilial
tumoural calcinosis (HFTC) and hyperlipidaemia hyperphosphataemia
syndrome (HHS), inherited autosomal recessive diseases? 22,

Anincreased FGF23 serum level is also implicated in acquired
diseases such as CKD. Clinical studies have shown that an elevated
FGF23 level is an independent risk factor for the high incidence and
mortality of CKD and its complications****, In individuals with CKD,
FGF23 serumlevelsincreaseintheearly stages of disease, even before
the onset of hyperparathyroidism and hyperphosphataemia, both of
which are hallmark sequelae of CKD?*. As the disease progresses to
end-stagerenal disease, the level of FGF23 can evenreach1000- times
the normal level®*, Parathyroid hormone®”, calcitriol** and dietary
phosphate?” have been confirmed as important regulators of FGF23
production in CKD*®, In recent years, the regulatory effect of inflam-
mationandirondeficiency on FGF23 levelsin CKD has gradually gained
attention””. Inflammation increases Fgf23 transcription by activating
HIF1a signalling?°* and this process occurs at the onset of CKD in
mice®*. The inflammatory cytokine TNF also leads to an increase in
systemic FGF23 levels and triggers ectopic expression of renal FGF23
in CKD animal models**. Theinductive effect of inflammation on FGF23
may also be mediated by nephrotoxin gelatinase-associated lipocalin
(NGAL; also known as lipocalin 2 and LCN2, the mouse homologue)
produced by the kidney. In agreement with this, inhibition of LCN2 can
reduce FGF23 and improve the prognosis of CKD?*. In addition, exog-
enous glycerol-3-phosphate (G-3-P) stimulates the production of FGF23
inbone and bone marrow by mediating the synthesis of lysophospha-
tidicacid (LPA) through local G-3-P acyltransferase (GPAT)**. Further
exploration of the molecular basis for the elevation of FGF23 levels dur-
ing CKDshould helpidentify approachestointerveneinthe pathological
changein FGF23 levels.

FGF23 promotes cardiovascular disease in renal-cardiac syn-
drome. Gradually elevating FGF23 levels contribute directly to the
high incidence and mortality of left ventricular hypertrophy (LVH)
in patients with CKD and promote atrial fibrillation*”**%, However,
LVH can also elevate intact FGF23 in the myocardium and serum, fur-
ther aggravating the pathological process*. Mechanistically, FGF23

directly regulates the membrane abundance of the Na*-ClI cotrans-
porterindistal tubulesleading to volume expansion, hypertension and
cardiac hypertrophy®*°. Alternatively, FGF23 promotes the progres-
sion of LVH through a aklotho-independent mechanism by activating
FGFR4, and this FGF23 and FGFR4-mediated LVH s reversible*"***, Solu-
ble aklotho and HS, each serving as FGF23 coreceptors, have opposing
effects onthe pathological activity of FGF23. Soluble aklotho mitigates,
while heparin promotes, FGF23-induced cardiac hypertrophy, further
supporting the aklotho-independent cardiovascular pathological
activity of FGF23 (ref. 243). Notably, the role of FGF23 in cardiovascular
diseaseinrenal-cardiac syndromeis dependent onrenalinsufficiency,
as elevated circulating FGF23 without renal disease does not increase
therisk of cardiovascular disease*****, On the contrary, FGF23 has even
been found to have a protective effect on heart failure*,

FGF23-related drug discovery. FGF23is recognized as a master regu-
lator of phosphate and vitamin D homeostasis and therefore holds
substantial drug development potential in diseases with dysregu-
lated phosphate metabolism. For example, FGF23 could be harnessed
for protein replacement therapy to correct hyperphosphataemia
in patients with HFTC or HHS. In this regard, FGF23 has higher affinity
for HS relative to FGF21, and therefore should have a stronger ability
toinduce receptor dimerization than FGF21. Indeed, FGF23 has been
shown to possess mitogenic activity in intestine, skin and spleen tis-
sues, but notin the kidney*’. Hence, one might anticipate that enhanc-
ingthe safety profile of FGF23 by manipulatingits affinity forits FGFRs,
andits aklotho and HSPG coreceptors, will be animportant strategy in
the process of developing FGF23 as a drug. However, with the exception
of HFTC and HHS, FGF23 is mostly implicated in promoting disease.
Accordingly, development of FGF23-related drugs has focused on
suppressing its activity (Table 4). In April 2018, the US FDA approved
the marketing of an FGF23 neutralizing monoclonal antibody drug
(burosumab) for the treatment of XLH, marking a notable milestone
in FGF23-related drug development'®. Notably, excess FGF23 exhibits a
close association with CKD and its cardiovascular comorbidity. There-
fore, FGF23 signalling inhibition may also become a new strategy for
the treatment of CKD and its complications.

