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RARE DISEASES

Postnatal Soluble FGFR3 Therapy Rescues
Achondroplasia Symptoms and Restores Bone

Growth in Mice
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Achondroplasia is a rare genetic disease characterized by abnormal bone development, resulting in short stat-
ure. It is caused by a single point mutation in the gene coding for fibroblast growth factor receptor 3 (FGFR3),
which leads to prolonged activation upon ligand binding. To prevent excessive intracellular signaling and res-
cue the symptoms of achondroplasia, we have developed a recombinant protein therapeutic approach using a
soluble form of human FGFR3 (sFGFR3), which acts as a decoy receptor and prevents FGF from binding to mutant
FGFR3. sFGFR3 was injected subcutaneously to newborn Fgfr3°™* mice—the mouse model of achondroplasia—
twice per week throughout the growth period during 3 weeks. Effective maturation of growth plate chondrocytes
was restored in bones of treated mice, with a dose-dependent enhancement of skeletal growth in Fgfr3*™* mice.
This resulted in normal stature and a significant decrease in mortality and associated complications, without any
evidence of toxicity. These results describe a new approach for restoring bone growth and suggest that sFGFR3
could be a potential therapy for children with achondroplasia and related disorders.

INTRODUCTION

Mutations in the gene encoding fibroblast growth factor receptor 3
(FGFR3) are responsible for the phenotypes of numerous skeletal
chondrodysplasias (1), including achondroplasia (2), the most com-
mon form of short limb dwarfism. Children affected by achondropla-
sia suffer from abnormal long bone development, resulting in short
stature. In the most severe cases, they can suffer from deformations
of the skull and vertebrae that can lead to severe neurological and or-
thopedic complications (3, 4). At present, no standard treatment can
completely cure this condition. Injecting the human growth hormone
or leg-lengthening surgeries have been done, but there are no clear
and positive data regarding such treatments (5).

Achondroplasia is an autosomal dominant disorder caused by a
point mutation in the gene coding for FGFR3 (6). In ~97% of affected
patients, achondroplasia is caused by a G380R substitution in the trans-
membrane domain of the receptor (7, 8). This mutation results in a gain
of function (9), which prolongs activation of the tyrosine kinase activity
of the receptor (10, 11). The G380R mutant FGFR3 remains ligand-
dependent for its dimerization and activation (10, 12); however, the
presence of the mutation stabilizes the ligand/receptor complex
(13) and slows down receptor internalization, thus extending sub-
sequent intracellular Ras/mitogen-activated protein kinase (MAPK)
pathway signaling (10). This FGFR3 signaling is prolonged and stead-
ily inhibits chondrocyte proliferation and differentiation in the growth
plate. Cells expressing the mutant receptor do not mature and are not
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replaced by mineralized bone matrix, impairing the lengthening of all
bones formed by endochondral ossification (14). These include the
long bones, as well as the vertebrae, sternum, and some cranial bones.
Indeed, in the skull, bone growth can be driven by synchondroses,
which are cartilaginous structures consisting of two opposed growth
plates with a common zone of resting chondrocytes. As with endochon-
dral growth plates in the long bones, synchondroses also become re-
placed by bone.

Despite an increasing number of studies deciphering the mech-
anisms responsible for bone growth disturbances, there is still no
cure available for achondroplasia. Because activation of mutant
FGFR3 requires ligand binding (1, 4), we designed a treatment strat-
egy based on the use of a soluble form of FGFR3 (sFGFR3). We hy-
pothesized that SFGFR3 could act as a decoy receptor and titrate
surrounding available FGFs, particularly FGF9 (15) and FGF18 (16),
which are thought to be the preferential FGFR3 ligands in the growth
plate chondrocytes, thus preventing their fixation on the mutant recep-
tor. Our experiments were performed in a mouse model of achon-
droplasia (Fgfr3*™*) (17). Similar to humans, these heterozygous
animals express an aberrantly activated FGFR3 containing the G380R
mutation in the growth plate. They display a phenotype essentially
identical to the human pathology, with shortening of all bones formed
by endochondral ossification. Associated complications include up-
per airway obstruction, spinal cord compression, paralysis, and spinal
deformities.

