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Subcutaneous delivery of FGF21 mRNA therapy
reverses obesity, insulin resistance, and hepatic
steatosis in diet-induced obese mice
Stefano Bartesaghi,1,9 Kristina Wallenius,1,9 Daniel Hovdal,1 Mathias Liljeblad,1 Simonetta Wallin,1 Niek Dekker,2

Louise Barlind,2 Nigel Davies,3 Frank Seeliger,4 Maria Sörhede Winzell,1,8 Sima Patel,5 Matt Theisen,5 Luis Brito,5

Nils Bergenhem,6 Shalini Andersson,7 and Xiao-Rong Peng1

1Metabolism, Research and Early Development Cardiovascular, Renal andMetabolism, BioPharmaceuticals R&D, AstraZeneca, Gothenburg SE-43183, Sweden; 2Discovery

Sciences, BioPharmaceuticals R&D, AstraZeneca, Gothenburg, Sweden; 3Advanced Drug Delivery, Pharmaceutical Science, BioPharmaceuticals R&D, AstraZeneca, Goth-

enburg, Sweden; 4Clinical Pharmacology and Safety Sciences, BioPharmaceuticals R&D, AstraZeneca, Gothenburg, Sweden; 5Moderna, Inc., 200 Technology Square,

Cambridge, MA 02139, USA; 6Business Development, BioPharmaceuticals R&D, AstraZeneca, Boston, MA, USA; 7Oligonucleotide Discovery, Discovery Sciences,

BioPharmaceuticals R&D, AstraZeneca, Gothenburg, Sweden
Received 27 October 2021; accepted 15 April 2022;
https://doi.org/10.1016/j.omtn.2022.04.010.
8Present address: Inhalation Product Development, Pharmaceutical Technology
and Development, AstraZeneca, South San Francisco, CA
9These authors contributed equally

Correspondence: Xiao-Rong Peng, Research and Early Development Cardiovas-
cular, Renal and Metabolism, BioPharmaceuticals R&D, AstraZeneca, Gothenburg
SE-43183, Sweden.
E-mail: xiao-rong.peng@astrazeneca.com
Fibroblast growth factor 21 (FGF21) is a promising therapeutic
agent for treatment of type 2 diabetes (T2D) and non-alcoholic
steatohepatitis (NASH). We show that therapeutic levels of
FGF21 were achieved following subcutaneous (s.c.) administra-
tion ofmRNA encoding human FGF21 proteins. The efficacy of
mRNA was assessed following 2-weeks repeated s.c. dosing in
diet-induced obese (DIO), mice which resulted in marked de-
creases in body weight, plasma insulin levels, and hepatic stea-
tosis. Pharmacokinetic/pharmacodynamic (PK/PD) modelling
of several studies in both lean and DIO mice showed that
mRNA encoding human proteins provided improved thera-
peutic coverage over recombinant dosed proteins in vivo.
This study is the first example of s.c. mRNA therapy showing
pre-clinical efficacy in a disease-relevant model, thus, showing
the potential for this modality in the treatment of chronic
diseases, including T2D and NASH.

INTRODUCTION
In recent years, developments in basic RNA biology and technology
have brought forth a corresponding revolution in RNA-based strate-
gies to generate new types of therapeutics, including antisense RNA,
small interfering RNA, RNA aptamers, and mRNA (mRNA).1,2 In
particular, mRNA has emerged as an exciting alternative to deliver
therapeutic proteins.2,3 The advantages with mRNA include that (1)
mRNA is translated into therapeutic protein by target cells leading
to post-translational modifications that are likely to resemble the
endogenous proteins; (2) compared with DNA or viral based gene
therapies, mRNA does not require nuclear localization, which reduces
decrease risks of genomic insertions and mutations, and (3) mRNA
therapy avoids constitutive gene expression but maintains a transient
expression with a defined half-life. With these advantages, mRNA
could offer the delivery of secreted proteins with challenging biophys-
ical properties, as well as intracellular and membrane proteins that, so
far, rely on viral-based gene therapy.
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Despite so many exciting perspectives, many barriers have prevented
clinical utilization of mRNA for patients with chronic diseases. The
major challenges include instability of mRNA in vivo; it is susceptible
to degradation by endo- and exo-nucleases. In addition, cellular
membrane lipid bilayers block entry of highly charged, high molecu-
lar weight mRNAs. Further, innate immune pattern recognition
receptors, like Toll-like receptors have evolved to mount immune re-
sponses to RNA invasion.4 A new generation of modified RNA from
Moderna therapeutics (Moderna, Inc) has showed improved stability
and decreased immunogenicity.5 A recent example of mRNA as a
therapeutic in early clinical pipeline is AZD8601.6

Lipid nanoparticles (LNPs), have emerged as an effective formulation
to encapsulate mRNAs, both protecting them from degrading en-
zymes and enabling the entry of the RNA to cells,7 and are currently
the non-viral RNA delivery platform of choice.8,9 Several LNP formu-
lations have been evaluated in the preclinical setting.10–14 Up until
recently, the amino lipid MC3 (DLin-MC3-DMA) was the most clin-
ically advanced oligonucleotide delivery system, with ONPATTRO
(Patisiran) awarded break through therapy in 2018 by the U.S.
Food and Drug Administration for the treatment of the polyneurop-
athy of hereditary transthyretin-mediated amyloidosis in adults.15

With the emergency use authorization of two mRNA based-corona-
virus disease 2019 (COVID-19) vaccines, Moderna’s mRNA-1273
sever acute respiratory distress syndrome coronavirus disease 2
uthors.
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vaccine16,17 and Pfizer-BioNTech COVID-19 vaccine,18,19 intramus-
cular administration of LNPs is now widely accepted and has been
successfully administered to several hundred million individuals
worldwide. Despite the success, an LNP formulation suitable for sub-
cutaneous (s.c.) repeated and chronic dosing is still a gap. The s.c.
administration could open the possibility of patient self-administra-
tion and hence long-term chronic treatment that might enable
mRNA to be used as a novel modality of protein replacement or
regenerative therapies.

In our recent publication,20 we have reported in vivo systematic char-
acterization of functionalized LNPs that enable tolerable s.c. admin-
istration of mRNA as a viable approach to achieve systemic levels
of therapeutic proteins. Moderna therapeutics have recently reported
a new amino lipid (lipid 5), which has enhanced transfection effi-
ciency and decreased immunogenicity (when dosed intravenously
[i.v.]) compared with MC3-containing LNP in rodents and non-hu-
man primates (NHPs).21 In this study, we extended the application
of this novel LNP to repeated s.c. delivery of mRNA constructs for
treatment of metabolic disorders.