Paracrine FGFs: past and future

Canonical paracrine FGFs were initially discovered via their potent abili-
tiestoinducefibroblast proliferation, new blood vessel formation and
differentiation of neuronal cells**®, Accordingly, early drug discovery
activitiesaimed to utilize paracrine FGFs for indications such as wound
healing, burns, traumaorischaemic disease, in which proliferation and
angiogenesis is desirable*”. Indeed, both FGF1and FGF2 are marketed
in Chinafor the treatment of burn wounds, chronic wounds and fresh
wounds, in the form of a cream or spray. Three FGFs, namely FGF7,
FGF10 and FGF20, have been investigated for the prevention of oral
mucositis (atrophy and inflammation of mucosal tissue), anegative side
effect experienced by cancer patients undergoing chemotherapy or
radiation therapy. Of these, only FGF7 (palifermin) has beenapproved
by the FDA for oral mucositis after intensive therapy for haematological
cancers**°. FGF10 (repifermin) and FGF20 (velafermin) have shown
potential activity against mucositis in a phase I/1l trial, but both were
terminated pending further research®'**>, Repifermin also failed in
aclinical trial for treating active ulcerative colitis***. However, topi-
cally applied repifermin successfully accelerated wound healing in a
clinical study of patients with venous ulcers, but follow-up studies are
lacking®>. FGF18 (sprifermin) has been explored for the treatment
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Table 4 | FGF23-related therapeutics

Name (company or institution) Engineering or composition Features and applications Refs.
Fc-FGF23 C-tail® (New York University) 72 amino acid carboxyl-terminal FGF23 peptide Treatment of hypophosphataemia and XLH 320-322
fusion with Fc Rescues bone mineralization and deposition
in mice with B-thalassaemia
AAV-cFGF23 (Genethon) An AAV8 vector expressing the carboxyl-terminal ~ Treatment of XLH 323
FGF23-albumin fusion with the coagulation
factor IX (clFIX) cleavable linker
Burosumab® (Kyowa Hakko Kirin Neutralizing FGF23 antibody Treatment of XLH, tumour-induced 324-327
& Ultragenyx Pharmaceutical) osteomalacia and cutaneous skeletal
hypophosphataemia syndrome
Zinc12409120, Zinc13407541 and their Small molecule inhibitor Treatment of hypophosphataemia 328-330

analogue 13a (Oak Ridge National
Laboratory & University of Tennessee)

AAV, adeno-associated virus; FGF, fibroblast growth factor; XLH, X-linked hypophosphataemia. *Agent received orphan drug designation. PAgent in market.

of osteoarthritis. A five-year FORWARD (FGF18 Osteoarthritis Rand-
omized Trial with Administration of Repeated Doses) phase Il clinical
trial has shown that sprifermin canincrease the thickness of cartilage
and reduce the Western Ontario and McMaster Universities Osteoar-
thritis Index (WOMAC) of pain®®*”, However, no further clinical study
has yet beeninitiated.

Other studies have tried to exploit the angiogenic properties of
FGF1and FGF4 to treat ischaemia. A plasmid encoding Fgf1 (NVIFGF)
was used for the treatment of critical limb ischaemia®®. A clinical study
showed that NVIFGF improved perfusion of end-stage lower-extremity
ischaemia in phase I and Il trials, but did not meet the endpointsin a
phase llltrial (TAMARIS)*’. A replication-deficient human adenovirus
serotype 5 that encodes human Fgf4 (Ad5FGF4) has been used for the
treatment of stable angina by promoting new blood vessel formationin
the heart®°. However, it exerted alow anti-ischaemic effect and raised
several issues in a phase Il pivotal registration trial, related to safety,
efficacy and delivery technique®'.