Here, we show that after repeated subcutaneous injections of re-
combinant sFGFR3 throughout the growth period, normal skeletal
growth can be restored in transgenic Fgfr3*"* mice, resulting in nor-
mal body length and significant decrease in mortality and associated
complications. Moreover, no signs of short-term toxicity were detected,
and treated animals were fertile and had normal offspring. These pre-
clinical results suggest that this decoy approach may be a viable treat-
ment for achondroplasia.
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RESULTS

sFGFR3 increases survival of Fgfr3°"* mice
sFGFR3 was produced by transient transfection of a plasmid en-
coding the FGFR3ATM sequence. The protein was labeled with a
FLAG tag to allow for its rapid purification and detection (Fig. 1A).
This tag has already been used in vivo without inducing premature
elimination of the tagged protein by the immune system (I8, 19).
Recombinant FLAG-sFGFR3 was produced by transient transfec-
tion in human embryonic kidney (HEK) 293 cells, allowing for all
necessary posttranslational modifications. In mice, the half-life of
sFGFR3 is 16 hours (Fig. 1B).

The biological effects of sSFGFR3 were evaluated after a 3-week-
long injection regimen to 3-day-old neonate mice. All newborn male
and female mice from one litter received the treatment twice per week
over the course of 3 weeks: SFGFR3 (0.25 or 2.5 mg/kg) (n = 76 or 104,
respectively) or vehicle for control groups (n = 132). The first obser-
vation was the significant reduction in mortality with treatment: mor-
tality for vehicle-treated Fgfr3*™* mice was 63% compared with 20
and 12% in the low-dose (0.25 mg/kg) and high-dose (2.5 mg/kg)
sFGFR3 groups, respectively (Fig. 1C) (P < 0.0001, Student’s  test, sig-
nificant difference from vehicle-treated Fgfr3°™* mice). There was
no significant difference between the treated groups (P = 0.9279,
Student’s t test).

TK1

During the 21-day treatment regimen, some Fgfr3*®* animals
died prematurely or were euthanized because of paraplegia (Fig. 1D).
No wild-type animals died prematurely or suffered from paralysis (Fig.
1D). When possible, autopsy was performed and confirmed death due
to respiratory failure as seen by the presence of blood within the lungs.
Two animals in the vehicle-treated group (vehicle) died from bowel
obstruction. Note that in the vehicle control group, most of the
affected Fgfr3*™* mice died from respiratory failure, whereas in the
2.5 mg/kg sFGFR3 treatment group, they mostly suffered from para-
plegia and only one had respiratory distress (Fig. 1D). These data in-
dicate that, with sFGFR3 treatment, few Fgfr3*"* animals died and
the achondroplasia phenotype was less severe.
sFGFR3 restores skeletal bone growth in Fgfr3°"* mice
At day 22 (time of weaning), all surviving animals were sacrificed, and
their growth was evaluated as measurements of body weight, body
length, and tail length. No statistical difference was detected between
males and females (table S1) (P = 0.332 to 0.799, Student’s t test), and
they were considered as one group for all subsequent analyses. SFGFR3
treatment had a dose-dependent effect on overall skeletal growth (Fig. 2,
A to G, and fig. S1). Fgfr3"®* mice were, on average, 20% lighter than
their wild-type littermates but gained weight when treated with sSFGFR3
(Fig. 2B and table S1). Treated transgenic mice had a stature (body and
tail lengths) that was not significantly different from that of vehicle-
treated wild-type controls (P = 0.410,
Student’s ¢ test), indicating that the initial
discrepancy between vehicle-treated trans-
genic and wild-type mice (average body
length: 133.2 £ 6.1 mm versus 117.2 +
6.9 mm; average tail length: 71.1 + 09 mm
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Fig. 1. sFGFR3 effect on Fgfr3°"* survival. (A) Schematic drawing of normal FGFR3 and FLAG-sFGFR3
proteins with FGF binding. The FGFR3 protein contains three extracellular immunoglobulin (Ig) domains (I,
Il, and lll), a transmembrane domain (TM), and two tyrosine kinases (TK1 and TK2). The N-terminal FLAG-
tagged sFGFR3 lacks the C-terminal half of Iglll and the transmembrane domain (28). (B) Half-life of FLAG-
sFGFR3. (C) Survival curve showing the percentage of living animals for each genotype in the different
treatment groups over time. WT, wild type. (D) Number of pups in the different treatment groups at days 3
and 22. Litters were considered as single entities, and all newborn mice from the same cage received the
same treatment. Dead and alive animals were counted daily. Autopsy revealed death mostly by respiratory
failure and by bowel occlusion for only two animals. Animals with paraplegia were euthanized upon dis-
covery and recorded in the dead animal group. All dead animals were Fgfr3°™*. Statistical comparison
versus vehicle-treated control group was done using the Kruskal-Wallis test.
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dent’s ¢ test).

