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The highly prevalent metabolic dysfunction-associated steato-
hepatitis (MASH) is associated with liver steatosis, inflamma-
tion, and hepatocyte injury, which can lead to fibrosis and
may progress to hepatocellular carcinoma and death. New treat-
ment modalities such as gene therapymay be transformative for
MASH patients. Here, we describe that one-time intramuscular
administration of adeno-associated viral vectors of serotype 1
(AAV1) encoding native fibroblast growth factor 21 (FGF21),
a key metabolic regulator, resulted in sustained increased circu-
lating levels of the factor, which mediated long-term (>1 year)
MASH and hepatic fibrosis reversion and halted development
of liver tumors in obese male and female mouse models.
AAV1-FGF21 treatment also counteracted obesity, adiposity,
and insulin resistance, which are significant drivers of MASH.
Scale-up to large animals successfully resulted in safe skeletal
muscle biodistribution and biological activity in key metabolic
tissues. Moreover, as a step toward the clinic, circulating FGF21
levels were characterized in obese, insulin-resistant and MASH
patients. Overall, these results underscore the potential of the
muscle-directed AAV1-FGF21 gene therapy to treat MASH
and support its clinical translation.

INTRODUCTION
Metabolic dysfunction-associated steatotic liver disease (MASLD) is
the most common chronic hepatic disorder worldwide, reaching
epidemic proportions with a prevalence of 11%–37% in the adult pop-
ulation.1,2 MASLD initiates as excessive accumulation of lipids in the
liver that progresses toward severe metabolic dysfunction-associated
steatohepatitis (MASH), characterized byR5% hepatic steatosis with
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inflammation, hepatocyte injury, and fibrosis.2,3 At advanced stages,
MASH is associated with severe liver disease, such as cirrhosis, hepa-
tocellular carcinoma (HCC), and end-stage liver disease, and with
increased mortality rate.4 The global epidemics of obesity and type
2 diabetes (T2D) are important risk factors for MASH.1,5,6 In the
United States and European Union, about 40 million people are af-
flicted by MASH.7

Despite the increasing prevalence of MASH, until very recently no
pharmacotherapies were available and it has been considered an un-
met medical need. In March 2024, the FDA approved resmetirom
(Rezdiffra), an oral thyroid hormone receptor b agonist, under the
accelerated approval pathway, for adults with MASH with moderate
to advanced fibrosis.8,9 Nevertheless, in the phase 3 MAESTRO-
NASH trial, just 25%–30% of patients treated with resmetirom
showed improvement of the two primary endpoints at week 52.10

Therefore, because of the heterogeneous nature of the disease and
its high prevalence, additional safe, effective, and durable treatment
modalities are needed for MASH.

Gene therapy may deliver transformative benefits for MASH patients.
Multiple adeno-associated viral (AAV) vector-based gene therapies
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have been shown to provide definitive therapeutic benefit for mono-
genic diseases in the clinical setting.11,12 AAV vectors, derived from
non-pathogenic viruses, are predominantly non-integrative and
able to mediate multi-year generation of therapeutic proteins after a
single administration.11–17 Such breakthroughs in genetic therapy
for rare diseases have laid the groundwork for the development of
AAV-based treatments for complex, polygenic, and highly prevalent
metabolic diseases.

Fibroblast growth factor 21 (FGF21) may be a promising candidate
gene to revert MASH since it regulates energy homeostasis and exerts
anti-inflammatory and anti-fibrotic effects in multiple tissues,
including the liver.18–20 Moreover, liver or adipose tissue-directed
AAV-FGF21 gene therapy enables a long-lasting increase in native
FGF21 levels in circulation, resulting in sustained counteraction of
obesity and insulin resistance in mice.21 However, in the clinical
setting, mild to severe renal, liver, and dorsal root ganglia toxicities,
thrombotic microangiopathies, and heart and lung failure, leading
in some cases to fatalities, have recently been documented following
systemic intravenous administration of high doses of AAV vec-
tors.22–26 This is of particular importance in diseases such as
MASLD andMASH, where there is significant pre-existing liver dam-
age and increased risk for HCC.27 In contrast, animal and human data
show that genetic engineering of skeletal muscle by intramuscular
(IM) administration of AAV vectors is safe, well tolerated, and leads
to minimal systemic biodistribution.13–17,28 Skeletal muscle has addi-
tional advantages as a target tissue for AAV-mediated gene transfer
since it is easily accessible by noninvasive procedures and enables effi-
cient and long-term sustained expression of therapeutic proteins
because of the low replication rate of myofibers. To date, durability
in large animals and humans has been documented for 8 and 10 years,
respectively.15,16 Moreover, gene delivery to muscle is not limited by
the presence of preexisting neutralizing antibodies against AAV,28–31

a key aspect given the relatively high prevalence of anti-AAV anti-
bodies in the general population.32

Here, we demonstrate that IM AAV1-mediated genetic engineering
of skeletal muscle with native FGF21 coding sequence resulted in du-
rable increased circulating levels of the factor, which reverted estab-
lished MASH, precluded progression from MASH to cirrhosis and
HCC, counteracted obesity, and increased insulin sensitivity in obese
mice. Scale-up to large animals also successfully resulted in secretion
of active FGF21 and beneficial metabolic effects. As a step toward
clinical translation, evaluation of FGF21 circulating levels in a cohort
Figure 1. AAV-mediated skeletal muscle gene transfer of FGF21 reverses hepa

Eight-week-old male mice were fed an HFD. Twenty weeks later, mice were treated intram

periods. Non-injected chow and HFD-fedmice were used as controls. (A) Body weight foll

age (n = 5–10/group). (C) SerumFGF21 levels at different time points (n = 5–11/group). (D)

injected skeletal muscles and in the liver in 70-week-oldmalemice (n = 5–7/group). (E) Hep

liver from control HFD-fed (left) and AAV-FGF21-treated (right) malemice at age 50weeks.

and 70 weeks. Scale bars, 100 mm. (H) Liver weight at different time points (n = 5–11/grou

Serum ALT (K) and aspartate aminotransferase (AST) levels (L) (n = 5–9/group). Data are

(ANOVA) with Bonferroni multiple comparison test. AU, arbitrary units; ND, non-detected
of 500 obese, T2D, andMASH patients revealed that most of this pop-
ulation would be eligible for the AAV-FGF21-mediated therapeutic
approach. These results support non-clinical safety and efficacy and
the advancement of AAV1-FGF21 as an investigational product for
MASH patients.