The repeated failures of clinical trials investigating paracrine
FGFs indicated that the development of paracrine FGF-based thera-
peutics is not achievable. However, the year 2012 marked a turning
pointin paracrine FGF drug discovery, when a new role for FGFlas a
regulator of adipose tissue remodelling, glucose homeostasis and
insulin sensitization was ascribed". Notably, neoendocrinization of
FGF1 was shown to exert a potent glucose-lowering effect in diabetic
mice without causing hypoglycaemia®. Since then, several additional
paracrine FGFs including FGF4, FGF6, FGF9, FGF16 and FGF10 were
found to possess similar FGF1-like metabolic activities (see Table 5).
These observationsignited interest in repurposing paracrine FGFs for
metabolic diseases. Notably, emerging datashows that the metabolic
regulatory functions of paracrine FGFs do not completely overlap with
those of endocrine FGFs, particularly in terms of efficacy and target
tissue activity. This suggests that paracrine FGFs could serve as an
importantalternative to endocrine FGFs for the treatment of metabolic
diseases. Moreover, while klotho dependency ensures target tissue
specificity of endocrine FGFs, it may also limit their drug development
potential, as klotho protein levels are often observed to decrease in
metabolic diseases?>%, Another key advantage of paracrine FGFs
over endocrine FGFs, is their longer half-life in vivo, which is attribut-
able to their greater structural and/or thermal stability. Accordingly,
paracrine FGFs are more robust for protein engineering. Additionally,
as discussed in the threshold model section, measures to attenuate
receptor activation have little impact on the metabolic efficacy of

paracrine FGFs. Structure-based uncoupling of paracrine FGF-induced
mitogenic and metabolic activities should effectively pave the way for
harnessing paracrine FGFs for the treatment of metabolic diseases.

FGF1subfamily

In2012 there was aseminal discovery that FGF1, the pan-FGFRligand, isa
physiological regulator of adipose remodelling and glucose homeosta-
sis, operating downstream of the adipose-specific PPARy transcription
factor and the mechanosensitive cationic channel Piezol (refs.11,266).
In normal mice, a high-fat dietinduces PPARy expression' and activa-
tion of Piezol (ref.266) in adipose tissues, thereby leading to enhanced
production and release of FGF1from adipose tissue. FGF1 promotesthe
differentiation of preadipocytes, regulates adipose tissue remodelling,
enhances insulin sensitivity and restores glycaemic homeostasis'->*°.
The Fgf1knockout mice develop asevere insulin-resistant and diabetic
phenotype". Moreover, FGF1fails to elicit aglucose-lowering effectin
Fgfr1 KO mice®®, pinpointing the FGFR1isoform as the principal recep-
tor transmitting the anti-hyperglycaemic effects of FGF1in vivo. The
hypoglycaemic effect of FGF1 can be divided into acute hypoglycae-
mia after asingle injection and chronic hypoglycaemia after multiple
administrations*” A single subcutaneous injection of FGF1resultsina
potent, insulin-dependent reductionin glucose levelsin diabetic mice,
and increasing the dose does not lead to hypoglycaemia®®*. Chronic
FGF1treatment enhancesinsulin-dependent glucose uptake in skeletal
muscle and suppresses hepatic glucose production, achieving systemic
insulin sensitization?*>. However, the dependency of the hypoglycae-
mic effect of FGF1 on insulin remains a contentious issue. One study
reported thatboth acute and chronic FGF1administration candirectly
increase insulin-independent glucose uptake in adipocytes*”. Spe-
cifically, acute FGF1administration activates GLUT4 through crosstalk
between MEK1/2 and AKT signalling pathways, while chronic FGF1
administrationincreases GLUT1 transcription by activating MEK1and
MEK2 (ref. 267). In another study, FGF1 was found to inhibit lipolysis
by activating phosphodiesterase 4D (PDE4D) in adipocytes, thereby
reducing hepatic glucose production®®, Furthermore, FGF1 has been
reported to promote glucose uptake in skeletal muscle by increasing
GLUT4 abundance on the cell surface®”. Notably, asinglei.c.v. injection
of FGF1 at one-tenth the peripheral dose can correct hyperglycaemia
in diabetic mice and maintain normoglycaemia for over 17 weeks'.
Mechanistically, glucoregulatory neurons and associated circuitsin the
hypothalamicarcuate nucleus are the effector sites for the anti-diabetic
properties of centrally injected FGF1 (refs. 270-272). Although the

Nature Reviews Drug Discovery


http://www.nature.com/nrd

Review article

precise mechanism of glucose sensing and glucose regulation at these
sites remains undetermined, these studies suggest a potential link to
preserving 3-cell function and increasing hepatic glucokinase activity
to promote hepatic glucose uptake”> ",

