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FGF21 mimetic antibody stimulates
UCP1-independent brown fat thermogenesis via
FGFR1/bKlotho complex in non-adipocytes
Mark Z. Chen 1, Joshua C. Chang 1, Jose Zavala-Solorio 1, Lance Kates 1, Minh Thai 1, Annie Ogasawara 2,
Xiaobo Bai 1, Sean Flanagan 3, Victor Nunez 3, Khanhky Phamluong 1, James Ziai 3, Robert Newman 1,
Søren Warming 1, Ganesh Kolumam 1, Junichiro Sonoda 1,*
ABSTRACT

Objective: Fibroblast Growth Factor 21 (FGF21) is a potent stimulator of brown fat thermogenesis that improves insulin sensitivity, ameliorates
hepatosteatosis, and induces weight loss by engaging the receptor complex comprised of Fibroblast Growth Factor Receptor 1 (FGFR1) and the
requisite coreceptor bKlotho. Previously, recombinant antibody proteins that activate the FGFR1/bKlotho complex were proposed to act as an
FGF21-mimetic; however, in vivo action of these engineered proteins has not been well studied.
Methods: We investigated the mechanism by which anti-FGFR1/bKlotho bispecific antibody (bFKB1) stimulates thermogenesis in UCP1-
expressing brown adipocytes using genetically engineered mice. Anti-FGFR1 agonist antibody was also used to achieve brown adipose tissue
restricted activation in transgenic mice.
Results: Studies with global Ucp1-deficient mice and adipose-specific Fgfr1 deficient mice demonstrated that bFKB1 acts on targets distal to
adipocytes and indirectly stimulates brown adipose thermogenesis in a UCP1-independent manner. Using a newly developed transgenic system,
we also show that brown adipose tissue restricted activation of a transgenic FGFR1 expressed under the control of Ucp1 promoter does not
stimulate energy expenditure. Finally, consistent with its action as a FGF21 mimetic, bFBK1 suppresses intake of saccharin-containing food and
alcohol containing water in mice.
Conclusions: Collectively, we propose that FGFR1/bKlotho targeted therapy indeed mimics the action of FGF21 in vivo and stimulates UCP1-
independent brown fat thermogenesis through receptors outside of adipocytes and likely in the nervous system.

� 2017 Genentech, Inc. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity is recognized as a leading cause for the development of
chronic diseases such as type 2 diabetes mellitus, non-alcoholic
steatohepatitis (NASH), cardiovascular disease, and various forms of
cancer [1e3]. Under the condition of continual excess calorie con-
sumption, white adipose tissues (WAT) accumulate lipids beyond its
innate storage capacity leading to low-grade inflammation, endo-
plasmic reticulum stress, fibrosis, and insulin resistance [4]. In obese
individuals, ectopic lipids also accumulate in non-adipose organs such
as liver and skeletal muscle, exacerbating hyperinsulinemia and dys-
lipidemia, the hallmarks of the metabolic syndrome [5e7]. Therapeutic
agents that correct energy imbalance and improve insulin sensitivity by
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promoting energy expenditure (EE) without significant adverse effects
may present a novel approach to treating obesity and its comorbidities.
The recent re-discovery of functional thermogenic brown adipose
tissues (BAT) in adult humans has led to the examination of this
metabolic tissue as a potential pharmacological target for the treat-
ment of obesity [8e12]. Similar to WAT, BAT consists mainly of adi-
pocytes; however, unlike WAT, which acts as a repository for energy
storage, BAT serves as an endogenous heating element through
combustion of macronutrients [13]. The expression of the inner-
mitochondrial protein uncoupling protein 1 (UCP1) defines thermo-
genic brown adipocytes by its ability to dissipate heat by uncoupling
proton transport from ATP synthesis [14]. The stimulation of human
BAT activity by mild cold exposure correlates with an increase in the
whole body resting metabolic rates, indicating a functional significance
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[15]. In adult humans, BAT can be found most prominently in the
supraclavicular area but is also found in other regions in the upper
body [10,11]. In rodents, BAT can be found throughout the body, but
most prominently in the interscapular region (interscapular BAT or
iBAT) [16].
Fibroblast Growth Factor 21 (FGF21) is an endocrine member of the
FGF super family that has been identified as a regulator of BAT ther-
mogenesis and nutrient metabolism [17,18]. Recombinant FGF21
protein and its modified forms exhibit potent anti-obesity and insulin-