RESULTS
High-fat diet feeding induces MASH in mice

To develop new effective therapies to revert MASH, mouse models
closely resembling the human disease should develop liver steatosis,
inflammation, and fibrosis prior to treatment administration.33 Simi-
larly to human patients, these mice should also present other key
metabolic alterations, such as obesity, insulin resistance, and an
altered adipokine profile.33 To this end, 8-week-old wild-type male
mice were fed a high-fat diet (HFD) for 12, 18, or 29 weeks to deter-
mine MASH development. After 12 weeks on HFD, mice became
obese, showed enlarged liver, and severe hepatic steatosis with
markedly increased hepatic triglycerides and cholesterol content
(Figures S1A–S1E). Moreover, 12 weeks after initiation of HFD
feeding, immunostaining of liver sections with the macrophage-spe-
cific marker MAC2 showed marked macrophage infiltration concor-
dant with increased hepatic gene expression levels of the cell surface
proteins CD68 antigen (Cd68; a marker of phagocytic macrophages)
and adhesion G protein-coupled receptor E1 (Adgre1, also known as
F4/80; a broad macrophage marker, likely Kupffer cells in the liver)
(Figures S1E–S1G). Consistent with development of severe inflam-
mation, marked hepatic fibrosis determined by Picrosirius red
(PSR) staining and increased gene expression of the fibrosis markers
collagen type 1a and type 3a (Col1a1 and Col3a1) were observed in
the liver (Figures S1E, S1H, and S1I). Hepatic stellate cells (HSCs)
are the primary fibrogenic cells involved in the progression of liver
fibrosis in MASLD. During this process, HSCs become activated
and acquire a myofibroblast-like phenotype characterized by expres-
sion of a-smooth muscle actin (a-Sma).34,35 HFD-fed mice also
showed markedly increased gene expression of a-Sma in the liver
(Figure S1J). All these results demonstrated severe hepatic steatosis,
inflammation, and fibrosis in HFD-fed mice, consistent with
MASH development.

Reversal of hepatic steatosis in HFD-fed mice after IM

administration of AAV-FGF21

The therapeutic potential of the AAV-based muscle-specific FGF21
gene therapy against MASH was evaluated in male mice that
were fed an HFD for 20 weeks to induce MASH (Figure 1A).
tic steatosis

uscularly with AAV-FGF21 vectors and remained in HFD feeding for all experimental

ow-up (n = 9–10/group). (B) Body weight gain in HFD-fed groups fromweeks 28–70 of

Quantitative PCR analysis ofmurine optimized Fgf21 (moFgf21) expression in the three

atic expression ofKlb (n = 5–10/group). (F) Representativemacroscopic images of the

(G) Representative images of hematoxylin and eosin staining of liver sections at age 50

p). (I and J) Liver triglyceride (I) and cholesterol (J) content (n = 5–11/group). (K and L)

presented as mean ± SD; **p < 0.01, ***p < 0.001 by one-way analysis of variance

; FC, fold change; w, weeks; ꝉ, death due to natural causes.
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Twenty-eight-week-old obese animals received a dose of 3 � 1011

viral genomes (vg)/mouse (7 � 1012 vg/kg) of AAV vectors of sero-
type 1 encoding a murine optimized Fgf21 coding sequence
(moFGF21) under the control of the cytomegalovirus (CMV) pro-
moter (AAV-FGF21) by IM administration distributed over the
quadriceps, gastrocnemius, and tibialis muscles of both hindlimbs
(Figure 1A). To assess therapeutic efficacy, two cohorts of AAV-
FGF21-treated mice were maintained on HFD up to either age 50
or 70 weeks. As controls, non-vector-treated chow- and HFD-fed
male mice were used. The mice treated with AAV-FGF21 showed a
progressive reduction of body weight up to age 40 weeks, remaining
indistinguishable from chow-fed mice thereafter, consistent with
complete reversal of obesity (Figure 1A). From age 28–50 and
70 weeks, the body weight of HFD-fed non-treated mice increased
by 18% and 30%, respectively, while that of animals treated with
AAV-FGF21 decreased about 30% (Figure 1B).

Although HFD-fed untreated mice showed increased FGF21 serum
levels compared with chow-fed mice (Figure 1C), this increase was
not able to decrease their body weight gain (Figures 1A and 1B).
Normalization of the obese phenotype resulted from about 10-fold
increased circulating FGF21 levels achieved after treatment of
HFD-fed mice with AAV-FGF21 (Figure 1C). The high circulating
FGF21 resulted primarily from expression ofmoFGF21 from the vec-
tor-transduced skeletal muscles (Figure 1D). As a result of the IM
administration of AAV1 vectors, moFGF21 expression was not de-
tected in other tissues, such as the liver (Figure 1D), as previously
observed for other transgenes.16,17 In agreement with increased serum
FGF21, gene expression of the FGF21 co-receptor b-klotho (Klb),
which is essential for FGF21 signaling,36 was markedly increased in
the liver of AAV-FGF21-treated mice (Figure 1E).

Hepatomegaly was also normalized in HFD-fed AAV-FGF21-treated
animals (Figures 1F–1H). Histological analysis of liver sections of
HFD-fed mice revealed marked hepatic steatosis, which was fully re-
verted after treatment with AAV-FGF21 (Figure 1G), concurrent with
reduction in the liver triglyceride and cholesterol content (Figures 1I
and 1J). In agreement with reversal of hepatic steatosis, the activity
levels of the hepatic injury markers alanine aminotransferase (ALT)
and aspartate aminotransferase were normalized in AAV-FGF21-
treated mice (Figures 1K and 1L). These results demonstrated that
IM treatment with 3 � 1011 vg of AAV-FGF21 vectors mediated
marked therapeutic benefit against fatty liver disease. Similarly, a
marked reduction in body and liver weights and counteraction of he-
patic steatosis were observed in HFD-fed female mice and also in ob/
obmale and female mice treated with 3� 1011 vg of AAV-FGF21 vec-
tors (1 � 1013, 7 � 1012, and 7.4 � 1012 vg/kg, respectively)
(Figures S2A–S2E and S3A–S3K).

Treatment with AAV-FGF21 reverts hepatic inflammation and

fibrosis and halts development of liver tumors

Immunostaining of liver sections of untreated HFD-fed male mice
with MAC2 showed marked macrophage infiltration, which was
not detected in HFD-fed AAV-FGF21-treated animals (Figure 2A).
4 Molecular Therapy Vol. 32 No 12 December 2024
The lack of hepatic inflammation in these mice was parallel to
normalization of gene expression levels of macrophage markers F4/
80 and Cd68, and of pro-inflammatory soluble cytokines, such as che-
mokine (C-C motif) ligands 2, 3, and 5 (Ccl2, Ccl3, and Ccl5) and tu-
mor necrosis factor a (Tnfa) (Figures 2B–2G). Moreover, AAV-medi-
ated FGF21 gene therapy reverted hepatic fibrosis. Collagen fibers
were abundant in the liver of old HFD-fed mice because of the very
advanced fatty liver disease (Figure 3A). Histomorphometric quanti-
tative assessment of liver fibrosis using PSR staining indicated com-
plete fibrosis reversal 22 weeks post treatment (Figure 3B). Gene
expression levels of Col1a1 and Col3a1 were also increased in non-
treated HFD-fed mice but normalized in AAV-FGF21-treated mice
(Figures 3C and 3D). mRNA levels of Col1a1 and Col3a1 as well as
of other fibrotic markers analyzed (vide infra) were decreased at age
70 weeks in HFD-fed male mice compared with those at age 50 weeks,
likely due to significant progression of HCC and presence of liver tu-
mors. HFD-fed female mice and ob/ob male and female mice treated
IM with AAV-FGF21 vectors also showed counteraction of liver
inflammation and fibrosis (Figures S2E–S2G and S3K–S3M).