Remarkably, chronic FGF1treatment does notinduce the adverse
effects seen with the use of the insulin-sensitizing thiazolidinedione
drugs such as weight gain, heart failure and bone loss. However,
FGF1is a potent mitogen capable of causing proliferation of vari-
ous cells and tissues, therefore chronic treatment with FGF1is not a
therapeutic option because of tumorigenicrisk. To mitigate thisissue,
various modifications have been introduced into FGF1 to reduce its
FGFRbinding promiscuity and receptor dimerization capacity. FGF1*"",
which carries a deletion of the 24 residue-long N-terminal tail, was an
initial variant to be generated. According to the asymmetric FGFR
dimerization model, the N-terminal tail of FGF1is predicted to engage
the secondary FGFR thus contributing to receptor dimer stability. How-
ever, the N-terminal tail of FGF1 plays a less critical role in dimerizing
FGFRI1c than other FGFR isoforms. Indeed, FGF1*N" incurred a major
lossininits ability to activate all FGFRs while retaining sufficient albeit
reduced ability to activate FGFR1c. Consequently, FGF1*NT acted as a
partial agonist capable of achieving alow threshold of FGFR1c dimeriza-
tionand activation, sufficient toinduce an anti-hyperglycaemic effect
but not a mitogenic response®, Likewise, an FGF1 variant, FGF15"},

hasbeenreported to demonstrate reduced mitogenic stimulation and
an extended duration of glucose-lowering effects in ob/ob hypergly-
caemic mice, compared with FGF1. This is attributed to the phospho-
rylation of serine 116 which affects the HS-binding affinity, stability
and structural dynamics of FGF1 (ref. 275). Another non-mitogenic
FGF1analogue, termed FGF1*M®S, was generated by substituting three
key residues from the HS-binding site of FGF1in order to dampen its
ability to induce FGFR dimerization, while preserving its metabolic
activity?”*?”’. To further enhance its safety profile, FGF1*"® was fused
with the C-tail of FGF21, so as to primarily target the fklotho-expressing
tissues, including adipose tissue. The FGF1*H8S-FGF21 C-tail chimaera
exerted abeneficial effectin hyperglycaemic controland inameliorat-
inginsulinresistance in diabetic mice and monkeys”**°. Inaddition to
powerful glucose-lowering effects, native FGF1 (ref. 280) and FGF1"8%
(ref. 281) protect from MAFLD in mouse models of T2D and obesity.
The protective effect of FGF1*" is mediated via AMPK activation and
is FGFR4-dependent, unlike its anti-diabetic activity which is FGFR1-
dependent®®. Similar approaches have been adopted to endocrinize
FGF2, by diminishing its HSPG affinity and by chimerizing it with the
endocrine FGF C-terminal tail (for example, FGF22H8S, FGF2*HBS-FGF21
C-tail chimaera and FGF22"85-FGF23 C-tail chimaera), for the treatment
of metabolic disorders®*>. However, these FGF2 partial agonists have
yettobe evaluated in preclinical settings.

Table 5 | Paracrine FGFs and their metabolic effects

FGF Target tissue Metabolic effects Modifications or constructs Refs.
FGF1 Adipose Increases glucose uptake and insulin sensitivity in adipose tissue by inducing FGF12NT 1,262,
preadipocytes to adipocyte differentiation and upregulating GLUT1 and GLUT4 FGF1aHBS 266,267
expression in FGFR1-dependent manner FGF1M8S_FGF21%! chimaera
Muscle Stimulates glucose uptake by promoting GLUT4 cell surface abundance via 269
FGFR1-AMPK pathway
Adipose-liver Reduces hepatic glucose production by inhibiting lipolysis via FGFR1-PDE4D pathway 268
Brain Enhance hepatic glucose uptake by stimulating glucoregulatory neurons 16,270-272
FGF4 muscle Enhances glucose uptake by increasing GLUT4 cell surface expression and via FGF4ANT 269
FGFR-AMPK pathway
Brain Promotes peripheral skeletal muscle glucose uptake by activating glucose sensitive 13
neurons
Liver Activates FGFR4-AMPK-Caspase6 signalling axis thereby leading to enhanced fatty acid 283
oxidation, reduced hepatocellular apoptosis and mitigation of liver damage
FGF6 Adipose Upregulates UCP1 expression in adipocytes and preadipocytes via activating FGFR3; Adeno-associated 14,289
acts as a proliferative factor for PDGFRa" adipose progenitor cells via ERK signalling, virus serotype 9-FGF6
thereby maintaining fat homeostasis and insulin sensitivity (AAV9-FGF6)
Muscle Regulates skeletal muscle protein synthesis and metabolic homeostasis by activating 290,291
mTOR signalling; participates in iron metabolism in skeletal muscle and impacts
transcriptional regulation of hepcidin through the activation of FGFR1
FGF9 Adipose Upregulates UCP1 expression in adipocytes and preadipocytes via activating FGFR3 Adenovirus-mediated FGF9 14
. . . . . R R . . . overexpression -
Liver Alleviates hepatic steatosis and improve insulin sensitivity and glucose intolerance in 292
diet-induced obese mice
FGF16 Adipose Improves the metabolic phenotypes in diet-induced obese mice via inducing the None at present 15
expression of UCP1in adipose tissue
Breast cancer  Elevates GLUT3 expression and stimulate PFKFB4, leading to enhanced glycolysis and 293
ultimately boosting the invasive capabilities of tumour cells
FGF10 Adipose Promotes differentiation of beige adipocytes via FGFR2b None at present 295
Liver Stimulates lipolysis and diminishes liver lipid accumulation through AMPK 296