sensitizing effects associated with increased BAT thermogenesis in
rodents [19,20]. Certain aspects of the anti-obese and insulin sensi-
tizing effects of these molecules have also been observed in non-
human primates and humans [21e25]. FGF21 functions as a ligand
for the receptor complexes consisting of FGFR and bKlotho (KLB) [26].
While FGF21 is capable of activating three FGFR isoforms (1c, 2c, and
3c) in tandem with KLB [27], FGFR1c appears to play the predominant
role in mediating its metabolic effects in obese mice. First, aP2-CRE-
mediated Fgfr1 gene deletion almost completely abolishes the meta-
bolic effects of recombinant FGF21 [28,29]. Second, the engineered
humanized effector-less bispecific antibody bFKB1 selectively binds
and activates the FGFR1/KLB co-receptor complex and largely mimics
the action of recombinant FGF21 in mice [30]. In addition, bFKB1 and a
different FGFR1/KLB agonist antibody induced weight loss in non-
human primates [29,30]. Thus, FGFR1 activation is necessary and
sufficient for the metabolic action of FGF21, although FGFR2 and
FGFR3 have not yet be ruled out in contributing to the action of FGF21.
Both long-acting FGF21 analogs and agonist FGFR1/KLB antibodies
have been or are currently being investigated in clinical trials in Type 2
diabetics and obese individuals (e.g., ClinicalTrials.gov,
NCT02413372, NCT02538874, NCT02593331, NCT02708576,
NCT03060538).
Although pre-clinical and clinical studies suggest that FGF21 analogs
or FGFR1/KLB-targeting antibodies may become an effective therapy
for obesity related disorders via the ability to improve whole body
energy metabolism, the mechanism by which FGFR1/KLB activation
leads to BAT thermogenesis remains elusive. Historically the UCP1
protein has been identified as the primary conduit for generating
non-shivering thermogenesis through its ability to produce heat from
futile cycling [13,14]. Previously, three groups independently tested
the activity of FGF21 in Ucp1 deficient (KO) mice and suggested that
the metabolic improvement by FGF21 is independent of UCP1,
although the results regarding the requirement of UCP1 in increasing
EE showed disagreements [31e33]. Additionally, the tissues that
mediate the FGFR1/KLB receptor response are unclear. Much of the
early evidence implicated adipose tissue as the central mediator of
this effect. The metabolic benefits of FGF21 were absent in lip-
odystrophic mice [34,35]. Furthermore, it was found that deletion of
the Klb gene in adipocytes utilizing the aP2-CRE system blocks the
acute insulin sensitizing effects of FGF21 [36]. Similarly, two inde-
pendent studies with aP2-CRE-mediated Fgfr1 gene deletion re-
ported the loss of elevated EE and the beneficial metabolic effects
associated with the pharmacological administration of FGF21
[28,29]. This conclusion was consistent with the tissue expression
pattern of Fgfr1 and Klb mRNA that are co-expressed at high levels in
both white and brown adipose tissues [27,37]. Likewise, treatment
of cultured primary subcutaneous adipocytes by FGF21 or bFKB1
increases Ucp1 mRNA expression, supporting the model of direct
adipocyte-mediated action [30,38]. At the same time, Klb mRNA can
also be detected in distinct regions of the brain [39], and selective
deletion of the gene in the Camk2a-CRE background abolishes the
metabolic action of FGF21 [40]. Collectively, these studies suggested
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that the receptors expressed in adipocytes and specific neurons in
the brain are both necessary for the anti-obese and anti-diabetic
actions of FGF21.
In the present study, we employ loss-of-function and gain-of-function
genetic analyses in mice to address the mechanism and the site of
action of FGFR1/KLB agonists using the anti-FGFR1/KLB antibody
bFKB1 as a model. We demonstrate that Ucp1 is not essential for
bFKB1 to stimulate BAT thermogenesis in obese mice. Using
adipocyte-selective Fgfr1 gene knockout and a newly developed
system to achieve cell-type specific activation of FGFR1 signaling with
an agonist antibody, we also find that activation of FGFR1 in brown
adipocyte is neither necessary nor sufficient for BAT stimulated EE.
Finally, we show that bFKB1, similar to FGF21, alters sweet and
alcohol preference, suggesting the role of the nervous system in the
action of this antibody. Taken together, our data offers evidence that
bFKB1 indeed acts as an FGF21 mimetic protein whose in vivo
metabolic activity originates outside of the adipocytes.