In agreement with reversal of fibrosis, AAV-FGF21-treated male mice
normalized the expression of genes involved in extracellular matrix
deposition, including matrix metalloproteinases 12 and 13 (Mmp12
and 13) and tissue inhibitor of metalloproteinases 1 (Timp1)
(Figures 3E–3G). Moreover, gene expression of the activated HSC
marker a-Sma and of key cytokines involved in HSC activation,
such as transforming growth factor b 1 (Tgfb) and platelet-derived
growth factor a and b (Pdgfa and Pdgfb),34 was similar to those of
old healthy chow-fed mice (Figures 3H–3K). Together these findings
indicated that the increase of muscle-derived FGF21 levels in circula-
tion mediated MASH resolution.

Long-term feeding with HFD has also been associated with late-stage
progression of MASH and increased incidence of liver tumors in
C57BL/6J mice.37 While half (5/10) and all (5/5) of the control
HFD-fedmice developed liver tumors by age 50 and 70 weeks, respec-
tively (Figure S4), none of the animals treated with AAV-FGF21 vec-
tors developed tumors either at age 50 (0/9) or 70 (0/9) weeks. None
of the chow-fed mice developed tumors during the follow-up period.
Consistent with these results, HFD feeding induced a progressive
expression of HCC markers, such as a-fetoprotein (Afp), lymphocyte
antigen 6 complex locus D (Ly6d), keratin 19 (Krt19), Golgi mem-
brane protein 1 (Golm1), and Cd44,38 in non-tumoral liver paren-
chyma, that was completely normalized in HFD-fed mice treated
with AAV-FGF21 vectors (Figures 3L–3P). All these results
confirmed that treatment with AAV-FGF21 precluded progression
from MASH to cirrhosis and HCC.

AAV-FGF21 treatment mediates reversal of WAT hypertrophy

and inflammation

As observed withMASH development, 12 weeks after initiation of the
HFD, increased fat accumulation in visceral and subcutaneous white
adipose tissue (WAT) and brown adipose tissue (BAT), and increased
weight of WAT and BAT depots were observed (Figures S5–S5D). As



0
1
2
3
4
5
6
7
8

F4
/8

0
re

la
t iv

e
ex

pr
es

s i
on

(F
C

)

0
1
2
3
4
5
6
7
8
9

10
11

C
d6

8
re

la
tiv

e
ex

pr
es

si
on

(F
C

)

B C

0
15
30
45
60
75
90

105
120

C
cl

2
re

la
ti v

e
ex

pr
e s

si
o n

(F
C

)

0
3
6
9

12
15
18
21
24

Tn
fa

re
la

tiv
e

ex
p r

es
si

on
(F

C
)

0
2
4
6
8

10
12
14
16
18

C
cl

3
re

la
ti v

e
ex

pr
es

si
o n

(F
C

)

D

E G

0
1
2
3
4
5
6
7

C
cl

5
re

la
ti v

e
ex

pr
es

s i
on

(F
C

)

F

Age:
(weeks)

20 70 50 70 50 70

*** ****** ***

A
Control, 50w Control, 70wControl, 70w AAV-FGF21, 50w AAV-FGF21, 70w

*** *** *

*** ***
0.077 ** **** **

*** ****** ***

** *

Age:
(weeks)

20 70 50 70 50 70 Age:
(weeks)

20 70 50 70 50 70

Age:
(weeks)

20 70 50 70 50 70

Control
Control
AAV-FGF21 HFD

Chow

HFDChow

Age:
(weeks)

20 70 50 70 50 70 Age:
(weeks)

20 70 50 70 50 70

Figure 2. Treatment with AAV-FGF21 vectors reverts hepatic inflammation

(A) Representative images of liver sections immunostained against the macrophage marker MAC2. Red arrows indicate MAC2+ cells. Scale bars, 100 mm. (B–G) Expression

levels of the hepatic inflammatory markers Cd68 (B), F4/80 (C), Ccl2 (D), Ccl3 (E), Ccl5 (F), and Tnfa (G) (n = 5–10/group). Data are presented as mean ± SD. *p < 0.05,

**p < 0.01, ***p < 0.001 by one-way analysis of variance (ANOVA) with Bonferroni multiple comparison test. FC, fold change; w, weeks.

www.moleculartherapy.org

Please cite this article in press as: Jimenez et al., Reversion of metabolic dysfunction-associated steatohepatitis by skeletal muscle-directed FGF21 gene
therapy, Molecular Therapy (2024), https://doi.org/10.1016/j.ymthe.2024.10.023
expected, this paralleled the severe macrophage inflammation of
WAT and the markedly increased circulating levels of leptin, a key
adipokine positively correlating with the amount of body fat that
also exerts profibrogenic effects in the liver (Figures S5E–S5G).39,40

Therefore, by the time of treatment with AAV-FGF21 vectors at
age 28 weeks, HFD-fed animals had already developed severe adipose
tissue alterations.

AAV-FGF21 gene therapy normalized the size of white adipocytes
and weight of the epidydimal, inguinal, mesenteric and retroperito-
neal WAT depots (Figures 4A–4D and S5H–S5J). Moreover, in
contrast to untreated HFD-fed mice, AAV-FGF21-treated animals
also normalized serum leptin and showed a marked increase in levels
of circulating adiponectin (Figures 4E and 4F). Adiponectin is known
to exert anti-inflammatory, anti-steatotic, anti-fibrotic, and insulin-
sensitizing effects40 that will further contribute to FGF21 therapeutic
benefits.

Adipocyte hypertrophy in non-treated HFD-fed mice resulted in se-
vere macrophage inflammation of epidydimalWAT (eWAT) demon-
strated by increased presence of “crown-like” structures, which were
absent in mice treated with AAV-FGF21 vectors (Figure 4A). More-
over, the gene expression of the inflammatory markers Cd68 and F4/
80 and of the soluble pro-inflammatory cytokine Tnfa was normal-
ized (Figures 4G–4I). Similar observations were made in HFD-fed fe-
male mice treated with AAV-FGF21 vectors (Figures S6A–S6D).
These results demonstrated that IM AAV-FGF21 gene therapy was
able to revert WAT hypertrophy and inflammation.