More than 400 million individuals are diagnosed with type 2 diabetes
(T2D) worldwide.22 Therapeutic agents that correct the underlying
pathologies of diabetes such as insulin resistance and obesity remain
attractive to bring disease reversal and decrease comorbidities. Multi-
ple studies have demonstrated that pharmacological administration
of recombinant FGF21- or FGF21-mimetics in obese and diabetic an-
imal models, including rodents and NHPs, leads to profound meta-
bolic improvements.23,24 These effects include a decrease in body
weight and liver steatosis, as well as improved insulin sensitivity
and beta cell function.24

FGF21 is a hepatokine that binds and activates a cell surface receptor
complex composed of FGF receptors (FGFR1c/2c/3c) and co-factor
b-Klotho leading to ERK1/2 phosphorylation.25 Although FGF recep-
tors are ubiquitously expressed, b-Klotho expression is restricted to a
few tissues, including brown (BAT) and white adipose tissue, as well
as the liver and central nerve system.26 The development of FGF21
analogs suitable for chronic treatment has been challenging, due to
poor pharmacokinetic properties of native FGF21 including short
half-life (an estimated half-life of approximately 1 h in rodents and
0.5–2 h in NHPs27) and its susceptibility to aggregation and degrada-
tion by proteases. Clinical FGF21 candidates require amino acid
replacement for half-life extension and a decrease in protein aggrega-
tion, which increases the risk of immunogenicity.28

In this work, we used mRNA to express FGF21, a therapeutic protein
with well-established pharmacodynamic effects, and its half-life
extended Fc-analog to explore the potential of mRNA as a new mo-
dality for treatment of metabolic disorders. We demonstrate that
mRNA can be delivered repeatedly via the s.c. route to express and
secrete a pharmacologically active protein, thus providing a proof
of concept for the treatment of a chronic disease such as T2D and
non-alcoholic steatohepatitis (NASH).
RESULTS
mFGF21 translates to functional protein in human adipocytes

To test if mRNA encoding human FGF21 (mFGF21) expresses
functional FGF21 protein in vitro, equal numbers of human
adipose-derived stem cells (hASCs) from healthy subjects were
transfected with equal amount of mFGF21 or control mRNA
encoding enhanced-GFP (meGFP) using lipofectamine. All
mFGF21-transfected cells showed a significant increase in
FGF21 expression as shown both by visual examination of repre-
sentative picture of stained cells by immunocytochemistry and
by the detection of protein levels in the media by ELISA compared
with relative control cells transfected with meGFP (n = 4–8)
(Figure 1A).

To determine the activity of mRNA-encoded FGF21 protein, termi-
nally differentiated white human adipocytes were stimulated, with
recombinant human FGF21 (recFGF21) or conditional medium
containing equal amounts of mRNA encoded FGF21 protein, for
20 min. Cell lysates were subsequentially analyzed by western blot
for MAP kinase pathway (phosphorylated Erk1/2 [p-Erk1/2] and
total Erk1/2 [Erk1/2] expression) compared with non-transfected
cells or conditioned media derived from an meGFP group (Fig-
ure 1B). To provide more compelling evidence for the activity of
mRNA-encoded FGF21 protein, we also studied the dose-response
(Figure 1C) and time-course (Figure 1D) of mRNA-encoded
FGF21 protein-induced phosphorylation of Erk1/2 as well insulin-
independent glucose uptake and compared it with recFGF21
(Figures 1C–1E). Although we could not identify any difference in
potency on Erk1/2 signaling between mFGF21 and recFGF21 pro-
teins (Figure 1C), a clear and statistically significant difference on
efficacy was evident for both Erk1/2 signaling and insulin-indepen-
dent glucose uptake, favoring mRNA-encoded FGF21 (Figures 1D
and 1E). These in vitro data clearly demonstrate thatmFGF21 effec-
tively directs the biosynthesis and secretion of active FGF21 protein
that induces MAP Kinase signaling similar to recFGF21 in mature
adipocytes. Furthermore, the downstream pharmacological effects,
here measured as glucose uptake, are consistent with physiologically
relevant signaling.

We further evaluated the activity of FGF21 protein when transfecting
cells using mFGF21 encapsulated in a LNP, as previously re-
ported.20,21 LNP-encapsulating mFGF21 (LNP-mFGF21) was incu-
bated with ex vivo differentiated human adipocytes, and the FGF21
downstream effector genes, e.g., DUSP4 and SPRY4, were measured
as indicative of FGF21 action. The treatment of human adipocytes
with LNP-mFGF21 for 24 h resulted in the secretion of approximately
500 ng/mL of FGF21 into the conditioned media, while control LNP-
treated adipocytes had undetectable levels of human FGF21 (Fig-
ure 1F). The increase in FGF21 levels coincided with a robust increase
in both DUSP4 and SPRY4mRNAs, similar to that of recFGF21 pro-
tein (Figure 1G). These data demonstrate that the LNP-containing
mFGF21 transfects mature human adipocytes effectively and the
mRNA-derived FGF21 protein exerts autocrine effects leading to
activation of downstream pathways.
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Figure 1.mFGF21 translates into functional protein in

human adipocytes

(A) Representative immunostaining and ELISA analysis of

human FGF21 in cells transfected with control LNP and

mFGF21. (B–D) Phosphorylation of ERK in adipocytes

treated with recFGF21 and mmFGF21. (E) Glucose uptake

in adipocytes stimulated by recFGF21 or mFGF21.

(F) mFGF21 protein in conditioned media of transfected

adipocytes. (G) FGF21 down-stream genes expression in

human adipocytes treated with recFGF21 or mFGF21. (H)

Injection site luciferase quantification performed at 6, 24,

and 48 h after injection. (I) Representative image of RNA dis-

tribution at the injection site (brown signal; RNAscope) was

taken at 6 h after single s.c. administration of mmLUC

0.3 mg/kg. Figures show mean ± standard error of the

mean. n = 4–8, *p < 0.05, **p < 0.01, and ***p < 0.001

versus PBS, #p < 0.05, ##p < 0.01, and ###p < 0.001

versus LNP. Ordinary one-way ANOVA was performed fol-

lowed by Sidak’s multiple comparison test.

Molecular Therapy: Nucleic Acids
Finally, to better understand the primary location and cellular
expression after the s.c. administration of mRNA-formulated
LNP, an imaging study (IVIS, Figure 1H) with a subsequent histo-
logical evaluation (RNA-Scope, Figure 1I) was performed using
Luciferase mRNA (LNP-mLuc). Luciferase protein expression was
followed over 48 h and confirmed to be confined to the site of
administration (Figure 1H) as previously also reported by Davies
502 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
et al.20 Furthermore, histological assessment
showed that the mLuc (Figure 1I) was localized
in the adipose layer.