In treated Fgfr3*"* mice, the recom-
binant sFGFR3 was detected within the
matrix showing that the protein could
penetrate the dense cartilaginous matrix
of the growth plate and reach target chon-
drocytes (Fig. 2D). Histology confirmed
sFGFR3 treatment effect on chondrocyte
maturation (Fig. 2E). Treated Fgfr3™"*
mice exhibited hypertrophic chondrocytes
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Fig. 2. sFGFR3 treatment improves overall skeletal growth. (A) X-ray
radiographs illustrating treatment effect on skeletal growth. Shown
skeletons are representative of WT and Fgfr3°™* mice that received sub-
cutaneous injection of vehicle or sSFGFR3 (2.5 mg/kg). All data are shown in
fig. S1. (B and C) Growth was characterized by body weight (B), body and
tail lengths (C), and long bone measurements (C). Data followed normal
distribution. *P < 0.05, **P < 0.01, ***P < 0.001 versus vehicle-treated WT,

in their growth plates similarly to vehicle-treated wild-type mice, which ap-
peared to synthesize more extracellular matrix compared to vehicle-treated
Fgfr3**"* mice, as seen by the increase in growth plate cartilage.

sFGFR3 treatment also corrected rib cage development in Fgfi3*"*
mice (Fig. 3A). After chronic subcutaneous administration of SFGFR3 to
neonate Fgfr3*"* mice, normal bone growth was restored. Fgfr3*** and
wild-type mice treated with sSFGFR3 (2.5 mg/kg) showed greater sternum
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Vehicle

unless otherwise shown, Student’s t test. n per group are shown in Table 1.
(D) Immunohistochemical staining of FLAG-sFGFR3 in treated and vehicle-
treated Fgfr3°"* mice femoral growth plates. (E) Histological analysis
showed organized and hypertrophic chondrocytes in the growth plate of
treated Fgfr3°“”* animals. Paraffin-embedded sections were stained with
Alcian blue for cartilage and Alizarin red for mineralized bone matrix. Im-
ages are representative of 10 growth plates.

ossification and lengths compared with vehicle-treated animals in their
respective groups (Fig. 3, B and C).

sFGFR3 treatment decreases spinal and skull deformities
associated with achondroplasia

In Fgfr3*"* mice, spinal abnormalities are recognized by the pres-
ence of a kyphosis that can be characterized by the calculation of a
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(10.3 £ 0.3 mm versus 10.2 + 0.3 mm, re-
spectively) (P = 0.485, Student’s ¢ test), but
the lerﬁth (L) was significantly shorter in
Fgfr3™"" mice (18.1 £ 0.7 mm) compared
with wild-type mice (20.1 + 0.5 mm) (P =
0.038, Student’s ¢ test) (Fig. 4C). This led to

1

Vehicle 2.5 mg/kg sFGFR3

Vehicle

C Sternum length

Treatment n
(mm)
Vehicle 1.72£0.10 67
WT 0.25 mg/kg sFGFR3 1.83+0.05 31
2.5 mg/kg sFGFR3 1.87 +£0.09* 47
Vehicle 1.33 £0.25 » 24
Fgfr3ach/+  0.25 mg/kg sFGFR3 1.64£0.11 j 36
2.5 mg/kg sFGFR3 1.82 % 0.09 * 50

noted, Student’s t test.

