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Summary
Antibodies to receptors can block or mimic hormone action. Taking advantage of receptor
isoforms, co-receptors and other receptor modulating proteins, antibodies and other designer
ligands can enhance tissue specificity and provide new approaches to the therapy of diabetes and
other diseases.
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In this issue of Science Translational Medicine, Wu et al. report the development of
monoclonal antibodies to fibroblast growth factor receptor-1 (FGFR1) which activate the
receptor, mimicking the glucose lowering effects of FGF21 and producing a sustained anti-
diabetic effect (1). Indeed, at the end of the 19t century, even before the first hormone was
isolated, classical work by Ehrlich, Koch, and Behring led to the concept of antibodies as
potential therapeutics for disease. But it was the discovery of stimulatory autoantibodies
directed at the TSH receptor in Graves’ disease (originally termed long-acting thyroid
stimulator or LATS and now termed anti-TSH receptor antibodies or TRAbs) which led to
the recognition that antibodies to cell surface receptors could alter their function and mimic
hormone action (2). Since then multiple surface proteins have been identified as targets of
autoantibodies in endocrine and neurological diseases (3). In some cases, as with LATS,
these antibodies produce stimulatory effects, but in most cases, these anti-receptor
antibodies inhibit receptor binding and/or signaling, as first shown for antibodies to the
acetylcholine receptor in myasthenia gravis (4). Autoantibodies to the insulin receptor can
be either inhibitory, creating severe insulin-resistant diabetes, or stimulatory, resulting in
hypoglycemia, in different individuals at different phases of the disease (3).

Based on these historical observations and the ability to create epitope-specific humanized
antibodies, over 30 monoclonal antibodies have been developed and are in clinical use for
treatment of cancer, autoimmune, inflammatory and infectious diseases. In most cases, these
therapeutic antibodies are inhibitory, and most are used for severe or life-threatening
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conditions for which the lack of more effective alternatives justifies the potential side
effects. Like LATS and some anti-insulin receptor antibodies, the therapeutic antibodies
used in this report are stimulatory, activating the FGF receptor and mimicking the anti-
diabetic effects of FGF21(1) (Figure 1, left panel). Any new treatment of diabetes, however,
will not only have to lower glucose, but be superior to current treatments and without
significant side effects, including hypoglycemia, thus setting a high bar for clinical use.

FGF21 and brown fat as potential targets for therapy of diabetes

FGF21, along with FGF19 and FGF23, constitute a group of endocrine-like members of the
fibroblast growth factor family (5). These FGFs lack a heparin binding domain allowing
them to diffuse away from their tissue of origin into the circulation, where depending on the
presence of appropriate receptors and co-receptors, they exert their effects. FGF21 is mainly
produced by the liver and increased in response to fasting, where it acts upon the liver itself
to increase lipid oxidation, ketogenesis and gluconeogenesis, as well as adipose tissue to
increase utilization of fat as an energy source. Treatment of animal models of type 2
diabetes with recombinant FGF21 corrects hyperglycemia, decreases bodyweight, lowers
triglycerides and cholesterol levels, and increases energy expenditure, making FGF21 a
promising candidate for treatment of this disease (6). There are four fibroblast growth factor
receptor (FGFR) genes, which with alternative splicing, result in over 48 different isoforms
of FGFR. These vary in their ligand-binding properties, interaction partners and kinase
domains (7). FGF21 binds to isoforms of FGFR1-3 in the presence of an essential co-
receptor PKlotho (8). BKlotho is expressed primarily in white (WAT) and brown (BAT)
adipose tissue, but also in liver and pancreas, giving FGF21 its specificity of action. Unlike
FGF21 itself, the antibodies described by Wu et al. are specific to FGFR1 and function
independent of pKlotho (1). As with agonistic anti-insulin receptor antibodies (3), these
antibodies work by facilitating homo-dimerization and activation of these receptors (1).
Since FGFRL1 is most highly expressed in adipose tissue, especially brown adipose tissue,
and minimally expressed in liver, stimulation by the anti-receptor antibody distinguishes the
contribution of these tissues to the metabolic effects of FGF21/FGFR1 signaling.

Despite many similarities, there were some differences between FGF21 and FGFR1
antibody treatment. Thus, FGF21 acts on the liver to increase f-hydroxybutyrate production,
while the antibody does not have this effect. On the other hand, the antibody lowered
inorganic phosphate levels suggesting that it also activates FGFR1 in kidney mimicking the
effect of FGF23. While such side effects of FGFR1 activation by antibody may limit its use,
the current study demonstrates the potential of receptor isoform specific reagents to modify
kinetics and tissue specificity of the hormones and growth factors they mimic, selecting
desirable actions and limiting some undesirable ones. FGF21 action on the brain has been
shown to be important in some of its metabolic effects (9), however it is unlikely that
antibodies to FGFR1 will cross the blood brain barrier. Whether the antibodies would
overcome the FGF21 resistance present in obesity, which usually accompanies type 2
diabetes, also remains to be determined (10).