AAV-FGF21 gene therapy increases energy expenditure

Despite a slight increase in food intake (Figure 5A), normalization of
body weight in AAV-FGF21-treated HFD-fed mice was concordant
with increased energy expenditure (Figure 5B), which likely resulted
from both enhanced non-shivering thermogenesis and increased lo-
comotor activity. Non-treated HFD-fed mice showed increased fat
accumulation and weight of interscapsular BAT (iBAT), which
normalized in HFD-fed mice treated with AAV-FGF21 vectors
(Figures 5C and 5D). Moreover, markedly increased gene expression
of the thermogenic markers uncoupling protein 1 (Ucp1), cell
death-inducing DNA fragmentation factor, a-subunit-like effector
A (Cidea), and elongation of very long chain fatty acids (FEN1/
Elo2, SUR4/Elo3, yeast)-like 3 (Elovl3) was also observed in the
Molecular Therapy Vol. 32 No 12 December 2024 5
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AAV-FGF21-treated mice (Figures 5E–5G), consistent with enhance-
ment of non-shivering thermogenesis. Similar results were obtained
in HFD-fed female mice treated with FGF21-encoding vectors
(Figures S6E–S6I).

The degree of spontaneous locomotor activity of 70-week-old HFD-
fed mice treated with AAV-FGF21 was higher than that of age-
matched control HFD- and chow-fed counterparts in the open-field
test (Figure 5H). Thesemice traveled longer distance, moved at higher
velocity for longer time, rested less, and spent more time doing fast
and slow movements than untreated controls (Figures 5H–5N).
Moreover, locomotor activity of AAV-FGF21-treated animals resem-
bled that of non-treated young chow-fed animals (age 8 weeks)
(Figures 5H–5N). This test also revealed that treatment with AAV-
FGF21 reverted the anxiety observed in HFD-fed obese mice.
Compared with their age-matched chow-fed counterparts, the time
in the central zone was increased and the first entry in the center
decreased in AAV-FGF21 treated mice, which performed similarly
to young lean animals (Figures 5O and 5P). Normal skeletal muscle
weight and morphology and no signs of muscle pathology or inflam-
mation were documented in AAV-treated animals (Figures S7A and
S7B). Similar results were also obtained in AAV-FGF21-treated HFD-
fed female mice (Figures S6J–S6O, S7C, and S7D).

Altogether, these results proved the pivotal role of AAV-derived
increased circulating FGF21 levels to induce energy expenditure in
obesogenic conditions.

Improved insulin sensitivity by AAV-FGF21 gene therapy

MASH and obesity are tightly associated with insulin resistance.3,5,6

Hyperinsulinemia and mild hyperglycemia of non-treated HFD-fed
male mice were normalized in AAV-FGF21-treated mice (Figures
6A, 6B, S7E, and S7F). To confirm the increased insulin sensitivity
of FGF21-treated animals, an intraperitoneal insulin tolerance test
Molecular Therapy Vol. 32 No 12 December 2024 7
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(ITT) was performed. As expected, HFD-fed mice showed loss of in-
sulin sensitivity, whereas animals treated with AAV-FGF21 showed
greater insulin sensitivity than chow-fed controls (Figure 6C). Simi-
larly, treatment of HFD-fed female mice with AAV-FGF21 also re-
sulted in improved insulin sensitivity (Figures S7G–S7I). Moreover,
treatment with AAV-FGF21 counteracted the islet hyperplasia
induced in insulin resistance conditions and decreased circulating
levels of glucagon compared with HFD-fed control mice (Figures
6D–6F).

AAV-FGF21 treatment improves neuromuscular performance

and cognition in HFD-fed mice

Obesity and insulin resistance are associated with impaired neuro-
muscular function, locomotor activity and coordination, anxiety-
like behavior, and deficits in cognitive function in animal models
and also in humans.41–44 MASLD is also associated with cognitive
impairment, worsening in patients with higher risk of liver fibrosis.45

In this regard, treatment of HFD-fed obese mice with AAV-FGF21
vectors counteracted neuromuscular and cognitive decline (Figures
6G–6J). Treated mice displayed increased muscle strength and
were able to stay longer on the accelerating rotarod than untreated
HFD-fed counterparts, demonstrating improved coordination and
balance (Figures 6G and 6H). Moreover, treated mice outperformed
untreated HFD-fed mice in the novel object recognition test. These
mice showed increased exploration time for the new object
compared with HFD-fed non-treated mice and had a discrimination
index equivalent to that of control chow-fed animals (Figures 6I and
6J), indicating prevention of memory loss. These therapeutic bene-
fits may result from direct FGF21 effects on the brain, since native
FGF21 can cross the blood-brain barrier.46 HFD-fed female mice
treated with AAV1-FGF21 vectors showed increased FGF21 content
in the brain (Figure S7J), although these levels were very low
compared with the circulating FGF21 serum levels. Therapeutic ef-
ficacy may also result from AAV-FGF21-mediated normalization of
obesity, liver and adipose tissue inflammation, circulating leptin
levels, and insulin resistance, whose alterations trigger detrimental
effects on brain function.47–49

Treatment of Beagle dogs with AAV-FGF21 vectors

Toward the translation to the clinic of the AAV-FGF21-mediated
gene therapy, healthy Beagle dogs (dog-1 and dog-2) were treated
IM with 7 � 1012 vg/kg of AAV1 vectors encoding canine optimized
FGF21 (AAV-coFGF21), which corresponded to the dose mediating
full therapeutic efficacy in HFD-fed mice (3 � 1011 vg). Three un-
treated dogs were used as controls. Four months post-AAV adminis-
Figure 5. AAV1-FGF21 treatment increases energy expenditure

(A) Food intake of male mice fed an HFD and treated with AAV1-FGF21 (n = 2–3 cages/g

at different time points, during light and dark cycles (n = 6–10/group). (C) Interscapsula

group). (D) Representative images of hematoxylin and eosin staining of iBAT sections

thermogenesis markersUcp1 (E),Cidea (F), and Elovl3 (G) in iBAT at age 70weeks (n = 5

and 70 weeks. (I–P) Assessment of locomotor activity (I–N) and anxiety parameters (O an

*p < 0.05, **p < 0.01, ***p < 0.001 by one-way analysis of variance (ANOVA) with Tukey’

weeks.
tration, biodistribution analysis indicated widespread coFGF21 gene
expression and vector genome copy numbers in hindlimb skeletal
muscles (Figures 7A and 7B). No transgene mRNA levels were
observed in untreated skeletal muscles and liver (Figure 7A). Circu-
lating biologically active FGF21 levels rose above baseline as early
as 2 weeks after vector administration and remained high thereafter,
reaching a plateau about 40 days post dosing (Figure 7C). The
measured levels of canine FGF21 were likely underestimated given
that basal FGF21 levels prior to AAV administration were undetect-
able using the iLite FGF21 assay, which was developed to assess hu-
man FGF21 levels. In agreement with increased biologically active
AAV-derived FGF21 in bloodstream, mRNA levels of b-klotho also
increased in the liver (Figure 7D). Dog-1 and dog-2 showed decreased
serum triglycerides, and enhanced hepatic gene expression of key
markers of b-oxidation, such as acyl-CoA dehydrogenase medium
(ACADM) and long (ACADL) channel, and carnitine palmitoyl trans-
ferase 2 (CPT2) (Figures 7E–7G and S8A). Moreover, increased
serum adiponectin levels and adiponectin gene expression in WAT
were observed in the treated dogs (Figures 7H and 7I). WAT of these
animals also showed presence of multilocular adipocytes and
increased mRNA levels of thermogenic and b-oxidation markers
(Figures 7J–7M and S8B–S8D).