FGF, fibroblast growth factor; FGFR, FGF receptor; HBS, heparan sulfate binding site; NT, N-terminal tail; PDGFR, platelet-derived growth factor receptor; PFKFB4, 6-phosphofructo-2-kinase/

fructose-2,6-bisphosphatase 4; UCP1, uncoupling protein 1.
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FGF4 subfamily

FGF4 has emerged as another potent anti-hyperglycaemic molecule
Inmice, FGF4 and FGF1exerted superior glycaemic control compared
with FGF21, by stimulating glucose disposal in the skeletal muscle,
which expresses abundant FGFR1c but only a low level of Bklotho®®.
Mechanistically, FGF4 upregulates the cell surface abundance of GLUT4
via AMPKa signalling. Long-term treatment with FGF4 improves glu-
cose intolerance and suppresses adipose-mediated inflammationin
macrophages®®. It is noteworthy that, unlike FGF1, FGF4 treatment
does not impact food intake in mice. This could be due to the more
restricted receptor binding specificity of FGF4, which only binds to
the ‘¢’ splice isoforms of FGFR but spares the ‘b’ isoform>®’,

Reminiscent of FGF1, a single i.c.v. injection of low dose FGF4
achieved sustained diabetes remissionin T2D mice, withoutinducing
weightloss or hypoglycaemia®. Mechanistically, FGF4 stimulates hypo-
thalamic neurons, rather than astrocytes, to lower blood glucose levels.
FGFR1wasidentified as the principal mediator, as neuronal Fgfr1 dele-
tion abolished the glucose-lowering effect of FGF4 (ref. 13). Intranasal
delivery of FGF4-encapsulating liposomes alleviated hyperglycaemia
and improved insulin sensitivity for over 2 months”. These intriguing
data offerinsights into the potential treatment of metabolic disorders
with paracrine FGFs.

In addition to its anti-diabetic effect, FGF4 is recognized as a
critical player in hepatocyte homeostasis in both mouse models and
in humans. Expression of hepatic FGF4 is inversely associated with
NAFLD pathology, and hepatic-specific Fgf4 deficiency exacerbates
the phenotype of NALFD under chronic high-fat diet challenge®®*.
By contrast, hepatic Fgf4 deficiency only showed a subtle effect in
mice under normal dietary conditions. Long-term FGF4 treatment
decreased hepatic steatosis, liver damage and weight ratio in high-fat
diet challenged mice. Mechanistically, the beneficial effects of FGF4 are
thought to be mediated via hepatic FGFR4 activation. FGF4 functions
asastress-responsive protein upon liver damage, viaactivation of the
FGFR4-AMPK-Caspase 6 signalling axis, shedding light on poten-
tial strategies for treating NAFLD and NASH?®, It remains to be seen
whether the beneficial metabolic effects of FGF4 observed in mice is
translatable to humans, as this would require mitigating its undesired
mitogenic activity: high FGF4 expression levels are strongly associ-
ated with cancers including gastrointestinal stromal tumours?*?%,
lymphoma invasiveness®* and chemoresistance®”. As in the case of
FGF1, non-mitogenic FGF4 variants could be engineered by dampening
the receptor dimerization and signalling threshold of FGF4. Notably,
truncation of the FGF4 N-terminal tail, whichis predicted to participate
in receptor dimerization, eliminates its ability to cause hepatocyte
proliferationin mice without affecting beneficial metabolic effects?®.