One of the important targets of FGF21 and the FGFR1 antibody appears to be brown
adipose tissue (BAT), which is activated by these treatments. Other growth factors and their
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cell surface receptors on BAT have also emerged as tempting targets for modulating energy
expenditure and glucose homeostasis. BMP7, for example, has been shown to promote
brown fat differentiation, and this is accompanied by increased energy expenditure and
improvement in glucose homeostasis (11). Like FGF21, BMP7 acts through a family of
receptors and associated co-receptors and has effects on other tissues and cell types,
including precursors of bone. Identification of ligands or antibodies that would selectively
activate the BMP7 receptor/co-receptor pair on BAT could increase tissue specificity.
Similarly, targeting p3-adrenergic receptors on brown fat cells by antibodies might mimic
the sympathetic nervous system stimulation essential for full activation of BAT function.

Targeting receptor isoforms, co-receptors and receptor modulators to

increase specificity

While specificity of signal transduction is controlled by binding of a ligand to its receptor,
over the past few years it has become clear that many receptors exist in families with
multiple related species created from related genes, as well as by alternative splicing and
different post-translational modifications. In addition, some receptors collaborate with co-
receptors which act as modulators of receptor affinity and specificity. To date, at least eight
different families of co-receptors, each with multiple members, have been recognized,
including proteoglycans like syndecans, glypicans, and LRPs (12). These transmembrane or
membrane associated proteins, with few exceptions, do not signal on their own, but rather
refine or enhance receptor affinity or specificity. Like fKlotho in FGF21 signaling, the
combination of differential expression of the receptors and co-receptors allows for a vastly
increased tissue or cell type specificity of the ligand-generated signal. Thus, identifying
ways to target specific co-receptor/receptor complexes could increase specificity and reduce
potential adverse side effects of hormone and growth factor signaling (Figure 1, middle
panels).

In addition to classical co-receptors, proteins may act as inhibitors of receptor binding/
function. Insulin receptor signaling, for example, is known to be inhibited by the
transmembrane glycoprotein PC-1/ENPP-1 and circulating alpha 2-HS glycoprotein, both of
which interact with the extracellular domain of the receptor and inhibit insulin binding and
activation. These classes of inhibitory proteins provide additional targets to modulate signal
transduction.

Another approach to increase tissue specificity is to take advantage of the extensive
modifications most cell surface proteins undergo, such as alternative splicing or
glycosylation. Of the approximately 30,000 human genes, up to 60% are alternatively
spliced. Many receptors, including the FGF receptor, insulin receptor and hepatocyte growth
factor receptor undergo alternative splicing. Posttranslational modifications like
glycosylation of the IGF-1, EGF, and FGF receptors modulate receptor cycling and thereby
receptor signaling (13). These receptor isoforms often have differing tissue distribution, and
thus an isoform specific antibody or isoform-specific ligand could be used to create tissue
specific hormonal effects (Figure 1, middle panels). For example, insulin is normally
secreted into the portal vein producing a concentration acting on the liver that is about three
times that acting on peripheral tissues. Thus in treating diabetes, if one could enhance the
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effects of insulin on liver versus muscle by three-fold, one might better mimic the
physiological profile of this hormone. In addition, a tissue- or isoform-specific antibody
could also be used to fine tune receptor stimulation, avoiding hypoglycemia which occurs in
some patients with stimulatory anti-insulin receptor antibodies.

Conclusion

Hormone deficiency and hormone resistance are cause and consequence of many diseases
and their treatments. In type 2 diabetes, insulin resistance is central in the development of
disease. Current therapies to overcome this resistance are very limited. Recently discovered
peptides, such as FGF21, BMP7, as well as the adipokines leptin and adiponectin, can
potentially circumvent the insulin resistance and improve glucose and lipid homeostasis. Wu
et al. demonstrate that antibodies to FGFR1 may also be effective (1). Building on the
observed insulin-like effects of insulin receptor autoantibodies, others are now considering
using allosteric activating antibodies to potentiate endogenous insulin action, potentially
producing more physiological regulation (14)(Figure 1, right panel). While antibodies have
the advantage over most hormones and growth factors of long action and thus need for
infrequent injection, one needs to keep in mind that most hormones and growth factors are
highly regulated throughout the day, and thus mimicking their action chronically may induce
desensitization or other unanticipated side effects. Nonetheless, targeting receptors, co-
receptors and other signal modulating factors through the use of antibodies and other
“designer” ligands can provide increased target cell specificity and therefore potentially less
toxicity making these attractive candidates for treatment for many diseases.
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Antibodies to Receptors and Receptor Related Proteins as Signal Modulators
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Figure 1. Mechanisms of stimulatory antibodies
Antibodies can enhance receptor signaling in multiple ways. Antibodies can promote ligand

independent receptor dimerization and activation and thereby circumvent limitations of

ligand stability and production. Tissue specific receptor activation can be achieved by

Modulating
Ligand/Receptor
Signaling or
Stabilization

targeting receptor/ co-receptor complexes, or individual receptor splice variants. In addition,
circulating modulatory protein/ receptor complexes provide a tempting target to incorporate
paracrine signals into receptor activation. Finally ligand induced receptor activation can be

fine tuned using allosteric antibodies.
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