Histological evaluation of AAV-FGF21-treated skeletal muscles re-
vealed unaltered morphology and normal fiber size (Figures S8E
and S8F). To further assess the safety of the approach and potential
toxicities, animal health was periodically monitored through clinical,
hematological, and biochemical examination. No clinically relevant
deviations were observed in different parameters obtained
throughout the 4-month follow-up, in agreement with the general
health status of the animals (Tables S1 and S2). All these results high-
lighted that treatment with AAV-coFGF21 was safe and able to
improve key metabolic parameters in large animals.
Analysis of circulating FGF21 levels in obese, T2D, and MASH

patients

As a step forward toward clinical translation, circulating FGF21 levels
were measured in approximately 500 highly obese, insulin-resistant,
and T2D male and female patients. Two additional cohorts of 12
overweight and 46 lean subjects were analyzed as controls. Patient
characteristics are provided in Table S3. Obese individuals were
grouped by their body mass index (BMI, kg/m2) in class I (BMI,
30–34.9), class II (BMI, 35–39.9), and class III (BMI,R40), according
to the World Health Organization classification. From class I to III
patients, a progressive increase in glycemic control markers, such as
roup). (B) Energy expenditure was measured with an indirect open circuit calorimeter

r BAT (iBAT) weight of AAV-FGF21-treated male mice at different ages (n = 5–10/

. Scale bars, 100 mm. (E–G) Quantification of the expression of the non-shivering

–10/group). (H) Representative tracks during the open field test of male mice at age 8

d P) through the open-field test (n = 5–15/group). Data are presented as mean ± SD.

s (A, E–G, I–P) or Bonferroni (B and C) multiple comparison test. FC, fold change; w,
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Figure 6. AAV1-FGF21 improves insulin sensitivity

(A) Fed and fasted serum insulin in malemice at age 70 and

38 weeks, respectively (n = 5–9/group). (B) Fed and fasted

blood glucose in male mice at age 48 and 38 weeks,

respectively (n = 8–10/group). (C) Insulin sensitivity was

determined after an intraperitoneal insulin injection

(0.75 units/kg) at age 59 weeks in male mice. Results

were calculated as percentage of initial blood glucose

levels (n = 9–10/group). (D) Representative images of

insulin immunostaining in pancreas sections from AAV-

FGF21-treated male mice. Scale bars, 500 mm. (E)

Quantification of b cell mass in male mice at age

70 weeks (n = 5/group). (F) Fasted glucagon levels in

male mice, 12 weeks post-AAV administration (n = 8–10/

group). (G) Forelimb grip strength in female mice

(n = 6–9/group). (H) Time before falling during the rotarod

test performed in female mice (n = 6–9/group). (I and J)

Discrimination index (I) and exploration time (J) during

novel object recognition (NOR) test performed in female

mice (n = 6/group). Data are presented as mean ± SD.

*p < 0.05, **p < 0.01, ***p < 0.001 by one-way analysis

of variance (ANOVA) with Tukey’s multiple comparison

test (A, B and E–I) or Student’s two-tailed t test (J). In (C),

#p < 0.05, ##p < 0.01, ###p < 0.001 versus chow-fed

control group and $$p < 0.01, $$$p < 0.001 versus

HFD-fed control group by one-way analysis of variance

(ANOVA) with Tukey’s multiple comparison test. BW,

body weight; N, Newtons.
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fasting glucose, HbA1c, insulin, and HOMA-IR, in circulating triglyc-
erides and in liver fibrosis markers (FLI, HIS, and TyG) was observed,
consistent with MASH development (Table S3).

FGF21 circulating levels corresponding to 90% of healthy individuals
ranged from 0 to 0.26 ng/mL (0–260 pg/mL) (Figure 8A). The deter-
mination of the normal range of FGF21 circulating levels in lean in-
dividuals was carried out including both men and women values. A
very significant percentage (about 50%–80%) of T2D/obese class I
to III patients also showed FGF21 levels in bloodstream comprised
in this range (Figure 8A). Most of the remaining class II and III obese
patients did not exceed the 2-fold limit of the normal range displayed
by lean individuals (0.53 ng/mL) (Figure 8A). Similar observations
were made in chow-fed mice compared with HFD-fed obese and in-
sulin-resistant male and female mice, which showed a 2-fold increase
in FGF21 circulating levels (Figures 1C and S2B). Higher FGF21 levels
are consistently found in obese small and large animals.50 Neverthe-
less, the present work demonstrates that obese mice were highly
responsive to the AAV-FGF21-mediated gene therapy.

In this regard, treatment of male and female patients exhibiting circu-
lating FGF21 levels comprised within the 2-fold limit of the normal
range may also result in therapeutic benefit. From the cohort of 500
obese patients analyzed, only a limited number of subjects remained
out of this range (Figure 8A). In addition, circulating FGF21 levels
were also examined in a cohort of 20 biopsy-proven MASH patients
10 Molecular Therapy Vol. 32 No 12 December 2024
(Table S4). Similar to the results obtained in obese/T2D patients and
independently of the liver fibrosis stage and BMI, most MASH pa-
tients had FGF21 levels within the 2-fold limit of the normal range
of lean individuals (Figure 8B). Altogether, these results suggest
that most obese, T2D, and MASH patients would be eligible for the
AAV-FGF21 gene therapy.

DISCUSSION
In this study, we have demonstrated long-term MASH resolution in
both HFD-fed and ob/ob male and female mice after one-time IM
administration of a skeletal muscle-directed gene therapy to produce
sustained circulating levels of native FGF21. Treatment with AAV-
FGF21 vectors counteracted the key hepatic pathological alterations
responsible for MASH development, i.e., steatosis-driven hepatocyte
injury, macrophage-mediated inflammation, and HSC activation,
which finally triggers fibrosis,3 suggesting the therapeutic potential of
this gene therapy to revert advanced MASH in patients. Moreover,
treatment of HFD-fed mice with AAV-FGF21 vectors reverted hepatic
fibrosis and precluded progression of MASH toward development of
liver tumors and the induction of HCC markers in non-tumoral liver
parenchyma, common features of long-term HFD feeding.37 In agree-
ment, FGF21 deficiency in T2D and obese mice has been associated
with hepatic cancerous hyperproliferation, aberrant oncogene and tu-
mor suppressor signaling and increased incidence of HCC.51–53 More-
over, overexpression of FGF21 specifically in the liver or treatment with
native FGF21 also reduced chemically induced tumors.54,55
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Toward the translation to the clinic of the AAV-FGF21-mediated
gene therapy, scale-up of muscular gene transfer to healthy dogs
was shown to be safe and resulted in secretion of biologically active
FGF21 in blood. AAV-derived FGF21 mediated key metabolic
effects, including decreased circulating TG and increased adiponectin
levels. Serum adiponectin, an anti-inflammatory, anti-steatotic, anti-
fibrotic, and insulin-sensitizing adipokine,40 is consistently elevated
in animals and humans treated with FGF21.20 Indeed, adiponectin
is presently considered a clinical biomarker for FGF21 signaling
pathway activation.20