Pharmacokinetics

First we investigated the half-life and bioavail-
ability of recFGF21 and recFc-FGF21 proteins
in lean mice. RecFGF21 showed a short terminal
half-life of 1.5 h and a complete systemic bioavail-
ability after s.c. administration (Figure 2A), while
recFc-FGF21 had a terminal half-life of approxi-
mately 9 h and a systemic bioavailability of 40%
after s.c. administration (Figure 2B). This is in
agreement with previous literature reporting
that recFGF21 is rapidly cleared after administra-
tion in vivo while conjugation with a Fc-domain
extends the half-life of FGF21 (recFc-FGF21).27

Next, we explored whether the administration
of FGF21 mRNAs could increase the level
and duration of FGF21 and Fc-FGF21 exposure.
As shown in Figure 2C, the s.c. administration of
mFGF21 resulted in a delayed peak concentration
(tmax of approximately 8 h) and a longer terminal
half-life of the recFGF21 (approximately 3 h)
compared with recFGF21. The bioavailability
of FGF21 protein when dosed as mFGF21
was calculated by: AUCmRNA expressed protein$CLprotein/DosemRNA, where
AUC is the area under the curve. The administration of mFGF21 re-
sulted in a net production of FGF21 protein that was 26 times higher
than would be obtained with a corresponding molar dose of the
recFGF21. The combination of an extended plasma concentration-
time profile and a high net protein production from mFGF21 delivery
allowed us to decrease the dosing frequency of mFGF21 to once daily



Figure 2. Plasma concentration-time profiles of

FGF21 and Fc-FGF21 administered as recombinant

protein or expressed by mRNA

(A) The i.v. (black, n = 4) and s.c. (blue, n = 4) administration

of 0.3 mg/kg recFGF21 protein (B), i.v. (magenta, n = 8) and

s.c. (turquoise, n = 20) administration of 0.74 mg/kg recFc-

FGF21 protein (C), s.c. administration of 0.5 mg/kg

mFGF21 (red, n = 4), (D) repeated s.c. twice daily adminis-

tration of recFGF21 (blue squares, n = 10) and once daily

administration of mFGF21 expressed protein (red dots,

n = 8) measured after 14 days matched with the predicted

concentrations (lines show simulation; blue for recFGF21

and red mFGF21) (E), single (n = 16) and once daily

repeated (n = 18) s.c. administration of 0.5 mg/kg mFc-

FGF21 (brown and amber lines). (A–C) lean mice, (D and

E) DIO mice.
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instead of twice daily as needed for recFGF21 to obtain a similar
average FGF21 exposure during the dosing interval. Using a pharma-
cokinetic (PK) model of the single dose exposure in lean mice, we
also simulated the exposure profiles of recFGF21 and mFGF21 ex-
pressed protein after 14 days of repeated dosing in DIO mice (Fig-
ure 2D). The levels of plasma recFGF21 or mFGF21 expressed protein
measured after 14 daysmatchedwith the predicted concentrations sug-
gesting that PK properties of FGF21 protein and the mRNA delivery in
lean and DIO mice are similar.

Encouraged by the improved exposure of FGF21 protein when dosed
as mFGF21, we explored whether mFc-FGF21 could further improve
the exposure of Fc-FGF21 protein (Figure 2E). As for mFGF21, a de-
Molecular
layed peak Fc-FGF21 concentration was observed
after mFc-FGF21 (tmax = 30 h) as compared with
recFc-FGF21 (tmax = 6 h). However, after a single
dose of mFc-FGF21, no improvement in the ter-
minal half-life between mRNA translated Fc-
FGF21 protein and recFc-FGF21 was observed.
In addition, the estimated net production (c.f.
bioavailability as fraction) of Fc-FGF21 protein
after a single dose of mFc-FGF21 was only 0.86,
indicating that the net gain of protein expression
using the mFc-FGF21 construct is much less as
compared with mFGF21. After repeated dosing
of mFc-FGF21, a small accumulation of Fc-
FGF21 protein was initially observed as expected
from the half-life of the expressed protein (Fig-
ure 1E), but with continued repeated dosing,
there was a small drop-off in the protein levels
with time.

The s.c. injection of LNP-mFc-FGF21 results

in dose-dependent increases in target

engagement biomarkers

To investigate whether s.c. administered LNP-
encapsulated mFc-FGF21 could exert expected
FGF21 protein effects, DIO mice were dosed once daily over
2 weeks with mFc-FGF21 (0.15, 0.5, or 1.5 mg/kg/day) or with
recFc-FGF21 (0.5 mg/kg/day) as a positive control (Table S1; study
2). The dose of the recFc-FGF21 used as control was based on an
efficacy dose-response study performed in DIO mice (Table S1;
study 1 and Figure S1). The expression of FGF21 immediate down-
stream target genes, Dusp4, Dusp6, and Spry4, were monitored in
key target tissues including BAT (Figures 3A and 3B) and liver
(Figures 3C and 3D). In both BAT and the liver, recFc-FGF21
significantly induced the expression of Dusp4, Dusp6, and Spry4.
Similarly, the expression of these genes increased with mFc-
FGF21 dose, while the genes for Fgfr1c and Klb (b-Klotho), as
expected, remained unchanged (Figures S2A–S2D). Efficacy data
Therapy: Nucleic Acids Vol. 28 June 2022 503
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Figure 3. mRNA encoding FGF21 translates in robust target engagement in vivo

Two weeks repeated dosing with protein (recFc-FGF21) or mRNA encoding Fc-FGF21 (mFc-FGF21) to DIO mice translates to FGF21 signal/target engagement in BAT (A

and B) and liver (C and D). Figures show mean ± standard error of the mean. n = 4–8, *p < 0.05, **p < 0.01, and ***p < 0.001 versus PBS, #p < 0.05, ##p < 0.01, and

###p < 0.001 versus LNP. Ordinary one-way ANOVA was performed followed by Sidak’s multiple comparison test.
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on body weight lowering and plasma insulin and triglycerides
levels in the final sample from this study are reported as
Table S1 (study 2).

Repeated dosing of mFGF21 or mFc-FGF21 decreased obesity

and improved biomarkers of the metabolic syndrome in DIO

mice

To investigate whether mFGF21 and mFc-FGF21 would result in
similar therapeutic benefits as recFc-FGF21 protein, DIO mice were
treated with recFc-FGF21 (0.5 mg/kg/d), mFGF21 (0.3 mg/kg/d) or
mFc-FGF21 (0.5 mg/kg/d) for 2 weeks (Table S1; study 3). recFc-
FGF21 was selected as positive control instead of recFGF21 to match
the dosing frequency of mRNA.

Two vehicle control groups were included in this study PBS (for
recombinant protein) and control LNP for the mRNA groups. There
was no difference in body weight gain or plasma glucose or lipids
levels between the control groups (Figures 4A, 4C, 4E, and 4F).
However, plasma insulin levels were slightly higher in the LNP group
compared with the PBS group (Figure 4D).