2. MATERIALS AND METHODS

2.1. Recombinant proteins
The generation of bFKB1 and 14B6 was described previously [30].
bFKB1 has the human IgG1 backbone with the knob-hole and the
effector-attenuating NG modifications. 14B6 has the mouse IgG2a
backbone with the effector-attenuating DANG modifications [41].
Recombinant FGFR1 extracellular domain (ECD) proteins were pro-
duced either in E. Coli or CHO cells and purified using conventional
methods.

2.2. Animal studies
All animal studies were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals, published by the National In-
stitutes of Health (NIH) (NIH Publication 8523, revised 1985). The
Institutional Animal Care and Use Committee (IACUC) at Genentech
reviewed and approved all animal protocols. All the mice were
maintained in a pathogen-free animal facility under standard 12 h light/
12 h dark cycle at 21 �C with access to normal chow (Labdiet 5010) or
high-fat diet (HFD; Harlan Teklad TD.06414, 58.4% calories from fat)
and water ad libitum unless otherwise indicated. All the mice used for
intervention studies were around 2e6 months old and were ran-
domized into groups based on body weight, blood glucose levels, and/
or specific parameters being examined at the pre-dose state. All
antibody doses administered were at a concentration of 10 mg/kg and
delivered via intraperitoneal injection.

2.3. Mouse strains
Ucp1 KO mice in C57BL/6J background [42] or the control wild type
(WT) mice were bred at The Jackson Laboratory and housed at 30 �C
throughout the study after transferring to the Genentech mouse facility.
Adipose-specific Fgfr1 CKO mice were generated by crossing the exon
4 floxed Fgfr1 CKO mice [43] with Adipoq-CRE mice [44,45], both
obtained from The Jackson Laboratory. To generate Ucp1-hmFGFR1c
transgenic mice, a plasmid encoding chimeric FGFR1c (D1 domain
from human FGFR1 and the rest from mouse FGFR1) was constructed,
linearized, and used for pronuclear injection. This chimeric construct
contains 8.4 kb mouse Ucp1 upstream sequence, a human/mouse
chimeric cDNA followed by an SV40 pA signal and 4.3 kb downstream
Ucp1 genomic region (mouse exons 3e6) [46]. A line that selectively
expresses hmFGFR1c in iBAT was selected by qPCR using human
FGFR1 specific primers (50-aaccaaaccccgtagctccatat-30 and 50-
gtcccactggaagggcat-30).
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2.4. Metabolic measurements
Oxymax system (Columbus Instruments) was used to measure oxygen
consumption (VO2) and carbon dioxide production (VCO2). After
acclimatization to the cages, mice were randomized into groups based
on body weight and baseline metabolic parameters. The following
equations were used to calculate EE and the respiratory quotient (RQ).
EE ¼ VO2 � (3.815 þ 1.232 � RQ). RQ ¼ VO2/VCO2. For core body
temperature monitoring, TA-F10 transmitter (DSI) was surgically
implanted into the peritoneal cavity. Core body temperature was
monitored real-time using DSI Implantable Telemetry System. For GTT,
mice were fasted 6 h and given an intraperitoneal (i.p.) injection of 2 g/
kg glucose solution. For 18F-FDG uptake measurement, mice were
fasted overnight, and, on the next day, approximately 50 mCi 18F-FDG
was injected intravenously via the lateral tail vein. Mice were kept
warm on a heating pad and euthanized after 1 h of tracer adminis-
tration. Tissues were harvested and weighed, and radioactivity was
measured using a CRC-15W dose calibrator (Capintec) with back-
ground subtraction and decay correction against dosing solution
standards.

2.5. Sweet taste and alcohol preference
Taste preference studies were performed using AIN-93G-based diets
with or without 0.2 % wt/v saccharin (#240931, SigmaeAldrich)
(TD.150849 and TD.120590, respectively, Envigo). Single housed mice
were given the control diet for 14 days and then an equal access to
both diets and water ad libitum for another 14 days. Food intake was
measured every 2 or 3 days, and food positions were switched
randomly throughout the study. Alcohol preference studies were per-
formed using a two-bottle system containing vivarium water or diluted
ethanol with vivarium water. Animals were singly housed and accli-
mated sequentially on increasing amounts of ethanol for 7 days per
concentration. After 10 days of acclimation on desired ethanol con-
centration, animals were randomized based on % alcohol-water
consumption and body weight. Fluid consumption was measured
every 2 or 3 days and bottle positions were switched randomly
throughout the study.

2.6. Gene expression analysis
RNA was isolated by combining Trizol (Life Technologies) RNA sepa-
ration and column based RNeasy extraction (Qiagen) and used to
synthesize cDNA using ABI High Capacity Reverse Transcription kit
(ABI) [47]. For qPCR, samples were run in triplicate in the ViiA 7 Real-
Time PCR instrument (ABI) using Sybr green dye or TaqMan probes.
Primers sequences are available upon request. For each sample,
mRNA abundance was normalized by 36B4 or TBP1 house keeping
gene expression.

2.7. Histology
Adipose tissues were fixed in 10% formalin for 24 h, and embedded in
paraffin before sectioned at 7 mm. Sections were stained with he-
matoxylin and eosin (H&E), pERK1/2 (Thr202/Tyr204) immunohisto-
chemistry with rabbit monoclonal antibody 20G11 (#4370, Cell
Signaling Technologies), or immunofluorescence with rabbit polyclonal
to UCP1 (ab23841, Abcam) and DAPI (#62247, Thermo Scientific).
Fluorescence images were visualized with LEICA SPE confocal mi-
croscope and quantified by ImageJ software.

2.8. In vitro assays
Cell extracts from transiently transfected 293T cells were generated by
lysing cells in 2 � LDS buffer (Invitrogen) containing protease and
phosphatase inhibitor tablets (Roche). Samples were then sonicated
1456 MOLECULARMETABOLISM6 (2017)1454e1467 � 2017Genentech, Inc. Published by Elsevier GmbH. T
and used for western blot analysis by standard methods. Antibodies
used for western blot analysis were generated in house. For luciferase
assay, engineered HEK293 cells with CRISPR/Cas9-mediated FGFR1
gene deletion [30] were transiently transfected with expression vectors
encoding appropriate receptors under the CMV promoter, Renilla
luciferase (pRL-SV40, Promega), GAL-ELK1 transcriptional activator
fusion (pFA2-ELK1, Agilent), and a firefly luciferase reporter driven by
GAL4 binding sites (pFR-luc, Agilent), using FuGENE HD Transfection
Reagent (Promega). On the next day, the transfected cells were
cultured for an additional 6e8 h in serum free DMEM-based media
containing an appropriate agonist antibody at various concentrations.
The cellular luciferase activity was determined using Dual-Glo Lucif-
erase Assay System (Promega) and EnVision Multilabel Reader (Per-
kinElmer). Firefly luciferase activity was normalized to the co-
expressed Renilla luciferase activity to calculate relative light unit
and data presented as fold induction.

2.9. Statistics
Unpaired student’s t-test (two-tailed) or one-way ANOVA with post hoc
Dunnett’s test was used for statistical analysis to compare treatment
groups. For energy expenditure and core body temperature results, the
mean value was calculated for each mouse for each of the indicated
durations, and the values were used to calculate statistical significance
between groups. A p-value < 0.05 was considered statistically sig-
nificant. “ns” stands for no significance. All the values were presented
as means � SEM unless otherwise noted.