Recent studies have revealed that treatment with FGF21 engineered
proteins (FGF21 analogs/mimetics) also reduced liver steatosis,
inflammation, and fibrosis in preclinical studies in small and large
animal models and in patients in multiple mid-stage clinical tri-
als.19,20,56–58 Nevertheless, FGF21 analogs/mimetics require weekly
to biweekly subcutaneous administrations to mediate clinical benefit,
which may be uncomfortable for patients and compromise treatment
compliance. In this regard, despite weight loss, up to half of patients
treated with incretin-based obesity medications have discontinued
treatment after 1 year.59–62 In contrast, one-time IM AAV-FGF21
administrationmay eliminate compliance issues associated with com-
plex medication regimens and has the potential to deliver multiyear
efficacy in the setting of MASH, a chronic lifelong disease. A single
IM administration of AAV1 vectors encoding for insulin and gluco-
kinase to diabetic dogs resulted in successful, multiyear (>8 years)
control of glycemia without the need of supplementation with exog-
enous insulin.16,17 In the first AAV approved human gene therapy—
alipogene tiparvovec for the treatment of familial lipoprotein lipase
deficiency—durability of response up to 6 years upon IM delivery
of therapeutic AAV1 vectors has been reported.13 Similarly, mus-
cle-directed AAV1-based therapy for a-1-antitrypsin deficiency has
thus far demonstrated stable transgene expression at 5 years after vec-
tor dosing.14 In hemophilia B, factor IX (FIX) expression has been de-
tected up to 10 years post IM AAV administration in human skeletal
muscle.15

Furthermore, AAV-derived native FGF21 avoids unnatural modifica-
tions incorporated into FGF21 analogs to extend half-life, which pre-
vents the development of immune responses associated with the
administration of exogenous proteins and may support better tissue
distribution and receptor binding. Humoral responses (including
Figure 7. AAV1-FGF21 biodistribution and biological activity in dogs

Healthy Beagle dogs (dog-1 and dog-2) were treated with 7� 1012 vg/kg of AAV1-canine

panel, blue) and canine optimize FGF21 (coFGF21) expression (right panel, orange) were

obtained during necropsy of dogs. (B) Schematic representation indicating themean coFG

Hoa D, e-Anatomy, www.imaios.com, https://doi.org/10.37019/e-anatomy). (C) Levels o

gene assay (iLite). (D) Hepatic expression levels of KLB (n = 2–3/group). (E) Serum triglyc

levels of ACADM (F) and ACADL (G) (n = 2–3/group). (H) Serum adiponectin levels pre-

ELOVL3 (K), and PPARGC1A (L) expression in perirenal (prWAT) and gluteal WAT (gWAT

prWAT sections. Insets show multilocular adipocytes in prWAT of AAV-FGF21-treated do

Data were analyzed using a Mann-Whitney two-tailed test. coFGF21, canine optimized FG
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anti-drug antibodies and neutralizing antibodies) have been observed
shortly after administration of FGF21 analogs/mimetics to non-hu-
man primates and humans.63–73

Continuous expression of AAV-derived native FGF21 also delivers a
steady level of the protein, to avoid peak-to-trough pharmacokinetic
variability associated with recombinant analog products that require
frequent injections, which may lead to better treatment outcomes. In
this regard, AAV-mediated gene therapy has already demonstrated
superior therapeutic potential in comparison with administration of
recombinant proteins in several severe diseases. A hemophilia B clin-
ical trial demonstrated absence of bleedings after administration of
therapeutic AAV vector in 9 out of 10 enrolled patients, whereas
treatment with recombinant FIX, prior to vector delivery, failed to
prevent bleedings in all the participants.74 Similarly, AAV-based
gene therapy resulted in enhanced pharmacokinetics and uptake of
acid a-glucosidase in peripheral tissues and improved respiratory
function compared with enzyme replacement therapy in Pompe
mice.75,76 In addition, consistent concentration of AAV-derived
native FGF21 protein may also limit Cmax-mediated gastrointestinal
issues observed in clinical trials with FGF21 analogs/mi-
metics.68,69,71–73,77,78 Therefore, our AAV-FGF21 gene therapy may
have seminal benefits in comparison with FGF21 mimetics/analogs.

In summary, this study provides strong evidence of the feasibility, and
non-clinical durability, safety, and efficacy of the IM AAV1-FGF21-
based gene therapy againstMASH, T2D, and obesity. Our results sup-
port the clinical translation of the approach but further nonclinical
studies in larger animals are needed to determine optimal doses in
the clinical trials. Moreover, safety and efficacy in humans should
be evaluated during the FIH studies where long-term patient moni-
toring, up to 15 years (FDA), common in gene therapy trials, should
be implemented. Altogether, this study highlights that the muscle-
directed AAV1-FGF21-based strategy may be a major breakthrough
in the treatment of MASH patients and create a therapeutic avenue
for the treatment of other metabolic diseases and related comorbid-
ities that impact millions of people worldwide.

MATERIAL AND METHODS
Animals

C57Bl/6JOlaHsd and B6.V-Lepob/OlaHsd (ob/ob) male and female
mice were used. Mice were kept in a specific pathogen-free facility
optimized FGF21 and followed up for 4months. (A) Vector genome copy number (left

analyzed in tissue punches from multiple regions of the skeletal muscle and the liver

F21 expression in hindlimb skeletal muscles. Image courtesy of IMAIOS (Micheau A,

f biologically active FGF21 in fasted conditions measured using a cell-based reporter
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AAV and 4 months post-AAV (n = 1–3). (I–L) Quantification of ADIPOQ (I), UCP1 (J),

) (n = 2–3/group). (M) Representative images of the hematoxylin and eosin staining of

gs. Scale bars, 100 mm. Inset scale bars, 25 mm. Data are presented as mean ± SD.
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Figure 8. FGF21 circulating levels in human patients