kyphotic index (KI). In this scoring system (20), the KI is calculated as
the ratio of length to depth of the thoracodorsal kyphosis (Fig. 4A).
Length is measured as the linear distance from the ventral surface of
the vertebral bodies of C7 to L6. Depth is measured as the maximum
perpendicular distance from that line to the dorsal vertebral border.
Smaller KI is indicative of greater kyphosis. In our study, no wild-type
animals presented a spinal deformity, but 80% of vehicle-treated Fgfr3*™"
mice (n = 65) displayed kyphosis, with an average KI of 3.46 + 0.65
(Fig. 4A). With SFGFR3 treatment, the number of Fgfr3*™"* mice with
kyphosis decreased significantly to 17 and 6% in the 0.25 and 2.5 mg/kg
groups, respectively (P < 0.01, Mann-Whitney test).

To further characterize vertebral maturation, we analyzed ossification
of the 7th cervical (C7) and the 11th thoracic (T11). None (0%) of the
wild-type animals presented immature vertebrae (Fig. 4B). In vehicle-treated
Fgfr3“‘:h/ * mice, C7 and T11 were not fused at the midline in 89 and
70% of the mice, respectively (Fig. 4B). After treatment, maturation
was restored to a great extent, as seen by the significant decrease in
the percentage of Fgfr3*™* mice with immature vertebrae compared with
vehicle-treated animals (P < 0.05, Kruskal-Wallis test). In the 2.5 mg/kg
SFGFR3 treatment group, 0% of animals had immature T11 and only
40% had immature C7. In vehicle-treated Fgfr3*** mice, lumbar compres-
sion characterized by paraplegia (hindlimb paralysis and bladder dys-
function) was also observed in 59% of the mice. This was improved by
treatment, with only 17% of mice showing signs of lumbar compression
in the 2.5 mg/kg group (Fig. 4B).

sFGFR3 treatment also prevented the premature closure of cranial
synchondrosis typically observed in Fgfr3*™* mice (Fig. 4C). Skull
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significant differences in the L/W ratio in
vehicle-treated Fgfr3*** mice and control
wild-type mice (Fig. 4C). Although no ef-
fect was observed on skull width, sSFGFR3
treatment corrected the skull length, lead-
ing to similar L/W ratios in the 2.5 mg/kg—
treated group and in the vehicle-treated
wild-type group (P = 0.190, Student’s t test)
(Fig. 4C).

2.5 mg/kg sFGFR3

200 um

Fig. 3. Effect of sSFGFR3 treatment
on rib cage development. (A) Repre-
sentative images of rib cages stained
with Alcian blue (cartilage) and Alizarin
red (bone). (B) Histological analysis of
sternum showing increased ossification
in treated Fgfr3®™* animals. Paraffin-
embedded sections were stained with
Alcian blue for cartilage and Alizarin
red for mineralized bone matrix. (C)
Sternum lengths. Data are means *
SD (n = 24 to 67). Data followed
normal distribution. *P < 0.05, **P < 0.01, ***P < 0.001 versus vehicle-treated WT, unless otherwise

No toxicity signs are detected

in treated animals

Because a systemic approach was used to
deliver recombinant sFGFR3, we investi-
gated possible adverse effects. Organs were
analyzed in each mouse; biochemical and
numeration blood tests were performed; fer-
tility of some treated animals (two litters per
group) and the normality of their offspring
were verified.

Potential side effects were evaluated in
liver, lung, heart, spleen, and kidneys at the
time of sacrifice. None of the 255 animals
that received chronic subcutaneous injections of sFGFR3 or vehicle
presented macroscopic abnormalities. No signs of toxicity were observed
in any histological slides (fig. S3A). Four days after the last injection of
SFGFR3, traces of recombinant protein were detected only in the kidneys
(fig. S3B). In all groups, organ weight changes correlated with changes in
total body weight (table S2), suggesting no direct effect of sSFGFR3 treat-
ment on organ growth. Biochemical blood tests, including electrolyte ti-
tration and liver, kidney, and spleen enzymatic assays, showed normal
organ function in all treated and vehicle-treated Fgfr3*®* and wild-type
animals (table S3). Blood counts were normal for all animals in this study
(table S4) and remained normal for at least 8 months after treatment
(table S5).