Recent studies haveimplicated FGF6, another member of the FGF4
subfamily, in adipose tissue metabolism™. Based on a high-throughput
library analysis of secreted peptides, FGF6 and FGF9 were found to act
asadipokines toupregulate UCP1expressioninadipocytes and preadi-
pocytes. Notably, systematic knockdown experimentsin mouse brown
preadipocytes indicate that Fgfr3, but not Fgfr1 or Fgfr4, impairs the
ability of FGF6 and FGF9 to induce UCP1 expression'. Thus, in contrast
to FGF1 and FGF4 which work via FGFR], the effect of FGF6 and FGF9
appears to be predominantly mediated by FGFR3. Mechanistically,
FGF6 and FGF9 promote UCP1expression viainduction of prostaglan-
dinE2biosynthesis'. Further study has shown that FGF6 acts as a prolif-
erative factor for platelet-derived growth factor receptor-o (PDGFRa)*
adipose progenitor cells via ERK signalling, thereby maintaining fat
homeostasis and insulin sensitivity*. Specific FGF6 overexpression

269

ininguinal white adipose tissue in mice ameliorated the phenotype of
insulinresistance and adipose hypertrophy in high-fat diet models or
ageing models. Thus, FGF6 canbe considered as apotential therapeutic
to combat features of the metabolic syndrome such as obesity, T2D and
cardiovascular disease'***°. In addition to effects on adipose tissue,
FGF6isalsoinvolvedinskeletal muscle metabolism®*°. Through inves-
tigation of epigenetic modifications in individuals with obesity, the
FGF6 promoter was found to be hypermethylated in skeletal muscle*°.
Fgf6 overexpression in mouse skeletal muscle exhibited beneficial
effectsincluding simulating protein synthesis and preventing weight
gain and insulin resistance in obese animals®°. Interestingly, FGF6
also participates in iron metabolism in skeletal muscle and impacts
transcriptional regulation of hepcidin through the activation of FGFR1
(ref. 291). FGF6 downregulation has been linked to iron-metabolism
disorder in cancer cells and systemic sclerosis®”, thus extending the
metabolicrole of paracrine FGFs beyond glucose and lipid homeostasis.

FGF9 subfamily

As mentioned above, FGF9 (along with FGF6) was identified as an adi-
pokine by a high-throughput library analysis of secreted peptides from
abrown preadipocyte cell line'. More recently, adenovirus-mediated
FGF9 overexpressionintheliver of diet-induced obese (DIO) mice was
showntoalleviate hepatic steatosis and improve insulin sensitivity and
glucoseintolerance®”. Likewise, using a cell-based high content screen-
ing technology, FGF16 — another member of the FGF9 subfamily —
wasidentified asanew metabolic regulator. Overexpression of FGF16
improved the metabolic phenotypesin DIO mice viainduced expression
of UCP1inadipose tissue®. Intriguingly, FGF16 has been found to elevate
GLUT3 expression and stimulate 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 4 (PFKFB4), leading to enhanced glycolysis and
ultimately boosting the invasive capabilities of breast cancer cells®”.
Unlike the FGF1and FGF4 subfamilies, the FGF9 subfamily undergoes
an autoinhibitory dimerization, which strongly suppresses its ability
to induce FGFR dimerization**. Accordingly, mitogenic activity may
not pose amajor concern for the clinical translation of FGF9 subfamily
members for metabolic disorder therapy.

FGF7 subfamily

Afewstudies haveimplicated FGF10,a member of the FGF7 subfamily,
as yet another adipokine that partakes in adipose tissue homeostasis
and lipometabolism. FGF10 was found to mediate the inhibitory effect
of miR-327 onthe differentiation of beige adipocytes*”, implying that
the miR-327-FGF10-FGFR2b axis may represent a potential target
for the treatment of metabolic diseases. A study examining protec-
tive effects of betaine on high-fat diet-induced MAFLD has found that
betaine stimulateslipolysis and diminishesliver lipid accumulation by
increasing FGF10 expression and subsequent downstreamactivation of
AMPK?>*, Notably, as FGF10 selectively activates the ‘b’ splice isoform of
FGFR2 andtoalesser extent of FGFR1, these studies alsoimplicate the
‘b’isoforms of FGFR1and FGFR2 in metabolic homeostasis. It remains
tobeseenwhether other FGFR ‘b’ isoform ligands such as FGF3, FGF10
and FGF22 have similar metabolic properties.