(A and B) Serum FGF21 levels were measured in a cohort

of 46 lean and 12 overweight individuals and in a cohort of

approximately 500 highly obese and insulin-resistant

patients, grouped by body mass index (BMI) (A) and in a

cohort of 20 biopsy-proven MASH patients and grouped

by fibrosis stage (B). Gray bar indicates FGF21 circulating

levels corresponding to 90% of healthy individuals

(0–0.26 ng/mL). The 2-fold limit of the normal range

displayed by lean individuals (0.53 ng/mL) is indicated

with the dashed line. n, number of individuals.
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at the Center of Animal Biotechnology and Gene Therapy, Universi-
tat Autònoma Barcelona (UAB), and maintained under a light-dark
cycle of 12 h at 22�C. Mice were fed ad libitum with a standard diet
(2018S Teklad Global Diets, Envigo) or a HFD (TD.88137 Teklad,
Envigo). When stated, mice were fasted for 16 h. For tissue sampling,
mice were anesthetized with inhalational anesthetic isoflurane
(IsoFlo, Abbott laboratories) and decapitated. Tissues of interest
were excised and kept at �80�C or in formalin until analysis. Male
Beagle dogs were purchased from Isoquimen S.L. and housed at Servei
de Granges i Camps Experimentals of the UAB. Animals were fed
once daily at 9:00 a.m.with dry food (Elite Nutrition, Nestle). Dogs’
health was monitored through clinical, hematological, and biochem-
ical examination at the UAB Veterinary Clinical Hospital and sacri-
ficed by administration of a lethal dose of pentobarbital. Animal
care and experimental procedures were approved by the Ethics Com-
mittee for Animal andHuman Experimentation of the UAB (protocol
numbers P2/3944 (9829) and P1/5408 (11391)).

Human samples

Human samples were provided by Parc Taulí Hospital Universitari
(Sabadell, Barcelona, Spain) to determine FGF21 and insulin levels.
Blood samples were collected after overnight fasting. All samples
were centrifuged, fractionated and serum stored at �80�C until
further analysis. Patients’ clinical data and biochemical parameters
were provided by the hospital. The study protocol was approved by
the hospital Ethical Committee (Comité de Ética de la Investigación
con medicamentos of Parc Taulí [study number MR2019593]) and
conducted according to the principles of the Declaration of Helsinki.
Molec
Participants gave their written informed con-
sent, which was validated by the Ethical Review
Board.

Recombinant AAV vectors

AAV expression cassettes were obtained by clon-
ing, between the ITRs of AAV2, the murine,
canine, or human codon-optimized FGF21 cod-
ing sequence under the control of the CMV pro-
moter. Single-stranded AAV1 vectors were pro-
duced by triple transfection in HEK293 cells and
purified using a double CsCl gradient-based pu-
rification protocol that renders vector preps of
high purity with negligible amounts of empty capsids.79 Viral genome
titers were determined by PicoGreen (Quant-iT PicoGreen dsDNA
assay kit, Invitrogen), using phage lambda DNA to generate the
standard curve (titers: AAV1-FGF21, 5.44 � 1013 vg/mL, and
AAV1-coFGF21, 6.51 � 1013 vg/mL). The same batch of AAV1-
FGF21 vectors was used for all the mouse experimental work. Simi-
larly, all the treated dogs were IM administered with the same batch
of AAV1-coFGF21 vectors.

AAV-FGF21 IM administration

Mice were anesthetized with an intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Hindlimbs were shaved, and
AAV vectors were IM administered in a volume of 180 mL divided
into six injection sites (5 � 1010 vg in a volume of 30 mL per site)
distributed between quadriceps, gastrocnemius, and tibialis cranialis
of each hindlimb (one site per skeletal muscle). AAV delivery in
dogs was performed as described previously.16,17 In brief, anesthesia
started with premedication with 0.2 mg/kg IM butorphanol and
0.025 mg/kg aceopromazine. Thirty minutes later, induction was per-
formed with 4 mg/kg propofol (Propovet, B. Braun) and 0.5 mg/kg
diazepam (Valium, F. Hoffmann-La Roche) administered intrave-
nously. After endotracheal intubation, anesthesia was maintained
by inhalation of 2% isoflurane (IsoVet, B. Braun) in 100% oxygen.
AAV vectors were delivered manually to a total of 33–40 sites
(1� 1012 vg in a volume of 400 mL per site) in each hindlimb, distrib-
uted on the lateral aspect of the thigh (isquiotibialis muscles) (with a
five-prong needle syringe [Meso-relle, Biotekne SRL]) and the tibialis
anterior muscle (single point injections). Throughout the procedure,
ular Therapy Vol. 32 No 12 December 2024 13
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temperature, cardiac and respiratory frequency, arterial pressure,
pulse, and electrocardiography were monitored using a multifunc-
tional patient Vet Care monitor (B. Braun Medical).

ITT

For ITT, insulin (Humulin Regular; Eli Lilly) was injected intraperi-
toneally to fed mice at a dose of 0.75 IU/kg body weight. Glycemia
was measured in tail vein blood samples at the indicated time points.

Indirect calorimetry

An indirect open circuit calorimeter (Oxylet, Panlab) was used to
monitor O2 consumption and CO2 production. Mice were individu-
alized and acclimated to the metabolic chambers for 24 h, and data
were collected in each cage for 5 min, every 45 min, for 24 h, during
the light and dark cycles and adjusted by body weight.

Open-field test

The open-field test was performed between 9:00 a.m. and 1:00 p.m. as
reported previously.80 In brief, animals were placed in a corner of a
square area surrounded by high white walls (45 � 45 � 40 cm) and
motor and exploratory activities were evaluated during the first
6 min using a video tracking system (SMART Junior, Panlab).

Grip strength test

A grip strength test meter (Panlab) was used to assess forelimb grip
strength. The grip strength meter was positioned horizontally, and
mice were held by the tail and lowered toward the apparatus. Animals
were allowed to grasp the metal bar with their front paws and were
then pulled backward in the horizontal plane. The force applied to
the bar just before it lost grip was recorded as the peak tension. The
average of three trials was analyzed.

Rotarod test

Mice were placed on a rotating rod (Panlab), spinning at 4 rpm.
Lane width, 50 mm; rod diameter, 30 mm. Once stabilized, mice
were subjected to an incrementally increasing speed from 4 to
40 rpm in 5 min. The first day of the experiment was used to train
the animals in the use of the device. Each animal underwent 3 trials.
The length of time that the mice managed to remain on the rod was
recorded. Then, animals underwent 1 day resting and the third day,
mice took 3 more trials on the rod. The average of 3 trials was
analyzed.

Novel object recognition test

The novel object recognition tests were conducted in the open field
box.81 Open-field test was used to acclimatize the mice to the box.
The next day, to conduct the first trial, two identical objects (A and
B) were placed in the upper right and upper left quadrants of the
box, and then mice were placed backward to both objects. After
10 min of exploration, mice were removed from the box, and allowed
a 10 min break. In the second trial, one of the identical objects (A and
B) was replaced with object C (new object). Mice were then put back
into the box for a further 10 min of exploration. The amount of time
animals spent exploring the novel object was recorded and evaluated
14 Molecular Therapy Vol. 32 No 12 December 2024
using a video tracking system (SMART Junior, Panlab). Mice with
exploration times for both objects shorter than 5 s, either during
the first or the second trial, were excluded from analysis, as it cannot
be confirmed that they spent enough time exploring to learn/discrim-
inate the objects. The evaluation of novel object recognition test
memory was expressed as a percentage of the discrimination ratio
calculated according to the following formula: discrimination ratio
(%) = (N – F)/(N + F) � 100%, where N represents the time spent
in exploring the new object and F represents the time spent in
exploring the same object.