To evaluate unwanted side effects on fecundity, we weaned the ani-
mals after the 3-week treatment and mated them at 8 weeks of age with
wild-type males or females. All treated animals were fertile, and their off-
spring had, according to their genotypes, body weights and lengths com-
parable to those of untreated wild-type and Fgfr3** mice (Table 1). We
noticed that whereas the first litters of untreated Fgfr3“”* females were
slightly reduced in size compared to those of wild-type females, the litters
of primiparous treated transgenic females were identical in size to wild-
type primiparous females (P = 0.345, Student’s ¢ test), confirming enlarge-
ment of their pelvic bones after treatment (Table 1).

sFGFR3 binds FGF2, FGF9, and FGF18, decreasing FGFR3
signaling in chondrocytes

To confirm the mechanism of action of sSFGFR3 acting as a decoy
FGEFR, we first verified that sFGFR3 effectively bound free growth
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h/A
A Kyphotic index KI = [AB]/[CD] B wr Fgfr3ach+
Vehicle 2.5 mg/kg sFGFR3 Vehicle 2.5 mg/kg sFGFR3
< B
A D
Animals with
Treatment (] kyphosis (KI < 4)
(%)
Vehicle 466:+0.72 0 Immature Immature Lumbar
WT 0.25 mg/kg sFGFR3 539+0.55 0 Treatment C7 (%) T11 (%) ion (%)
2.5 mg/kg sFGFR3 4.85+0.64 0 iJ compression
WwT All groups 0 0 0
Vehicle 346+0.65* T 80 j - Vehicle 89 - 70 *xx e 59 * =
Fgfr39h/* 025 mg/kg sFGFR3 434+0.71 J * 17* i Fgfr39¢h/+ 0,25 mg/kg sFGFR3 29 # j 29 %+ j 18 # j
2.5 mg/kg sFGFR3 4.71+0.68 6 2.5 mg/kg sFGFR3 40 »x 0 17 »
C wr Fgfr3ach/+ Fig. 4. Effect of SFGFR3 treatment on vertebrae maturation and
Vehicle 2.5 mg/kg sFGFR3 Vehicle 2.5 mg/kg sFGFR3 skull development. (A) The KI (20) was measured from radiographs

Treatment Width (mm) Length (mm) Ratio L/W
Vehicle 10.3+0.2 200+0.5 1.94 £0.05
WT 0.25 mg/kg sFGFR3 105+0.3 202+04 1.93£0.05
2.5 mg/kg sFGFR3 106 £0.2 206+0.8 1.96 £0.07
Vehicle 10.1£0.3 17.6 £0.6** 1.75£0.07
Fgfr39<h/+ 0.25mg/kg sSFGFR3  10.1+0.3 179+ 0.7ﬂ* 1.77 £0.09 j*
2.5 mg/kg sFGFR3 103+04 18.7+0.7 1.81£0.09

factors. Human FGF2 (hFGF2), FGF9 (hFGF9), or FGF18 (hFGF9)
or mouse FGF2 (mFGF2) was incubated with increasing quanti-
ties of sSFGFR3. sFGFR3 effectively bound hFGF2, mFGF2, hFGF9,
and hFGF18 in a receptor dose-dependent manner (Fig. 5A). Linear
regression analysis showed no statistical differences between the
four slopes (P = 0.102). Although the FGFR3ATM sequence used is
of human origin, it could also bind mFGF2, as expected, owing to 90%
sequence homology with human FGFR3. sFGFR3 competed for hFGF2
binding with endogenous FGFR3 on murine chondrocytes (ATDC5
cells), demonstrating the decoy receptor mechanism (Fig. 5B). The
binding of FGF2, FGF9, or FGF18 with sFGFR3 resulted in de-
creased phosphorylation of FGFR and extracellular signal-regulated
kinase (ERK) in chondrocytes isolated from Fgfr3*™* mice (Fig. 5,
C and D), suggesting a direct effect of sSFGFR3 on intracellular
FGF signaling. A soluble tumor necrosis factor (TNF) decoy recep-
tor was used as a control protein and was unable to prevent FGF
binding and effects, indicating that the results obtained with sFGFR3
are specific.