3. RESULTS

3.1. bFKB1 enhanced EE and improved metabolic health in the
absence of UCP1
To investigate if UCP1 is required for bFKB1 dependent stimulation of
EE, Ucp1 KO and control WT mice on HFD injected with bFKB1 were
monitored by indirect calorimetry to measure EE. Ucp1 KO mice have
been reported to be defective in adaptive thermogenesis [42,48,49].
Therefore, both Ucp1 KO and WT control mice were housed at a
thermoneutral temperature (30 �C) throughout the acclimation and
experimental period. A single dose of bFKB1 significantly increased EE
in WT mice as previously reported [30] (Figure 1A and B). bFKB1 also
significantly increased EE in Ucp1 KO mice, however to a lesser degree
(Figure 1A and B). In addition, bFKB1 induced several beneficial effects
previously observed in both Ucp1 KO and WT mice, including lowering
of body weight (Figure 1C), serum insulin, triglycerides, and cholesterol
(Figure 1D). However, an increase in high molecular weight (HMW)
adiponectin and an improvement in glucose tolerance reached sig-
nificance only in WT mice. To test whether the observed increase in EE
in HFD-fed mice is associated with increased thermogenesis, core
body temperature was monitored real-time by implanting a telemetry
transmitter in the peritoneal cavity. bFKB1 treatment elevated the
resting core body temperature in both the WT and Ucp1 KO groups
compared to control IgG (Figure 1E and F), suggesting that UCP1 is
dispensable for bFKB1-induced thermogenesis.

3.2. bFKB1 stimulated iBAT nutrient metabolism in the absence of
UCP1
Previously, FGF21 and bFKB1 have been shown to increase 18F-fluo-
rodeoxyglucose (18FDG) uptake into iBAT during fasting indicating
insulin-independent iBAT stimulation [30,50]. To test if the activity of
bFKB1 is Ucp1-dependent, a similar experiment was conducted in
Ucp1 KO and WT control mice fasted overnight. As previously reported,
bFKB1 injection increased 18FDG uptake into iBAT in WT mice and,
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Figure 1: bFKB1 enhances thermogenesis and induces weight loss in HFD-fed Ucp1 KO mice. (A) Mean EE values in HFD-fed control WT and Ucp1 KO mice that received
single i.p. injection (arrow) at 10 mpk IgG. Mice were maintained at thermoneutrality (30 �C) and were on HFD for 6 weeks at the time of dosing. (B) Mean daily EE value � SEM in
indirect calorimetry shown in (A) during the indicated pre- and post-dose periods. (C) Average % body weight change after 5 days of exposure to bFKB1. The pre-dose body
weights were 31.9 � 0.8 g (WT) and 38.6 � 1.3 g (KO). (D) Area under the blood glucose curve (AUC) in GTT and serum parameters on 14 days post injection. (E) Mean core body
temperature as measured by intraperitoneally implanted telemetry transponder in mice receiving a single i.p. injection of bFKB1 or control IgG at 10 mpk. Mice were maintained at
thermoneutrality (30 �C) and were on HFD for 8 weeks at the time of dosing. The data shown are the mean values within 48-h period before and after dosing. (F) Mean body
temperature between 6 AM and 6 PM (i.e. resting period) during the pre-dose and post-dose periods indicated in (E). In (A) and (E), error bars omitted for clarity. Other data are
mean � SEM. p < 0.05 (*), <0.01 (**), <0.001 (***) vs control.
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unexpectedly, more so in Ucp1 KO mice (Figure 2A). 18FDG uptake did
not change significantly in any other tissues measured including
pancreas, liver, inguinal WAT (ingWAT), and epididymal WAT (eWAT)
(Figure 2A). bFKB1 treatment also decreased the size of lipid droplets
and increased the nuclear density in iBAT in WT mice (Figure 2B and
C). These changes occur to a greater extent in the Ucp1 KO mice,
suggesting more efficient depletion of lipid droplets and overall low-
ered cell volume, perhaps due to an enhanced substrate demand and
utilization in the KO mice (Figure 2B and C). UCP1 protein expression as
Figure 2: bFKB1 stimulates iBAT activity in Ucp1 KO mice on HFD. (A) Tissue FDG-upt
at 10 mpk. Mice were fasted overnight before FDG-uptake measurement. Data are mean �
maintained at thermoneutrality (30 �C). (B) H&E staining (top) and anti-UCP1 and DAPI sta
treatment with IgG or bFKB1 at 10 mpk. Representative sections are shown. (C) Quantifica
tissue sections. Error bars are � SEM. p < 0.05 (*), <0.01 (**), <0.001 (***) vs contro

1458 MOLECULARMETABOLISM6 (2017)1454e1467 � 2017Genentech, Inc. Published by Elsevier GmbH. T
detected by immunofluorescence was elevated in WT mice treated
with bFKB1 and was expectedly absent in the KO mice (Figure 2B).

3.3. bFKB1 stimulated EE independent of FGFR1 in adipocytes
To further dissect the mechanism by which bFKB1 stimulates BAT
thermogenesis, we generated mice bearing a floxed Fgfr1 allele and
adipocyte-selective CRE driver, Adiponectin (Adipoq)-CRE to generate
adipose-specific Fgfr1 deficient (Fgfr1Adipoq CKO) mice [43e45]
(Supplementary Fig. S1). Mice with homozygous floxed Fgfr1 allele
ake in control WT and Ucp1 KO mice at 5 days after single i.p. injection of indicated IgG
SEM and represent % of dose given, normalized by tissue weight. Mice on HFD were

ining of iBAT sections from WT or Ucp1 KO mice on HFD for 5 weeks, after 7 days of
tion of cell density on the basis of the number of DAPI-positive nuclei per area in iBAT
l.