Hormone and metabolite assays

Hepatic triglyceride and cholesterol contents were determined by
chloroform/methanol (2:1 vol/vol) extraction of total lipids.82

Triglycerides, cholesterol, and ALT were quantified spectrophoto-
metrically using an enzymatic assay (Horiba-ABX) in a Pentra 400
Analyzer (Horiba-ABX). Glycemia was determined using a Glucom-
eter Elite (Bayer). The Mouse/Rat FGF-21 ELISA kit (MF2100, R&D
Systems) was used to determine FGF21 levels in serum and brain.
Brain samples (cerebellum) were homogenized with T-PER buffer
(Thermo Fisher Scientific) using a sonicator (VC130PB, Sonics &Ma-
terials). Buffer was supplemented with protease inhibitors (Complete,
Roche) and phosphatase inhibitors (orthovanadate). Once homoge-
nized samples were centrifuged at 10,000 � g during 10 min at 4�C
and supernatant was kept at �80�C until analysis. Serum insulin,
glucagon, adiponectin, and leptin levels in mice were determined us-
ing a Rat Insulin ELISA kit (90010, Crystal Chem), glucagon radioim-
munoassay (#GL-32K, EMDMillipore), a Mouse Adiponectin ELISA
kit (80569, Crystal Chem), and a Mouse Leptin ELISA kit (90030,
Crystal Chem), respectively. Serum insulin and FGF21 levels in hu-
man samples were determined using a Human insulin ELISA kit
(90095, Crystal Chem) and a Human FGF-21 ELISA kit (DF2100,
R&D Systems). Canine adiponectin in serum was measured using
the Human adiponectin ELISA High sensitivity kit (RD191023100,
BioVendor Group), which has been previously validated for
reliable measurement of canine adiponectin.83,84 Serum FGF21 levels
in dogs remained undetectable when measured with four different
canine FGF21 ELISAs (E08F0016, Blue Gene; MBS028669, MyBio-
source; ABIN1053687, Antibodies-online; KT-100218, Kamiya
Biomedical Company). Experiments performed in vitro demon-
strated that canine FGF21 activity in the cell medium could be iden-
tified in amanner similar to that of human FGF21 using the cell-based
reporter gene assay iLite FGF21 assay ready cells (BM3071, Svar Life
Science) (Figure S9). Therefore, biologically active canine FGF21 in
circulation pre- and post-AAV treatment was evaluated using this
assay.

Clinical laboratory and hematological parameters in dogs

General lab parameters were measured by spectrophotometry with
a Cobas Mira Analyzer (Roche) at the Servei de Bioquímica Clínica
Veterinària (Veterinary School, UAB). Hematological parameters
were determined using an SCIL VetABC haematology analyzer
by the Servei d’Hematologia Clínica Veterinària (Veterinary
School, UAB).
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RNA analysis

Total RNAwas obtained from different tissues using isolation reagent
(Tripure, Roche, and QIAzol, QIAGEN) and an RNeasy Minikit
(QIAGEN) and treated with DNase I (QIAGEN). For gene expression
quantification, 1 mg of RNA was reverse-transcribed using the Tran-
scriptor First Strand cDNA Synthesis kit (Roche). Real-time quanti-
tative PCR was performed in a Lightcycler (Roche) using the Lightcy-
cler 480 SyBr Green IMaster Mix (Roche) and the primers in Table S5
or Taqman Probes Master (Roche) and the primers and probes listed
in Table S6. Data were normalized to Rplp0 expression.

Vector genome copy number

Dog skeletal muscle and liver samples were digested overnight
(ON) at 56�C in 300 mL of Tissue Lysis Solution with Proteinase K
(0.2 mg/mL). Total DNA was isolated from supernatants using a
MasterPure DNA Purification Kit (Lucigen). DNA was extracted
following the manufacturer’s instructions and resuspended in distilled
water and quantified using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific). Vector genome copy number in 40 ng of
total DNA was determined by quantitative PCR using LightCycler
480 Probes Master (Roche) and primers and probes specific for canine
optimized FGF21 coding sequences listed in Table S6. A reference
standard curve was built from serial dilutions of linearized plasmid
bearing the CMV promoter and optimized canine FGF21 cDNA
spiked into 20 ng/mL of non-transduced dog genomic DNA.

Histology and immunohistochemistry

Tissues were fixed for 12–24 h in 10% formalin, embedded in paraffin,
and sectioned. Sections were incubated overnight at 4�Cwith rat anti-
MAC2 (1:50, CL8942AP, Cedarlane), guinea pig anti-insulin (1:100,
I-8510, Sigma-Aldrich), rabbit anti-laminin (1:200, Ab11575, Ab-
cam), or anti-a-fetoprotein (1:100, Ab46799, Abcam). Biotinylated
rabbit anti-rat (1:300, E0467, Dako), rabbit anti-guinea pig coupled
to peroxidase (1:300, P0141, Dako), goat anti-rabbit (1:100, 31820, In-
vitrogen), or goat anti-rabbit (Alexa Fluor 488-conjugated) (1:100,
A11008, Molecular probes) were used as secondary antibodies. The
ABC peroxidase kit (Pierce) was used for immunodetection, and sec-
tions were counterstained in Mayer’s hematoxylin. Hoechst (B2261,
Sigma-Aldrich) was used for nuclear counterstaining of fluorescent
specimens. Hepatic fibrosis was assessed by the percentage of the
PSR-positive area quantified in 10 randomly selected �100 fields
per liver section.85 Morphometric analysis of adipocyte size was
performed in eWAT sections stained with hematoxylin and eosin.86

b Cell mass was determined in insulin-stained pancreas sections as
described previously.87

Statistical analysis and data processing

Sample size determination was based on previous experience with
similar studies. For mouse studies, randomization was performed us-
ing GraphPad QuickCalcs to allocate mice in each group. In addition,
we tested that the mean body weight and the mean glycemia were sta-
tistically not different for each experimental group prior to assign-
ment to diet and/or treatment groups. Control mice were matched
by sex. Furthermore, each experimental group was caged separately
to avoid any caging effects. Statistics were calculated using
GraphPad Prism. Data points beyond 2 standard deviations (SD)
were considered extreme values and were therefore excluded from
the analysis. Data are presented as mean ± SD. Statistical significance
was calculated using a one-way ANOVA with Tukey’s, Dunnett’s,
or Bonferroni multiple comparison test, Student’s two-tailed t test
and Mann-Whitney two-tailed test. For comparisons involving
several time points, ANOVA Bonferroni test was used to compare
the different groups. Differences were considered significant
when p < 0.05.

DATA AND CODE AVAILABILITY
All data supporting the findings of this study are available within the paper and its sup-
plemental information.
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