All FGF21 entities, regardless of modality, decreased body weight by
5%–7.5% over the 2-week dosing period compared with respective ve-
hicles, but did not show any significant effects on food intake (Fig-
ure 4B). In addition, recFc-FGF21 protein, as well as mFGF21 and
mFc-FGF21 expressed proteins, all dramatically decreased plasma
fasting glucose and insulin (Figures 4C and 4D) at the end of treat-
504 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
ment period, suggesting improved insulin sensitivity. Plasma triglyc-
erides (TGs) and total cholesterol were also significantly decreased by
recFc-FGF21 and mFGF21 (Figures 4E and 4F).

At the end of 2 weeks treatment, bothmFGF21 andmFc-FGF21 had a
decreased liver weight (corrected by body weight) to a similar degree
as recFc-FGF21 (Figure 5B). All FGF21 treatments markedly reduced
liver steatosis as can be seen by the representative hematoxylin-eosin
(HE) sections, representative lipid droplets indicated with black ar-
rows (Figure 5A). The HE sections were scored according to the grade
score scale defined by Kleiner et al.29 High fat diet feeding induced
extensive liver steatosis (vehicle-treated groups, PBS, or control
LNP), while all FGF21 treatments resulted in a clear and significant
reversal of steatosis severity from a severity of 3–4 to a severity of
1–3 (Figure 5C). The decrease in steatosis was confirmed by measure-
ments of total liver TG (Figure 5D). Overall, mRNA encoding for
both FGF21 and Fc-FGF21 demonstrated similar therapeutic benefits
in DIO mice as recFc-FGF21 following 2 weeks of treatment, thus
confirming strong support for mFGF21 therapy in treating insulin
resistance and non-alcoholic liver disease.24

Determination of in vivo potency of FGF21 and Fc-FGF21 when

dosed as recombinant protein or when expressed by mRNA

We next determined the in vivo potency of FGF21 and Fc-FGF21 on
body weight reduction when expressed frommRNA or when dosed as
recombinant proteins. To do this, we first performed a PK analysis
where we integrate all available exposure data from all relevant PK



Figure 4. mRNA encoding FGF21 improves metabolic endpoints in DIO mice

Two weeks repeated dosing with protein (recFc-FGF21) or mRNA encoding FGF21 (mFGF21) or Fc-FGF21(mFc-FGF21) to DIO mice reduces body weight (A) without

affecting food intake (B) and reduces plasma glucose (C), insulin (D), TG (E) and cholesterol (F). Figures show mean ± standard error of the mean. n = 4–8, *p < 0.05,

**p < 0.01, and ***p < 0.001 versus PBS, ##p < 0.01 and ###p < 0.001 versus LNP. One-way ANOVA was performed followed by Sidak’s multiple comparison test.
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and pharmacodynamic studies (Table S2). We used a mixed effects
modelling approach, where the PK model was simultaneously fit to
either the FGF21 or the Fc-FGF21 protein concentrations observed
after the dosing of both recombinant protein and when expressed
frommRNA (detailed in the supplementary methods). The individual
fits of the model to the observed protein concentrations are shown in
supplementary methods Figure S6 (FGF21) and S7 (Fc-FGF21) and
the final parameter estimates are reported in Table S3.

The derived individual PK parameters were then fixed as constants in
the subsequent PK/pharmacodynamic (PD) model of drug-induced
body weight reduction. The FGF21 proteins were assumed to increase
the energy expenditure as described by an Emax function, where the
two proteins (FGF21 and Fc-FGF21) and the two modalities (recom-
binant protein and mRNA) were added as categorical covariates on
potency (EC50). The individual fit of the model to the observed
body weight change are shown in supplementary methods (Figure S8)
and the estimates of the derived PD parameter are summarized in
Table S4.

The results from this analysis showed that the in vivo potency for body
weight reduction was identical between recFGF21 and mFGF21 (Ta-
ble 1, EC50 = 0.136 nM). The conjugation of FGF21 to a Fc-domain
(Fc-FGF21) had a clear negative impact on in vivo potency of
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 505

http://www.moleculartherapy.org


Figure 5. mRNA encoding FGF21 reduces liver steatosis in DIO mice

Two weeks repeated dosing with protein (recFc-FGF21) or mRNA encoding FGF21 (mFGF21) or Fc-FGF21(mFc-FGF21) to DIO mice reduces liver steatosis as shown by

representative images from each treatment group (A), liver weight (B), scoring of liver fat (C) and liver TG content (D) compared with their respective controls (PBS or LNP).

(B–D) Mean ± standard error of the mean. n = 4–8, *p < 0.05 and **p < 0.01 versus PBS, ##p < 0.01 versus LNP. One-way ANOVA was performed followed by Sidak’s

multiple comparison test (B). Black arrows (A) indicate lipid droplets.
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FGF21, regardless of themodality used. However,mFc-FGF21was five-
foldmore potent in vivo comparedwith recFc-FGF21 (Table 1) (EC50 =
5.46 nM vs. 26.6 nM). The maximal drug-induced increase in energy
506 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
expenditure (Emax) was estimated to be 1.76-fold higher in drug-treated
mice compared with vehicle-treated mice. As a result, the model pre-
dicts that, if the mice were to receive a maximal drug response, they



Table 1. In vivo potency of drug-induced body weight reduction in DIOmice

Parameters FGF21 Fc-FGF21

EC50 protein (nM/L�1) 0.136 (0.095–0.177) 26.6 (17.3–35.8)

EC50 mRNA (nM/L�1) 0.136 (0.095–0.177) 5.46 (3.57–7.34)

Estimates presented as mean and 95% confidence interval.
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would continue to lose weight until they would reach a minimal body
weight of approximately 20 g, which is in line with the expected weight
of a lean age-matched mouse (20–25 g).30 However, if left untreated,
themicewould continue to gain weight and eventually reach amaximal
body weight of 50–56 g.30

DISCUSSION
We have designed and characterized two FGF21 mRNAs in vitro and
in vivo for protein production and evaluated the PK and PD param-
eters. The novelty of this study is that we can repeatedly administer
mRNA via the s.c. route, resulting in expected PD effects of FGF21
treatment. These results illustrate the potential of mRNA therapeutics
for treatment of chronic diseases.

Currently, protein-based biopharmaceuticals account for approxi-
mately 40% of all drugs in clinical development, which has resulted
in an increase in both EU and U.S. approvals.31 This trend is expected
to continue over the next 5–10 years. However, manufacturing of pro-
tein-based pharmaceuticals is a complex and costly process, owing to
the large molecular size, custom production and purification, and in
certain instances non-native post-translational modification of the
protein. Biologic production requires specially engineered cells for
protein production. Subsequent purification of the therapeutic pro-
teins requires specific conditions for each protein, resulting in addi-
tional quality control steps to ensure efficacy and safety. Given these
limitations, we believe that mRNA could serve as an alternative way to
treat patients while conserving validated biological processes. Howev-
er, mRNA-based therapy also faces challenges, including RNA in vivo
stability, innate immune recognition, and efficacious delivery.