sFGFR3 treatment also restored proliferation and differentiation of
mouse ATDC5 cells (Fig. 5, E and F) and significantly increased col-

www.ScienceTranslationalMedicine.org

of mice positioned in right lateral recumbency. Line AB is the length of
a line drawn from posterior edge of C7 to the posterior edge of L6.
Line CD is the distance from line AB to the dorsal border of the ver-
tebral body farthest from that line. Clinically, a kyphosis is character-
ized with Kl <4. (B) Representative radiographs of vertebrae from
vehicle-treated WT, vehicle-treated Fgfr3°“”* mice, and WT and trans-
genic mice receiving sFGFR3 (2.5 mg/kg). The percentage of animals
with immature C7 and T11 are provided. Lumbar compressions were
characterized by paraplegia or locomotion deficiency. (C) Representa-
tive x-rays of skulls from WT and Fgfr3°™* mice that received either
vehicle or sFGFR3 (2.5 mg/kg). Premature closure typically observed
on Fgfr3°"* mice is indicated by the arrow. Skull length (L) and width
(W) were measured on the skull radiographs, and the ratio L/W was
calculated. Data are means + SD (n = 24 to 67). All data followed normal
distribution. *P < 0.05, **P < 0.01, **P < 0.001 versus vehicle-treated WT,
unless otherwise noted, Student’s t test.

lagen type 2, collagen type 10, and Sox9 gene expression relative to FGF
alone (Fig. 5G) (P < 0.05, Student’s ¢ test). No effect on proliferation,
differentiation, or gene expression was observed in the presence of
the control protein.

FGF-independent mechanisms have also been explored. Signal
transducer and activator of transcription 1 (Statl) was not phosphoryl-
ated in Fgfr3*™* chondrocytes treated with sFGFR3 (Fig. 5C). More-
over, fgfr3 gene expression was unchanged from FGF-only controls by
sFGFR3 treatment in chondrocytes isolated from Fgfr3“™* animals
(Fig. 5G). Together, these data suggest that SFGFR3 effects are mediated
only through FGF-dependent pathways.

DISCUSSION

This study is a proof of concept that sFGFR3, acting as a decoy
FGEFR, can prevent abnormal bone growth in mice carrying the G380R
achondroplasia mutation. These effects were dose-dependent: sSFGFR3
(0.25 mg/kg) was sufficient to increase body weight and length in
Fgfr3*™* mice to match those of vehicle-treated wild-type mice, and

18 September 2013 Vol 5 Issue 203 203ra124 5

Downloaded from stm.sciencemag.org on March 31, 2015



RESEARCH ARTICLE

Table 1. sFGFR3 treatment did not affect fertility of the treated mice.
Pups from two litters per group were weaned after 3 weeks of treatment.
They were mated at 8 weeks of age with wild-type (WT) animals. The num-
ber of pups of the first litters was counted for each primiparous female. The

number of WT and Fgfr3°®* pups per litter was determined (n in %). At age
22 days, animals were euthanized and their body growth was evaluated. Data
are means * SD. **P < 001, **P < 0,001 versus untreated WT animals gen-
erated from control genitors.

. A ach/+ . .
Genitors %9 L|tte!- size WT and Fgfr.3 Offsprlng body Offspring body
(n animals) pups per litter weight (g) length (mm)
Untreated Fgfr3°* x WT 9.2+ 09 74% WT, 26% Fgfr3®*  WT, 10.88 + 1.62 Fgfr3°M*,  WT, 133.24 + 6.11 Fgfr3°°"*,
8.66 + 1.68*** 117.25 + 6.96***
WT x Fgfr3°+ 7.7 £ 0.7%%  70% WT, 30% Fgfr3°h*
Treated [SFGFR3  Treated Fgfr3°™* x WT 102 + 1.9 66% WT, 33% Fgfr3°™*  WT, 11.37 + 1.64 Fgfr3®™*,  WT, 131.59 + 7.29 Fgfr3°"*,
(2.5 mg/kg)] 8.93 + 1.98%* 119.53 + 522%**
Treated WT x WT 9.7 £ 09 100% WT
WT x treated Fgfr3°™* 106 + 1.5 56% WT, 44% Fgfr3°"*  WT, 10.94 + 2.21 Fgfr3®"*,  WT, 133.33 + 6.71 Fgfr3°"*,
8.55 + 1.97** 118.73 + 6.95***
WT X treated WT 98+ 19 100% WT