his is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


but without Adipoq-CRE driver (Fgfr1fl/fl) were used as a control. At
baseline, Fgfr1 mRNA levels in brown and white adipose tissues, but
not in the kidney, were decreased in Fgfr1Adipoq CKO mice as antici-
pated (Figure 3A). No consistent changes were observed in the
proximal targets of FGFR1 signaling pathways, Spread1, Dusp6, or
Spry4 [40,51,52], suggesting that adipocyte FGFR1 is not constitutively
activated at the baseline. Both of the genetically engineered alleles
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specific gene deletion; however, a residual level of Fgfr1 mRNA
expression was detectable by qPCR in Fgfr1Adipoq CKO mice
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gene deletion with spatial and functional information, we sought to
determine the loss of FGFR1 function by monitoring bFKB1-induced
MAPK signal activation using immunohistochemistry. Mice were
given an acute i.p. dose of bFKB1 and tissues were collected for
histology after 1 h. The degree of MAPK signaling activation was
assessed by staining tissue slices with an anti-phosphorylated ERK
(pERK) antibody as an indicator of FGFR1/KLB receptor engagement.
An increased level of pERK staining was detected in both the iBAT and
pancreatic acinar cells in the control Fgfr1fl/fl mice administered with
bFKB1 (Figure 3B and Supplementary Fig. S2). bFKB1 also increased
pERK staining in the pancreatic acinar cells in Fgfr1Adipoq CKO mice but
not in iBAT, indicating a functional loss of adipocyte FGFR1 in
Fgfr1Adipoq CKO mice.
Next, the metabolic action of bFKB1 in chow-fed Fgfr1Adipoq CKO mice
was examined by using indirect calorimetry. As shown in Figure 3C
and D, a single injection of bFKB1 caused a gradual increase in EE in
both Fgfr1Adipoq CKO and the control Fgfr1fl/fl mice (Figure 3C and D).
Additionally, body weight significantly decreased in both groups
treated with bFKB1 (Figure 3E). On day 9 post dose, Fgfr1fl/fl mice
treated with bFKB1 showed reduced glucose excursion during GTT
as measured by the difference in area under the curve (AUC). In
Fgfr1Adipoq CKO mice, the glucose excursion trended downwards but
did not reach statistical significance (Figure 3F).
The effect of bFKB1 was further assessed in metabolically deranged
HFD-fed mice. To eliminate the possibility of temperature induced BAT
expansion influencing the results, both Fgfr1Adipoq CKO and the control
Fgfr1fl/fl mice were housed in thermoneutrality (30 �C) throughout the
duration of the study. Similar to the normal chow cohort, bFKB1
increased EE in both in Fgfr1Adipoq CKO and the control Fgfr1fl/flmice on
HFD (Figure 4A and B). bFKB1 also induced significant weight loss in
Fgfr1Adipoq CKOmice while the weight loss in Fgfr1fl/flmice did not reach
significance (Figure 4C). On day 9 after antibody treatment, glucose
excursion during GTT was reduced in both WT and KO animals treated
with bFKB1, although AUC did not reach significance in either strain
(Figure 4D). Serum insulin, cholesterol and fasted glucose levels were
significantly reduced in both Fgfr1Adipoq CKO and the control Fgfr1fl/fl

mice; however, free fatty acids and HMW adiponectin reached signifi-
cance only in the Fgfr1fl/fl mice (Figure 4E). To verify the loss of FGFR1
activity in Fgfr1Adipoq CKO mice, FGF21 responsive genes in BAT were
evaluated by qPCR (Figure 4F). As anticipated, bFKB1 induced Spred1,
Dusp6, Spry4 expression in Fgfr1fl/fl mice, but not in Fgfr1Adipoq CKO
mice, consistent with the functional loss of FGFR1 in Fgfr1Adipoq CKO
mice. An increased expression of BAT signature genes, Ucp1 and Dio2,
was observed in Fgfr1fl/fl mice, but not in Fgfr1Adipoq CKO mice. Unex-
pectedly, the expression of Spred1, Dusp6, Spry4, and Dio2, were
increased at baseline in Fgfr1Adipoq CKO mice with their levels in this
condition reaching those observed in bFKB1-treated wild type mice
(Figure 4F). This may represent a compensatory signaling event that is
metabolically inconsequential. Finally, expression of Fgfr1 mRNA was
reduced in Fgfr1Adipoq CKO mice as anticipated. Collectively, lack of
FGFR1 signaling at Adipoq-CRE expressing adipocytes does not elimi-
nate the bFKB1 induced increase in EE or improved glucose tolerance in
either chow-fed or HFD-fed mice, although some aspects of bFKB1
activity appeared to be somewhat compromised.