The use of mRNA as a drug has been extensively evaluated for both
therapeutic proteins and prophylactic vaccines. The most advanced
mRNA drugs are currently being used for vaccination purposes
with several programs in late stage clinical testing.32 The approval
of two mRNA vaccines for COVID-19 has illustrated the potential
of the platform.33–36

There are several preclinical reports that show the potential of mRNA
for treatment of genetic and inflammatory diseases; however, these
have been limited to the i.v. administration of a single or a few
doses.11,37 For the treatment of chronic diseases such as T2D and
NASH, s.c. dosing would be the ideal route of administration for
drugs that cannot be formulated for oral use.

In this report, we explored the potential of mRNA with reduced
immunogenicity and improved in vivo stability to provide the thera-
peutic benefits of the metabolic regulator FGF21. We demonstrated
that mRNA encoding native FGF21 or Fc-FGF21 translated a
functional protein in ex vivo differentiated human adipocytes. The
functionality of mRNA expressed protein was proven in human adi-
pocytes by studying MAPK activation, leading to increased pERK
levels and glucose uptake as good as or better than recFGF21 protein.
The FGF21 produced by mFGF21 exerted autocrine effects by the
induction of FGF21 downstream gene expression. Based on our
LNP-mLuc in vivo experiment (Figures 1H and 1I), we speculate
that adipocytes in s.c. adipose tissue are a major cell type producing
the therapeutic proteins. Supporting this notion, luciferase mRNA
could be detected in adipocytes at the injection site 6 h after s.c. dosing
of LNP-mLuc.

Cells that are transfected by a LNP-containing mRNAwill express the
corresponding human protein, and will start to secrete it into the sys-
temic circulation. The prolonged half-life of FGF21 observed
following administration of mFGF21 (t1/2,ka mRNA = 3 h) compared
with recFGF21 (t1/2,FGF21 = 1.5 h), indicates that the elimination of
FGF21 protein after mFGF21 administration is production rate
limited (c.f., an absorption rate limited elimination of a small
molecule administered in an oral slow release formulation). For the
Fc-FGF21 protein, no such prolongation is observed after the admin-
istration of mFc-FGF21, since the elimination rate of the expressed
protein is slower (t1/2,Fc-FGF21 = 8.9 h) than the production rate
(t1/2,ka mRNA = 7.1 h) (Table S2). Therefore, the observed terminal
half-life for Fc-FGF21 will be the same when expressed by mFc-
FGF21 or when dosed as recFc-FGF21, since in both cases it is the
intrinsic elimination rate of the protein that is the rate limiting step
of the observed half-life.

Interestingly, mFGF21 showed a net production of FGF21 protein
that results in a 26-fold higher exposure, in terms of the area under
the protein concentration-time curve, than would be obtained when
dosing a corresponding molar dose of recFGF21. To our disappoint-
ment, the corresponding net production of Fc-FGF21 protein after
mFc-FGF21 delivery was only 0.86. This indicates that, for each
mole of mFc-FGF21 dosed, only 0.86 moles of protein are produced.
However, since the bioavailability of s.c. administered recFc-FGF21 is
approximately 40%, and not complete as for recFGF21, the net gain of
usingmFc-FGF21 compared with recFc-FGF21 is approximately two-
fold (0.86/0.40). The calculation of the mRNA net protein production
should not be mixed up with the absolute number of protein copies
translated from each mRNA by the ribosomes. The net protein pro-
duction is rather a composite parameter that includes, but is not
limited to, the productive uptake (including cell transfection and en-
dosomal escape), the repetitive translation of each mRNA sequence
by the ribosomes, and the fraction of expressed protein secreted
into the circulation. The calculation of net protein production is an
application of the standard equation of bioavailability (F =
CL$AUC/dose) on mRNA delivery. A key assumption in the calcula-
tion is that the clearance (CL) of recombinant dosed protein and the
mRNA expressed protein is the same. If it is known that the proteins
show major differences in protein folding or in post translational
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Table 2. Calculated dose targeting in vivo EC50 as average drug concentration at steady state

Treatment Daily dose (mg/kg) Dose (mg/kg) Mw (kDa) Daily dose (nM/kg) Dose (nM/kg) F or nPE CL (L/h/kg) EC50 (nM/L) t (h)

recFGF21 q6d 0.191 0.032 19.3 9.9 1.6 1.09 3.3 0.136 4

mFGF21 q.d. 0.125 0.125 302 0.41 0.41 26 3.3 0.136 24

recFc-FGF21 q.d. 0.357 0.357 47.8 7.5 7.5 0.402 0.0047 26.6 24

mFc-FGF21 q.d. 0.368 0.368 512 0.72 0.72 0.858 0.0047 5.46 24

Mw, molecular weight; F, bioavailability; nPE, net production efficiency; CL, clearance; EC50, potency; t, dosing interval.
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modifications when expressed in vitro (recombinant protein produc-
tion) and when expressed in vivo (after mRNA transfection), one
should be careful making this assumption. Since the net production
of protein from mRNA ideally should be a value much higher than
1, the use of the term bioavailability may not be appropriate, since
it is generally related to a fraction ranging between 0 and 1.We, there-
fore, suggest to use the term net production efficacy (nPE) when refer-
ring to the bioavailability of mRNA expressed proteins.

With an improved PK profile and the high nPE, once daily s.c. injec-
tions ofmFGF21 at a relatively low dose are sufficient to maintain the
plasma concentration of FGF21 above EC50 in vivo, while twice daily
dosing at a relatively high dose is needed for recFGF21 to achieve
similar PD effects (Figure S3). The mechanism behind this can be bet-
ter understood by realizing that the relationship between drug con-
centration and drug effect (i.e., the stimulation of energy expenditure)
is not linear, but is described by an Emax function (Figure S3). Conse-
quently, when the drug concentration is increased, e.g., by two-fold,
the effect of the drug may not increase to the same extent. The best
leverage of the drug response is obtained at concentrations close to
the EC50. At concentrations distant from the EC50, e.g., at concentra-
tions generating more than 80% of the Emax (EC80, FGF21 =
0.54 nM/L) only small changes in the effect is obtained when
increasing the drug concentration. After mFGF21 administration,
the FGF21 concentration can be maintained close to the EC50 with
small changes during the dosing interval. In contrast, owing to the
short half-life of recFGF21, this treatment generates drug concentra-
tions which resides at either very high drug concentrations (>EC80) or
at a very low drug concentration (<EC20) during most of the daily
dosing interval, where a poor leverage of the effect is obtained (Fig-
ure S4). Simulations show that the daily dose of recFGF21 in DIO
mice can be decreased from 2 mg/kg (1 mg/kg b.i.d) to 0.3 mg/kg
(0.05 mg/kg q6d) with maintained body weight reduction, by using
a dosing regimen which keeps the drug concentrations within the effi-
cacious EC20–EC80 concentration range (Figure S4).