Challenges and future directions

Cumulative datashowing that multiple paracrine FGFs possess meta-
bolic activities has motivated further investigation of these FGFs as
potential therapeutics for metabolic diseases. However, the applica-
tion of these paracrine FGFs is faced with multiple challenges related
to functional pleiotropy, target tissue promiscuity and delivery.
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Functional pleiotropy

The multifaceted biology of paracrine FGFs is attributable to the ubiq-
uitous expression of their cognate FGFR isoforms and HSPG core-
ceptors across tissues, as well as their FGFR binding promiscuity. As
noted above, a low threshold of FGFR1c dimerization and activation
in adipose and muscle tissues is sufficient for therapeutic metabolic
activity". Notably, biochemical and structural studies have revealed
measurable differences in the abilities of paracrine FGFs to bind, dimer-
ize and hence activate their multiple cognate FGFR isoforms***”, These
observations provide a framework for the design of new paracrine
FGFs as partial but specific agonists of FGFRIc, ultimately untangling
the pleiotropicactivities of paracrine FGFs. For example, FGF1is more
potentindimerizing and activating FGFR1c than FGFR4. It follows that
FGF1variants, such as FGF1*"®5, will be disproportionately impaired
insignalling through FGFR4 rather than FGFRI1c. Consistent with this
prediction, FGF1*"® incurs a major loss inits ability to induce hepatic
proliferation where FGFR4 is predominantly expressed. However,
FGF1%"8 preserves the full anti-hypoglycaemic activity of native FGF1,
as this activity is mediated via FGFR1c signalling in the muscle and
adipose tissues”®. Thus, one strategy to minimize functional pleiot-
ropy would be to calibrate the dimerization potential of paracrine
FGFs such that only the receptor of interest (that is, FGFR1c) can be
activated. Likewise, based on the threshold model, tissues and cells
with lower FGFRIc expression will exhibit heightened sensitivity to
fluctuations in FGF-induced dimerization and signalling strength.
Thus, partial FGF agonists should selectively lose their ability to act
onlow FGFRIc expressing tissues and cells, while exerting activity on
tissues and cells with abundant FGFR1c expression such asin adipose
and muscle tissues.

Our current understanding of the threshold model is qualitative
at best. Harnessing the full translational potential of paracrine FGFs
would require definition of the specific receptor dimerization thresh-
olds necessary for transduction of different biological activities of
paracrine FGFs. Therefore, efforts must be made to derive acompre-
hensive quantitative relationship curve between various biological
activities of FGFs and their required FGFR dimer stability and longev-
ity. In practical terms, variants of a given paracrine FGF that possess
graded abilities to dimerize a cognate FGFR should be generated and
their various activities (that is, mitogenic, differentiation and meta-
bolic) should be evaluated in relevant cell lines and in vivo models.
In parallel, thermodynamics and kinetics of binding interactions
betweenreactants, namely FGF-FGFR, FGF-HS, FGFR-HS, should be
characterized using techniques such as surface plasmon resonance
and calorimetry, and the stability of the resulting 1:2 FGF-FGFR dimer
should be analysed by techniques such as differential scanning calo-
rimetry and thermal shift assays. Emerging technologies such as big
dataanalytics and artificial intelligence could be applied to establish
the receptor dimerization thresholds necessary for different biologi-
calactivities of FGFs. Attesting to the potential value of artificial intelli-
gencein FGF drug discovery, computational approaches were recently
applied to design ade novo multivalent FGFR binding protein capable
ofinducing Ca® release and MAPK activationin a valency-dependent
and geometry-dependent manner®®. Quantification of the expres-
sion levels of FGFR isoforms in tissues and organs would also aid in
overcoming functional pleiotropy of paracrine FGFs. Comprehensive
knowledge of FGFR expression patterns or levels in whole organisms
will help to match partial agonists to the receptor expression levelsin
the intended target tissue, thus minimizing the negative side effects
of functional pleiotropy.

Target tissue promiscuity

The ubiquitous expression of FGFRs in human tissues poses a formi-
dable barrier for targeted drug delivery. Thus, the success of clinical
translation of paracrine FGFs will be strongly dependent on developing
approachesto ensure that FGF-based therapies reach theirintended tar-
gets with precision, minimizing off-target effects and maximizing thera-
peutic efficacy. Unlike paracrine FGFs, FGF hormones depend on the
klotho co-receptor tobind, dimerize and activate their cognate FGFRs.
Co-receptor dependency confines the site of FGF hormone action only
tothose tissues and organs that express the klotho co-receptor®®. Struc-
tural studies have shown that binding of FGF hormones to the klotho
co-receptor is mediated by the C-terminal tail of the FGF hormone®.
This information has been exploited to devise a paracrine-endocrine
chimerization strategy whereby the core of paracrine FGF (endocinized
by introducing mutationsintoits HS-binding site) is fused to the C-tail
of the FGF hormone, which homes the chimaera specifically to the
klotho-expressing tissues”***2, Antibody-drug conjugation provides
another potential alternative solution to achieving tissue specificity®”’.
Coupling with an antibody that recognizes the klotho co-receptor or
some other biomarker proteininagiven target tissue should allow for
paracrine FGFs to preferentially accumulate and act in the intended
target organ. Additionally, the rapid advancementsin targeted delivery
and controlled release technologies utilizing new biomedical materials
such as microspheres, liposomes, lipid nanoparticles and hydrogels
for biopharmaceuticals also provide feasible approaches to target
paracrine FGFs to specific tissues®° %,