3.4. Targeted activation of FGFR1 in UCP1-expressing brown
adipocytes is not sufficient for enhancement of EE
Even if FGFR1 expressed in adipocytes is not necessary for the
metabolic action of FGFR1/KLB agonists, it is formally possible that
FGFR1 expressed in adipocytes and somewhere else (e.g., brain) plays
a redundant role. Thus, we wanted to test if the activation of FGFR1 in
1460 MOLECULARMETABOLISM6 (2017)1454e1467 � 2017Genentech, Inc. Published by Elsevier GmbH. T
brown adipocytes leads to stimulation of BAT thermogenesis. Our
approach was based on a fortuitous discovery of a human-selective
anti-FGFR1 agonist monoclonal antibody called 14B6, as described
below. The Fgfr1 gene encodes a single-pass transmembrane protein
with three Ig-like domains (D1, D2, and D3) in the ECD (Figure 5A), and
is highly conserved among mammalian species. Between mouse and
human FGFR1, there are six amino acid differences in D1, 100%
identity in D2-D3, and >99% amino acid identity in the cytoplasmic
domain. In screening for an FGFR1 agonist, the monoclonal antibody
14B6 mAb was identified as having human FGFR1 specificity while
lacking mouse FGFR1 binding. 14B6 mAb detected human FGFR1 but
not the mouse ortholog by western blot (Figure 5B). Unsurprisingly, the
epitope for 14B6 mAb was mapped by western blot and ELISA to the
divergent domain, D1 within ECD, rather than the ligand-binding D2 or
D3 domains (Figure 5B and C). In cell-based GAL-ELK1 luciferase
assay in engineered HEK293 cells lacking endogenous FGFR1, 14B6
mAb activated human FGFR1, but not mouse FGFR1, when the
respective isoforms were exogenously expressed (Figure 5D). In
contrast, bFKB1 activated both human and mouse FGFR1 in the
presence of KLB as previously demonstrated (Figure 5D) [30].
Based on the strict species specificity of 14B6 mAb, we recognized that
it could serve as a useful tool to activate FGFR1 in tissue specific
manner in human FGFR1-expressing transgenic mice. To test this idea,
a transgenic mouse strain expressing a chimeric human-mouse FGFR1/
Fgfr1 gene (c-isoform) under the control of the 8.4 kb mouse Ucp1
promoter [46] was engineered (Figure 6A). The transgene encodes a
chimeric FGFR1c protein consisting of the human D1 domain and the
rest of the FGFR1 protein derived from mouse. As anticipated, the
transgenic RNA was readily detectable in iBAT tissue but not in other
tissues examined in the transgenic Ucp1-hmFGFR1c mice (Figure 6B).
To validate the in vivo capability of 14B6 mAb to activate the FGFR1
pathway in transgenic Ucp1-hmFGFR1c mice, gene expression
changes in iBAT were examined in mice that received a single i.p.
injection of recombinant effector-less 14B6 mAb or control IgG after 12
days. Consistent with the agonistic activity of 14B6 mAb, expression of
FGFR1 regulated genes Spred1, Dusp6, and Spry4 was significantly
increased in iBAT but not in eWAT (Figure 6C). Ucp1 did not change in
either depot. Despite the ability of 14B6 mAb to activate FGFR1
signaling in the iBAT of transgenic mice, 14B6 mAb failed to enhance
EE (Figure 6D and E). Consistent with EE being unaffected, weight
change was not different between the two treatment groups
(Figure 6F). Moreover, both serum HMW adiponectin and glucose
excursion during GTT were unaffected by 14B6 mAb administration in
transgenic mice (Figure 6G and H). These series of the gain-of-function
experiment indicate that FGFR1 activation in this restricted population
of cells is not sufficient to alter EE or glucose tolerance. Given this and
the loss-of-function experiment with Fgfr1Adipoq CKO mice, we believe
that bFKB1 affects BAT metabolism indirectly via a signal originating
outside of adipocytes.

3.5. bFKB1 alters sweet food and alcohol preference
The ability of bFKB1 to enhance EE independent of adipocyte FGFR1 and
the inability of 14B6 mAb to alter EE while activating FGFR1 in Ucp1
expressing brown adipocytes indicate an alternative route of action.
Recently, two independent studies found that systemic FGF21 admin-
istration reduces sweet and alcohol preference in mice by acting
directly on the nervous system [56,57]. In particular, von Holstein-
Rathlou et al. demonstrated that KLB expressed in the paraventricular
nucleus of the hypothalamus regulates taste preference [57]. We asked
if specific activation of the FGFR1/KLB complex by bFKB1 mimics these
behavioral modifications. To test sweet taste preference, mice were
his is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: bFKB1 stimulates EE in adipose-selective Fgfr1 CKO mice on HFD. (A) Mean EE values in control WT and Fgfr1Adipoq CKO mice receiving a single 10 mg/kg dose o
indicated IgG (Arrow). Mice were maintained at thermoneutrality (30 �C) and were on HFD for 8 weeks at the time of dosing. (B) Mean daily EE value � SEM in indirect calorimetr
shown in (A) during the indicated pre- and post-dose periods. (C) Average % body weight change after 7 days of exposure to bFKB1. The pre-dose body weights were
45.1 � 6.0 g (IgG) and 45.5 � 4.5 g (bFKB1) for WT. For CKO mice, pre-dose weights were 44.9 � 4.0 (IgG) and 44.8 � 5.0 (bFKB1). (D) AUC in GTT performed on 9 days post
injection. (E) Serum parameters on day 11 after IgG or bFKB1 treatment. (F) Gene expression changes in BAT measured by qPCR. N ¼ 6e7 mice per group. Gene expression
normalized to IgG treated WT animals. In (A), error bars omitted for clarity. Other data are mean � SEM. p < 0.05 (*), <0.01 (**), <0.001 (***) vs control.
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Figure 5: Discovery of human-specific FGFR1 agonist 14B6 mAb. (A) Topological organization of FGFR1 protein. ECD consists of D1, D2, and D3, the acidic box (red). The
alternatively spliced region in D3 that differs between “b” and “c” isoforms is indicated in purple. (B) Transfected 293T cell lysate (lane 1e4) and purified D1, D2-D3 recombinant
protein (lane 5e6) were run on SDS-PAGE and subjected to western blot analysis with a pan-FGFR1 antibody 31F7 that detects both mouse and human FGFR1 through binding to
D2-3 domains (left) or with the human specific FGFR1 antibody 14B6 that binds to human but not mouse D1 domain (right). (C) ELISA to detect purified protein domains of hFGFR1c
by anti-hFGFR1 14B6. (D) GAL-ELK1 luciferase assay in engineered HEK293 cell line lacking FGFR1 gene. Cells were transfected to express indicated receptor and the appropriate
reporter construct. Various concentrations of bFKB1 and 14B6 antibodies were tested for agonistic activity. Mean fold induction � SEM was plotted.