Our data indicate that use of the mRNA expressing the FGF21 protein
(mFGF21) is the preferred choice when comparing the four different
FGF21 entities explored in this work. To draw this conclusion, it is
important to simultaneously assess the PK properties (nPE, the pro-
tein half-life) and the PD effect (EC50) of the different entities. The
detailed reasoning goes as follows. For FGF21, the high nPE and
the improved PK profile favors the use of mFGF21 compared with
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recFGF21. Since the potency and clearance are the same, a 26-fold
lower molar dose is required for mFGF21 compared with recFGF21.
Adjusting for the approximately 16-fold difference in molecular
weight the equivalent milligram per kilogram dose of mFGF21 is
approximately 1.5-fold lower as compared with recFGF21. For Fc-
FGF21, the mFc-FGF21 is also favored compared with recFc-
FGF21, but for different reasons. Despite the disappointingly low
nPE for mFc-FGF21, a 10-fold lower molar dose of mFc-FGF21
compared with recFc-FGF21 can still be used to generate the same
pharmacological effect (Figure S5). This is due to the small but still
two-fold higher nPE ofmFc-FGF21 compared with the bioavailability
of recFc-FGF21, and the five-fold higher potency determined for
mFc-FGF21 expressed protein compared with recFc-FGF21. Howev-
er, since the difference in molecular weight is about 10-fold between
mFc-FGF21 and recFc-FGF21, it gives that the same milligram per ki-
logram dose will generate the same pharmacological response. When
comparing the once daily dose needed for mFGF21 to generate the
same body weight reduction as mFc-FGF21, the two mRNAs can be
ranked by calculating the dose needed to target the corresponding
EC50 as the steady state concentration during the dosing interval by
using the equation: Dose = CL$EC50$t/nPE, where t is the duration
of the dosing interval. Feeding the equation with the data derived
in Tables S3 and S4, the daily molar dose ofmFGF21 is 1.7-fold lower
as compared with mFc-FGF21 (Table 2; 0.41 nM/kg vs. 0.72 nM/kg).
It is clear that despite the 700-fold lower CL of Fc-FGF21 compared
with FGF21, the advantage of using mFc-FGF21 over mFGF21 is lost
owing to a 40-fold relative loss in in vivo potency and the 30-fold
lower nPE. Taking the difference in molecular weight into account
provides a three-fold lower milligram per kilogram dose in favor of
mFGF21, which is of importance since our mRNAs are encapsulated
into LNP and local tolerability depends on the lipid load of the LNP
formulation. So, overall, the use of the mRNA expressing the FGF21
protein (mFGF21) is the preferred choice when comparing the four
different FGF21 entities explored in this work.

The therapeutic effects of FGF21 have been described in several pre-
clinical models including obese and insulin-resistant DIO mice.38,39

The most commonly observed metabolic changes elicited by FGF21
analogs or mimetics includes a significant decrease in body weight
and adiposity, which is not accompanied by a decrease in calorie
intake.39–41 This effect is associated with improvements in whole
body insulin sensitivity, an alleviation of liver steatosis, and improve-
ments in various circulating metabolic markers.39,42,43 Interestingly,
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the recent literature proposes that, rather than functioning as a master
regulator of metabolism, FGF21 instead functions as a master sensi-
tizer of specific hormonal signals regulating metabolism.24

This study shows that mFGF21 treatment in DIO mice has a clear
therapeutic benefit leading to an improved metabolic profile consis-
tent with previous reports for FGF21 analogs or mimetics 24. The
presented experiments demonstrate, for the first time, that s.c. admin-
istration of mRNA in mice, translates into a functional therapeutic
protein in vivo, and shows a proof of concept for further development
of s.c. delivery of mRNA therapeutics for the treatment of chronic dis-
eases such as T2D and NASH.

MATERIALS AND METHODS
Isolation and culture of hASCs

Samples of adipose tissue were collected from patients undergoing
elective surgery at Sahlgrenska University Hospital in Gothenburg,
Sweden. All study subjects received written and oral information
before giving written informed consent for the use of the tissue.
The studies were approved by The Regional Ethical Review Board
in Gothenburg, Sweden. hASCs were isolated from the stromal
vascular fraction as described in Bartesaghi et al.44 and cultured in
a growth medium DMEM/Ham’s F-12 with 10% FBS, 10 mM
HEPES, 33 mM biotin, 17 mM pantothenate, 1 nM Fibroblast growth
factor, all from Sigma Aldrich, 50 U/mL penicillin and 50 mg/mL
streptomycin at 37 �C, 5% CO2 in air with 80% humidity. For adipo-
cyte differentiation, 90% confluent cells were treated with DMEM/
F12 with 3% FCS (PAA; Gold) supplemented with 1 mM dexameth-
asone (Sigma), 500 mM 3-isobutyl-1-methyxanthine (IBMX; Sigma),
and 100 nM insulin. To promote white adipogenesis, 1 mM pioglita-
zone was included in the differentiation medium. Media were
changed every other day during proliferation and differentiation, un-
til fully differentiated (day 14). hASCs were tested for and were free of
mycoplasma.

Generation of mRNA

mRNA encoding human FGF 21 (mFGF21) or Luciferase were syn-
thesized as previously described 11. Briefly, hFGF21 mRNA was
codon optimized and synthesized by in vitro transcription using T7
RNA polymerase-mediated transcription. The uridine-50 triphos-
phate (UTP) was substituted with 1-methylpseudo-uridine UTP
and was added to the transcription reaction in place of uridine. The
mRNA was transcribed, using a linearized DNA template, which
also incorporate the sequence encoded for 50 and 3’ UTRs, the open
reading frame and a poly A tail. mRNA was capped using a vaccinia
enzyme in the presence of S-adenosylmethionine. A donor methyl
group from S-adenosylmethionine was added to methylated capped
RNA (cap-0), resulting in a cap-1 modification to increase mRNA
translation efficiency These chemical modifications to the mRNA
are designed to both improve protein translation and reduce immu-
nogenicity and have been described in detail as used by Carlsson
et al.45 and An et al.11 For wild-type FGF21, the amino acid sequence
of the rs739320 variant (leucine/proline at position 174) was
selected for design of mRNA, as it is the most common allele in hu-
man population. Several different mRNA designs all expressing the
same protein were evaluated to compare the efficiency of FGF21 pro-
duction by different mRNA constructs using hASCs (15,000 cells/96
well seeded the day before transfection in basal medium (BM1
[Zenbio], 3% FBS, 17 ng/mL FGF) transfected with the mRNA con-
structs using Lipofectamine (Life Technologies, #11668019 0.4m
L/well, diluted in 17 mL OPTI-MEM [Life Technology #31985070];
250 ng mRNA/well, diluted in 3 mL of RNAse-free water). After
24 h of transfection, the FGF21 protein secreted into the conditioned
medium was measured using an ELISA (R&D Systems #DF2100).
The highest expressing mRNA constructs tested were selected for
further evaluation in in vivo PK and efficacy studies.