at a dose of 2.5 mg/kg, treated dwarf mice were even heavier and had
longer long bones than vehicle-treated wild-type animals. Although
it was essential that long bone growth be restored for the sSFGFR3
treatment to be effective, it was also critical to significantly affect
the onset of complications owing to skeletal deformities. Indeed,
the phenotype penetrance is variable, and some Fgfr3*™* animals
are severely affected. Restoration of vertebra maturation and nor-
mal closure of cranial synchondroses in treated Fgfr3*®* mice had
beneficial effects on these animals. Treated transgenic mice showed
reduced paraplegia, mortality, and respiratory failure compared
with untreated Fgfr3*™* animals. The use of a soluble recombinant
protein also allows for cessation of treatment if safety issues are raised
and at puberty when bone growth ceases. Furthermore, our study did
not reveal any toxic effect on biological markers or fertility and offspring
of treated animals.

Despite the increasing number of reports studying the mecha-
nisms underlying achondroplasia and related skeletal dysplasia, only
four studies have been published showing biologic-based therapeutic
strategies effectively tested in mice with chondrodysplasia. Xie et al.
recently showed that intermittent parathyroid hormone (PTH) treat-
ment partially rescues bone growth in mice with achondroplasia (21).
In their study, PTH was administered subcutaneously at a dose of
100 pg/kg per day for 4 weeks after birth. Although the mechanism
by which PTH affects FGFR3 intracellular signaling was not clearly
established, bone growth was partially rescued in treated transgenic
mice, although the PTH-treated transgenic mice remained smaller than
their wild-type littermates.

Another potential therapeutic antagonist of FGFR3 signaling is the
C-natriuretic peptide (CNP). Yasoda et al. treated transgenic mice with
achondroplasia by continuous intravenous infusion of synthetic CNP for
3 weeks starting at 4 weeks of age, resulting in a 12% increase in naso-
anal length (22). It is believed that CNP increases the width of the growth
plate by accelerating growth plate activity. The major obstacle for use in
human is the very short half-life of CNP, estimated to be 2.6 min in plas-
ma (23). To overcome this, Lorget et al. recently evaluated a CNP analog
with a longer half-life, allowing for daily subcutaneous injections rather
than continuous infusion. At the highest dose, treatment resulted in only
5.3% increase in naso-anal length (24).

www.ScienceTranslationalMedicine.org

A recent report described the use of a new FGFR3-binding peptide
that rescued the lethal phenotype and partially restored the structural
distortion of growth plates in mice carrying the thanatophoric dysplasia
IT mutation (25). In that study, the effects on MAPK signaling and bone
growth correction were only partial, requiring daily administration,
probably due to the short half-life of the peptide (2.6 min). In our study,
the effects of SFGFR3 were of higher magnitude, with complete resto-
ration of normal stature. The half-life of SFGFR3 we have used in this
study is 16 hours, which is significantly prolonged compared to the small
FGFR3-binding peptide or to CNP. Indeed, only six injections (between
birth and weaning) were necessary to completely restore bone growth
in the treated Fgfr3*™* mice, making the hope of a possible treatment
suitable in humans.

It has been demonstrated that in the case of the G380R mutation,
FGFR3 activation is ligand-dependent (10), but there is still no clear con-
sensus in the literature (26, 27), suggesting not one but multiple mech-
anisms leading to prolonged intracellular signaling. Our results rule
out that in this heterologous system (human protein in mice), sSFGFR3
acts through FGF ligand-independent mechanisms of FGFR3 signal-
ing, further supporting the idea that the achondroplasia mutation re-
quires ligand binding to be activated. However, they do not exclude
the potential role of sSFGFR3 on the turnover of wild-type FGFR3 or on
other FGFRs. It is also possible that other mechanisms of action occur
in human. Further studies will be required to determine the duration of
its action as a decoy receptor for FGFR and also evaluate if phenotype
and survival of animals can be further improved if sFGFR3 is admin-
istered for longer period of time.