Delivery routes

Growing evidence implicates the CNS in glycaemic control by FGFs.
For instance, a singlei.c.v. injection of FGF4 or FGF1 can produce a
sustained hypoglycaemia effect’>'. Likewise, i.c.v. injection of FGF19
exerts powerful anti-diabetic effects, including improved glucose tol-
erance, reduced food intake and body weight, and increased energy
expenditure”®"”°, Therefore, future drug discovery efforts should focus
onthe development ofinnovative methods to bypass the blood-brain
barrier and facilitate central drug administration®*. Progress in this
regard has been made by using flexible nano-liposomes loaded with
FGF4 that can be administered nasally”. Although this approach suc-
cessfully delivers FGF4 to the brain, it comes with some compromise
inthe overall efficacy of the drug. Fortunately, recent advancements
in delivery systems offer promising alternatives. Technologies like
neurotransmitter-derived lipid systems®*, adeno-associated virus
(AAV) variants AAV.CAP-B10 (ref.305) and AAV.CPP.16 (ref.306), siRNA
nanoparticle delivery®” and focused ultrasound intranasal delivery
methods’® show potential in overcoming the blood-brain barrier
challenge. These emerging delivery methods hold promise for central
administration of FGFs, but their translation from the lab to the clinic
requires extensive validation.

Outlook

The last 15 years have witnessed remarkable advances in our under-
standing of the molecular mechanisms, physiology, pharmacology and
therapeutic activities of both endocrine and paracrine FGFs. An ever
increasing number of endocrine FGF variants and mimics have been
developed that overcome the poor pharmacokinetic profiles of their
parent counterparts. The success of pegozafermin (a pegylated formu-
lation of FGF21) for MASH in phase IIb trials has boosted confidence
in FGF hormone-based therapies. Only manageable adverse effects
(nauseaand diarrhoea) are seen with pegozafermintherapy, supporting
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the safety profile of FGF21-based therapy in humans. Other variants,
however, show only a rather modest or no effect in patients despite
being highly effective in rodent models. This discord might be due to
species-specific differencesin expression patterns or activity of FGFRs
and klotho between animal models and humans. For example, mouse
Bklothohasbeenshowntobe moreeffective thanthe humanorthologue
in supporting FGF19 signalling®*’. Characterization of the structural
bases by which FGF21 analogues and mimics induce FGFR dimeri-
zation should facilitate the discovery of safer and more efficacious
drugs for human metabolic disorders.

Regarding the paracrine FGFs, FGF1, FGF4, FGF6 and FGF9 have
beenfoundtobe capable of modulating energy homeostasis, glucose
and lipid metabolism. Importantly, paracrine FGFs display superior
pharmacological effects over endocrine FGFs in alleviating hyper-
glycaemia in preclinical models of metabolic diseases. As paracrine
FGFs are unaffected by klotho coreceptors, these ligands may act
promiscuously on a wide range of tissues. This property might be a
double-edged sword withrespect toincreasing the risk of side effects,
especially as the clinical management of these metabolic diseases
requires lifelong treatment. Accordingly, their safety and therapeutic
efficacy require evaluationinlarger animals and humans. Inaddition,
acomprehensive understanding of the molecular basis for paracrine
FGF-induced receptor dimerization requires structural characteriza-
tion of multiple paracrine FGF-FGFR-HS complexes, ideally featur-
ing representatives from each of the five paracrine FGF subfamilies.
These structures should provide an explanation as to why paracrine
FGFsinduce more stable receptor dimers than FGF hormones. Further
basic researchin this area may inform the development of innovative
strategies for achieving target tissue specificity and shed further light
on the potential application of the paracrine FGFs in the treatment of
metabolic disorders.

Published online: 28 January 2025
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