Original Article
given equal access to unsweetened control chow and chow sweetened
with the nonnutritive sweetener saccharin. After 7 days of acclimation
with both diets bFKB1 was dosed on day 0 and again at day 18. As
expected, bFKB1 significantly lowered body weight compared to the IgG
treated group (Figure 7A). While losing weight, the bFKB1 treatment
arm increased their total accumulated food intake (Figure 7B). At the
same time, bFKB1 decreased the ratio of saccharin diet consumed per
day compared to the IgG treated group (Figure 7C).
1462 MOLECULARMETABOLISM6 (2017)1454e1467 � 2017Genentech, Inc. Published by Elsevier GmbH. T
To examine if bFKB1 impels a change to alcohol preference, mice were
given access to ethanol containing water and regular water in a two-
bottle system (Figure 7D). Two different alcohol concentrations were
tested, 4% and 12%. Animals were acclimated to their respective
alcohol concentrations for 10 days before dosing. bFKB1 did not
appreciably lower the mouse’s predilection for 4% alcohol. Mice
adapted to 12% ethanol, on the other hand, exhibited a gradual and
significant lowering of the percentage of alcohol containing water
his is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: BAT-restricted activation of hFGFR1c transgene by human specific FGFR1 agonist does not stimulate EE. (A) Schematic representation of chimeric Ucp1-
hmFGFR1c transgenic construct. (B) Tissue expression pattern of the transgene assessed by qPCR. (C) Gene expression in iBAT and eWAT of Ucp1-hmFGFR1c transgenic
mice treated with control IgG or 14B6 at 10 mg/kg, assessed by qPCR. (D) Mean EE values from hFGFR1 transgenic mice treated with control IgG or 14B6, 10 mg/kg. (E)
Quantification of the data shown in (D). Average EE per day per mouse pre- and post-doses are shown. (F) Average % body weight change 8 days post injection. (G) Serum HMW
adiponectin 12 days after dose. (H) Area under the blood glucose curve during GTT in Ucp1-hmFGFR1c transgenic mice. In (D), error bars omitted for clarity. Error bars are
mean � SEM. p < 0.001 (***) vs control.
consumed upon a single bFKB1 administration. The weight of both
cohorts of animals consuming the different ethanol concentrations was
significantly decreased (Figure 7E). Overall, these data show that
bFKB1 functions similar to the hormone FGF21 in altering sweet food
and alcohol preference, likely via the nervous system.
MOLECULAR METABOLISM 6 (2017) 1454e1467 � 2017Genentech, Inc. Published by Elsevier GmbH. This is an
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4. DISCUSSION