Production of recombinant FGF21 and Fc-FGF21

The codon-optimized gene sequence coding for mature FGF21 resi-
dues His29-Ser209 (common allele rs739320 L174P variant) was
subcloned in a bacterial T7-driven expression vector pET24a in
fusion with an N-terminal His6 tag followed by TEV protease cleav-
age sequence. Protein was expressed in BL21star (DE3) using over-
night autoinduction at 20�C followed by a two-step purification
with IMAC. The bacterial pellet was resuspended in 50 mM Tris-
HCl, pH 8.0, 1 M urea, 0.5 M NaCl, and 1 mM EDTA and lysed by
passing through a cell disruptor (Constant System). The cleared su-
pernatant was then loaded on to a column (HisTrap FF) equilibrated
in buffer A (buffer A: 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10%
glycerol, 5mM imidazole). The protein was purified endotoxin free by
adding 0.5% Triton X-114 in washing buffer A and in all subsequent
steps endotoxin free buffers were used. The protein was eluted with
buffer B (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10% glycerol,
400 mM imidazole) followed by Superdex 75 26/60 gel filtration in
a PBS buffer, pH 7.4. The typical yield was 60 mg from 1 L of bacterial
culture. FGF21 has a short half-life in vivo, and a Fc-fusion was de-
signed to increase circulation levels for longer duration of action.
The Fc region of human immunoglobulin G127 was codon optimized
for mammalian expression and subcloned in pEBNAZ mammalian
expression vector under control of a CMV promotor. The Fc fusion
protein was preceded by a mouse Ig kappa chain V-III P01661 signal
sequence for secretion into the medium. The Fc sequence was fol-
lowed by a 15 amino acid Gly-Ser-rich linker followed by mature
FGF21 sequence residues His29-Ser209, including two stabilizing
mutations L98R/P171G (FGF21 numbering). Mutation L98R pre-
vents aggregation of FGF21, whereas mutation P171G stabilizes
FGF21 against proteolytic inactivation by FAPa.27 Suspension grown
Expi293F cells were PEI transfected with expression plasmid and cell
supernatant was harvested after 5 days. Fc-fusion protein was purified
in PBS using protein A (MabSelect SuRe, GE Healthcare) affinity pu-
rification under endotoxin-free conditions. The supernatant was
incubated with the resin over night at 4�C and washed with 1�
PBS, pH 7.4. The protein was eluted with 0.1 M glycine, pH 3.5.
The eluate was mixed with 1 M Tris-HCl, pH 9.0, to neutralize the
low pH. Buffer exchange to 1� PBS, pH 7.4, was done by using
PD10 columns. Typical yields were over 10mg purified fusion protein
from 100 mL culture supernatant. The amino acid sequences of re-
combinant proteins used in this study are reported in Table S5.
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LNP formulation

LNPs were prepared by microfluidic mixing as previously
described.20,21 Briefly, an ethanolic solution of the lipid components
(including steroid prodrug when used) and a solution of the mRNA
in 6.25 mM sodium acetate buffer (pH 5) were mixed at a ratio of
1:3, respectively, and a total flow rate of 12 mL/min using a
NanoAssemblr (Precision Nanosystems). After microfluidic mixing,
the LNPs were dialyzed overnight against 500� sample volume of
PBS (pH 7.4) using Slide-A-LyzerG2 dialysis cassettes with amolecular
weight cut-off of 10 k (ThermoFisher Scientific). Formulations were
concentrated using Amicon ultra centrifugal filters (EMD Millipore)
and passed through a 0.22-mm filter, and stored at 4�C until use. All
formulations were tested for particle size and mRNA encapsulation
and were found to be between 60 nm and 100 nm in size, with more
than 90% encapsulation. LNPs were formulated using a biodegradable,
ionizable lipid (lipid 5, as previously described in Sabnis et al.21),
cholesterol, distearoylphosphatidylcholine, and dimyryristoylphospha-
tidylcholine polyethyleneglycol 2000 at a percent molar composition of
50:38.5:10:1.5, respectively, and at a total lipid:mRNA weight ratio of
either 10:1 or 20:1 (nitrogen/phosphate ratio of 3 or 6, respectively).
Where specified, rofleponide or budesonide myristate (a C14 fatty
acid prodrug ester of rofleponide or budesonide) was incorporated in
the LNP at a steroid:mRNA weight ratio of between 1:6 and 1:150 to
enable dosing of the steroid at 0.01 or 0.05 mg/kg.20 Further details
of the LNP formulations used in the various studies including lip-
id:mRNA weight ratio and dose of steroid can be found in Table S2.

Tissue distribution studies

LNP encapsulated Luciferase mRNA (mmLUC) mRNA were admin-
istered to C57Bl/6 mice s.c. (intrascapular) at a dose of 0.3 mg/kg and
a dosing volume of 5 mL/kg while under light anesthesia (isoflurane).
At 8, 12, 24, and 48 h after administration, whole body scans of the
mice were collected using an IVIS Spectrum in vivo Imaging System
(PerkinElmer). Twenty minutes before imaging each mouse received
a 150 mg/kg dose of luciferin (Rediject D-Luciferin, PerkinElmer)
administered s.c. at a dosing volume of 5 mL/kg.

Immunoblotting

For western blots, cells were lysed in RIPA buffer (50mMTris-HCl, pH
8.0, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, and 150 mM NaCl), supplemented with protease and phospha-
tase inhibitor cocktails according to the manufacturer’s recommenda-
tions. Protein concentrations were measured using the BCA protein
assay kit. Proteins were separated by SDS-PAGE on NuPAGE Novex
4–12% Bis-Tris protein gels and transferred to nitrocellulose mem-
branes. Specific proteins were detected with the indicated primary
antibodies. Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
(D13.14.4E) rabbit mAb #4370 (Cell Signaling) and p44/42 MAPK
(Erk1/2) (3A7) mouse mAb #9107 (Cell Signaling), human klotho
beta antibody (b-Klotho) MAB5889 (R&D System) and monoclonal
anti-beta-actin (b-actin, AC-15) #A5441(Sigma). Protein-antibody
interactions were detected with a horseradish peroxidase-conjugated
secondary antibody, subjected to ECL chemiluminescent reagent.
Secondary antibodies were from Dako.
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Glucose uptake