Clinical trials with modified human FGF21 analogs LY2405319 and
PF05231023 have demonstrated remarkable metabolic effects in
obese and diabetic human subjects [21,24]. Identification of the FGFR1/
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Figure 7: bFKB1 reduces sweet-food and alcohol preference. (A) Body weight, (B) total food consumption, and (C) % Saccharin-containing food consumption pre- and post-
antibody injection. Mice were given access to both control chow and saccharin-containing chow. The indicated antibody was administered on day 0 and 17 at 10 mg/kg each time
(arrows). (D) % Alcohol-containing water consumption pre- and post-antibody injection. Mice were given access to two water bottles, one containing regular water and the other
containing 4 or 12% ethanol in water. After acclimation to alcohol, mice were injected with 10 mg/kg of the indicated antibody on day 0 (arrow). (E) % body weight change
between IgG vs bFKB1 treated mice in the alcohol preference study on day 21. Data are mean � SEM. p < 0.05 (*), <0.01 (**), <0.001 (***) vs control.
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KLB receptor complex as the functional target for FGF21 enabled the
generation of agonist antibodies that specifically activate this complex
such as BFKB8488A and NGM313, which are also under clinical
investigation (ClinicalTrials.gov, NCT02593331, NCT02708576, and
NCT03060538). These therapeutic antibodies are designed to function
similar to FGF21; however, unlike FGF21, they bypass activation of
FGFR2 or 3 in complex with KLB. Each molecule could also show
distinct affinity and binding epitope, leading to unique biological ac-
tivities, as we have recently reviewed [58]. The bispecific anti-FGFR1/
KLB agonist antibody bFKB1 acts on the mouse receptor complex and
therefore provides a unique opportunity to investigate the mechanisms
by which a long-acting FGF21 mimetic antibody affects animal physi-
ology [30]. In this study, the action of bFKB1 and FGF21 were not
directly compared due to the vastly different pharmacokinetic profiles of
the respective molecules. Nevertheless, by comparing with what has
been described with FGF21, the findings presented here corroborate
the assumption that bFKB1 indeed behaves like previously studied
recombinant FGF21 analogs in vivo, defining it as a long-acting FGF21-
1464 MOLECULARMETABOLISM6 (2017)1454e1467 � 2017Genentech, Inc. Published by Elsevier GmbH. T
mimetic antibody. Our new data also clarify some of the disagreements
from previous studies with FGF21 analogs regarding the mechanism of
action downstream of the FGFR/KLB complex activation.
UCP1 has traditionally been thought to be indispensable for adaptive
thermogenesis in BAT [48,59]. Recently, two independent groups used
Ucp1 KO mice to test the requirement of this gene in the enhancement
of EE by human FGF21 or stabilized Fc-FGF21 fusion protein [31,32].
Véniant et al. observed that FGF21 increased EE in both heterozygous
and Ucp1 KO mice. In contrast, Samms et al. reported that continuous
FGF21 infusion led to a gradual increase in EE in WT mice; however,
this change was absent in Ucp1 KO mice. The reason for this
discrepancy is not clear. However, one possibility could be due to the
difference in the housing temperature for each experiment (30 �C in
Véniant et al., and slightly lower 26 �C in Samms et al.). In order to
avoid the secondary defects associated with Ucp1 deficiency [49], we
conducted our experiment at 30 �C with bFKB1 with Ucp1 KO mice and
control WT mice. The results were consistent with Véniant et al., in that
FGFR1/KLB activation leads to an apparent elevation in EE even in Ucp1
his is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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KO mice, although the effect was slightly diminished in the KO mice as
compared to WT mice. To our surprise, the FDG uptake into iBAT and
disappearance of lipid droplets were even more pronounced in Ucp1
KO mice than in WT mice. This is in stark contrast to the observed
defect of Ucp1 KO mice to reduce iBAT lipid content in response to
norepinephrine administration [60]. Thus, in the context of FGFR1/KLB
receptor activation, the less energy efficient UCP1-independent ther-
mogenesis may lead to elevated substrate consumption to produce an
equivalent amount of heat. Although the nature of this UCP1-
independent thermogenesis is still unclear, previous and recent re-
ports suggest the presence of an alternate thermogenic mechanism in
brown and beige adipocytes [61e66].
Other metabolic effects such as weight loss and changes in car-
diometabolic markers were also observed in Ucp1 KO mice adminis-
tered with bFKB1, consistent with previous studies with FGF21.
Interestingly, glucose tolerance was improved by bFKB1 in WT mice,
but not in Ucp1 KO mice. In three independent studies with Ucp1 KO
mice, FGF21-induced glucose lowering effects were compromised
[31e33]. Therefore, it appears that Ucp1 is not essential for FGF21-
and FGFR1/KLB agonist-induced increase in EE, but is an important
contributor to enhanced glucose clearance by these molecules.
The identity of the tissue where the receptor complex that mediates the
metabolic effects of FGF21 resides has also been the subject of
disagreement. The previous studies utilizing the aP2-CRE mediated
Fgfr1 deletion [28,29] were most likely confounded by the non-specific
expression of aP2-CRE in non-adipocytes such as brain tissue [67],
whereas the Adipoq-CRE used in this study has been reported to bemore
adipocyte-selective [45]. Our results with Adipoq-CRE mediated Fgfr1
gene deletion suggest that FGFR1 in adipocytes is indeed essential for
the mitogen-activated protein kinase (MAPK) signal activation in adipose
tissues by bFKB1, but not for stimulation of BAT thermogenesis or
improvement in various markers of metabolic health. Utilizing a newly
developed system combining a human FGFR1 selective agonist antibody
and tissue-specific transgenic mice, we also demonstrated that BAT-
restricted FGFR1 activation is not sufficient to enhance EE, increase
Ucp1 mRNA expression, or alter glucose tolerance. This is in contrast to
the action of a non-tissue specific FGFR1 agonist that improves meta-
bolic health independent of appetite control [34]. While this manuscript
was in preparation, BonDurant et al. published a study in which they
tested the requirement of Klb gene in adipocytes in the metabolic action
of FGF21 [68]. Their results support our conclusion that FGFR/KLB
activation in adipocytes is neither necessary nor sufficient for the chronic
metabolic action of FGFR/KLB agonists.
In this study, we demonstrate that bFKB1, like FGF21, decreases
preference to saccharin-containing food and ethanol containing water,
establishing FGFR1, rather than FGFR2 or FGFR3, as the receptor
responsible for aversion to sweet food and alcohol. Our result thus
indicates that most of the described activity of FGF21 is mediated by
the FGFR1/KLB complex and does not require activation of the FGFR2/
KLB or FGFR3/KLB complex. This new observation also suggests a
central nervous system-mediated action of bFKB1, despite its large
molecular mass (approximately 150 kDa). Human IgG proteins can
cross the blood-brain barrier at a very low efficiency [69]. Thus, it is
conceivable that a small amount of bFKB1 that crosses the blood-brain
barrier may be sufficient to act on a distinct set of FGFR1/KLB-
expressing target neurons. Alternatively, bFKB1 may act in the cir-
cumventricular organs in the brain that are characterized by extensive
vasculature and fenestrated capillaries and thus lack blood brain
barrier protection. Further investigation is needed for a more detailed
understanding of the FGFR1/KLB expressing neurons. The identifica-
tion of human FGFR1 selective agonist antibody 14B6 described here
MOLECULAR METABOLISM 6 (2017) 1454e1467 � 2017Genentech, Inc. Published by Elsevier GmbH. This is an
www.molecularmetabolism.com
should facilitate the functional testing of various neuronal subsets in
transgenic mice.
In summary, our study supports a mechanism whereby the FGFR1/KLB
agonist antibody bFKB1 stimulates brown fat thermogenesis indirectly
through target receptors expressed outside of adipocytes in a manner
that does not necessarily require Ucp1. Taken together with other
available data we believe that molecular-weight-enhanced FGF21-
analogs such as Fc-fusions, IgG fusions, and PEGylated FGF21 as
well as antibody-based FGF21 mimetics all have a common mecha-
nism of action functioning through the nervous system and more
specifically through the FGFR1/KLB complex. The central nervous
system is now recognized as the target of various periphery-produced
metabolic hormones such as insulin, leptin, and glucagon-like-
peptide-1, whose modified forms are used for therapeutic interven-
tion in various metabolic diseases. Additional investigation is war-
ranted to further understand the nature of FGFR1/KLB-expressing
neurons and their role in metabolic physiology and the pharmacolog-
ical action of FGF21-class therapeutics.
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