hASC were seeded in Cytostar T 96-well plates at 15,000 cells/well
density and fully differentiated in adipocyte medium (AM; Zen-Bio
Inc.) with 0.05 mM IBMX, 0.1 mM dexamethasone, 10 nM insulin,
and 1 mM pioglitazone (7 days); and thereafter kept in AM (changed
every other day). For glucose uptake, adipocytes were starved for 3 h
in DMEM/0.1% BSA, stimulated with FGF-21 for 24 h, and washed
twice with KRP buffer (15 mM HEPES, pH 7.4, 118 mM NaCl,
4.8 mM KCl, 1.2 mM MgSO4, 1.3 mM CaCl2, 1.2 mM KH2PO4,
0.1% BSA), and 100 mL of KRP buffer containing 2-deoxy-d-
14Cglucose (2-DOG) (0.1 mCi, 100 mM) was added to each well. Con-
trol wells contained 100 mL KRP buffer with 2-DOG (0.1 mCi, 10mM)
to monitor for nonspecificity. The uptake reaction was carried out for
1 h at 37�C, and measured using a Wallac 1450 MicroBeta counter
(Perkin Elmer).

ERK phosphorylation assay

The fully differentiated human adipocytes were starved for 3 h in a
low glucose 1:1 DMEM/F12 media (Invitrogen) supplemented with
0.3% BSA; cells were treated with increasing concentrations of
FGF21 variants for 10 min. Cells were washed and lysates were har-
vested. Phosphorylated and total ERK1/2 was measured using MSD
Phospho/Total ERK1/2 whole cell lysate kit (Cat# K15107D, Meso-
Scale Discovery) following the manufacturer’s protocol. The amount
of phosphor-ERK was normalized by dividing phosphor ERK signal
with the total plus phosphor ERK signals.

RNA extraction and quantitative real-time PCR (qPCR)

Total RNA was extracted using RNAeasy (Qiagen) and reverse tran-
scription of 1 mg of total RNAwas carried out using the High Capacity
cDNAReverse Transcription Kit (Applied Biosystems, ThermoFisher
Scientific). Quantitative PCR was performed using TaqMan Gene
Expression Assays (Table S6) on a QuantStudio 7 Flex Real-Time
PCR System (Applied Biosystems, ThermoFisher Scientific). Runs
were analyzed using Applied Biosystems platform software, with
auto threshold and baseline, then exported and analyzed using SAS
JMP v13 statistical software.

DIO mice studies

All in vivo procedures were approved by the Gothenburg region
ethics committee and were performed at an AAALAC-accredited
site (001560). DIO C57bl/6 male mice were purchased from Taconic
Denmark at 20–23 weeks of age. Starting at 6 weeks of age, the mice
were fed a high-fat diet (HFD; D12492) for approximately 13 weeks.
The mice were acclimatized for at least 2 weeks before the study start
and they were randomized into the different treatment groups based
on body weight. At dose start, the mice weighed approximately 40 g.
Body weight and food intake was measured two times a week start-
ing the week before treatment start. The HFD was changed once
weekly. The mice had free access to food and water throughout
the study. All treatments where given as daily s.c. injections and
the sites were rotated between five sites (two on each side of the
spine and one in the neck region). The mice were treated starting
at 10 AM each day. Light cycle dawn 6:30–7 AM, dusk 5:30–6 PM,
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room temperature 22�C and humidity of 40%–60%. After 2 weeks of
treatment, a terminal blood sample was collected from 4-h fasted,
isoflurane-anaesthetized mice. For the target engagement study,
BAT and liver tissues were collected and placed in liquid nitrogen
for later mRNA analysis. For the efficacy study, the livers were
weighed and then placed in formalin as described below for later
HE staining.

Liver histology

Liver samples were fixed overnight at 4�C in PBS-buffered 4%
(wt/vol) paraformaldehyde and embedded in paraffin. Cross-sections
(5 mm) were prepared for HE staining. The semiquantitative analysis
for hepatocellular lipidosis was performed according to an adapted
scoring protocol from Kleiner et al.29 Briefly, the livers were scored
for the fraction of hepatocytes showing intracytoplasmic vacuolation
compared with unaffected cells as followed: 0 = no vacuolation;
1 = <5% vacuolated hepatocytes; 2 = 5%–30% vacuolated hepatocytes;
3 = > 30%–60% vacuolated hepatocytes; 4 = >60% vacuolated
hepatocytes.

Plasma analysis

Insulin was measured using a Mouse/Rat Insulin kit from Meso Scale
Discovery (K152BZC-1). Enzymatic colorimetric methods, assayed
on the ABX Pentra 400 (Horiba ABX), were used for analysis of:
glucose (Glucose HK CP, A11A01667 Horiba ABX), TGs (Trig/GB,
11877771216, Roche Diagnostics GmbH), cholesterol (Cholesterol
CP ABX Pentra, A11A01634, HORIBA ABX), b-hydroxybutyrate
(RANBUT: D-3-hydroxybutyrate, RB1007, Randox) and free fatty
acids (NEFA-HR[2]WaKOChemicals GmbH). Liver tissue TG levels
were assessed after homogenization of approximately 50 mg tissue in
isopropanol followed by analysis of TG levels in the supernatant (TGs
CP, ABX Pentra, A11A01640, Horiba ABX).

Plasma and medium concentration of FGF21 and Fc-FGF21

(ELISA)

The total human FGF21 and Fc-FGF21 in plasma was analyzed us-
ing a bead based Milliplex immunoassay kit (HLPPMAG-57K,
Merck Millipore). The quantification of FGF21 was made against
the kit standards. The quantification of Fc-FGF21 was made against
the in-house Fc-FGF21 recombinant reference protein used in the
in vivo study. To fall within the calibration range samples were
diluted 50–2,000 fold using the kit assay buffer before the two-fold
dilution with serum matrix specified in the kit protocol. Intact
FGF21 and Fc-FGF21 in plasma were analyzed using an ELISA kit
(KT 879, Epitope Diagnostics, Inc) sensitive only to N- and C-termi-
nal intact FGF21. Quantification of FGF21 was made against the kit
standards. Quantification of Fc-FGF21 was made against in-house
Fc-FGF21. To fall within the calibration range, samples were diluted
5- to 400-fold using MSD diluent 9 (RB54C, Meso Scale Diagnos-
tics). Medium concentration of human FGF21 was analyzed using
an ELISA kit (R&D System, DF2100). Quantification of FGF21
was made against the kit standards. To fall within the calibration
range, samples were diluted 200- to 1,000-fold with dilution buffer
following the kit protocol.
PK/PD modelling to determine in vivo potencies of the different

FGF21 constructs and modalities

A detailed description and related information of the modelling used
to study the of effects of the different FGF21 therapeutics on body
weight and exposure to determine their in vivo potencies can be found
in the Supplementary methods and Tables S1–S4.
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