In conclusion, this study demonstrates the viability of targeting
FGFR3 in the extracellular compartment as an effective treatment
to restore growth plate maturation and induce normal bone growth in
achondroplasia. The absence of short-term unwanted side effects
strengthens its potential use as a therapy for this and related chon-
drodysplasias caused by activating mutation in FGFRs. However,
before moving forward to the clinics, the minimal efficacy dose,
as well as a possible toxic dose, needs to be determined, and the ex-
ploration of possible long-term unwanted side effects needs to be
further pursued in the same animal model. In addition, it would be
necessary to determine whether sFGFR3 could be administered at
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Fig. 5. sFGFR3 acts as a decoy receptor to restore chondrocyte
proliferation and differentiation. (A) Fixed amounts of mFGF2 or

hFGF2, hFGF9, or hFGF18 (100 pg/ml) were incubated with increasing

concentrations of sFGFR3 (0 to 250 ng/ml). After 2 hours, unbound
FGFs were detected by enzyme-linked immunosorbent assay (ELISA).
(B) Competition binding assay showing the decrease of '2°I-FGF2

Sox9 Fgfr3
binding to ATDC5 cells after a 10-min challenge with increasing
= doses of sFGFR3 (0 to 20 ng/ml). (C and D) Phosphorylated FGFR
ol rm  © @O 0rERK(D)on Fgfr3°* chondrocytes after a 10-min chal-
so9  Fgfiz  lenge with increasing doses of SFGFR3 (0 to 20 ng/ml) in the presence

of FGF2, FGF9, or FGF18 (100 pg/ml). Results are expressed as percent-
age of the condition without sFGFR3. Etanercept (20 ng/ml) was used as a control in (C) and (D). (E) Mouse chondro-
cyte proliferation after 72-hour incubation in the presence of FGF2 (100 pg/ml) and sFGFR3 (0 or 20 ng/ml). Results
are expressed as percentage of proliferation in the presence of FGF2 without sFGFR3. Etanercept (20 ng/ml)
was used as a control. (F) Differentiation assay of ATDC5 cells cultured for 7 days in the presence of FGF2 (100 pg/ml)
and sFGFR3 (0 or 20 ng/ml). Alcian blue stain reveals proteoglycan content. (G) Relative gene expression of collagen
type 2 (Col2), collagen type 10 (Col10), Sox9, and endogenous Fgfr3 in the presence of hFGF2, hFGF9, or hFGF18
(100 pg/ml) with or without sFGFR3 (20 ng/ml). Fold increase is shown versus FGF-only animals. After verification of
normality, statistical comparisons were performed with a one-way analysis of variance (ANOVA) in (B) and (D), a
Kruskal-Wallis test in (C), and a Student’s t test in (E) and (F). *P < 0.05, **P < 0.01, ***P < 0.001 versus sFGFR3
(0 ng/ml). Data are means * SD. All experiments were performed in triplicate and repeated three to five times.

tients with achondroplasia.
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MATERIALS AND METHODS

Study design

To prevent premature death of
Fgfr3°"* animals and rescue the
symptoms of achondroplasia, we
have developed a recombinant pro-
tein therapeutic approach using
sFGFR3, which acts as a decoy re-
ceptor, preventing FGF from binding
to mutant FGFR3. As predefined
study component, we determined that
our rules for stopping data collection
were either premature death of the
animal or sacrifice time at day 22. Be-
cause achondroplasia is a disease with
an important phenotypic variability,
all animals were included in the study
to improve the power of the study.
Animals dead before day 22 were
used for the study of the impact of
treatment on premature death, and
animals reaching day 22 were used
for all the analyses. All experiments
and data measurements were per-
formed by blinded experimenters at
all times.

Two doses of sFGFR3 (0.25 and
2.5 mg/kg) were tested. At day 3, all
newborn mice from a single litter re-
ceived the same dose. Control litters
received 10 pl of phosphate-buffered
saline (PBS) containing 50% glycerol
(vehicle). Thereafter, subcutaneous
injections were done twice a week
for 3 weeks, alternatively on the left
and right sides of the back. Mice
were observed daily, with particular
attention to locomotion and urina-
tion alterations. Breeding was set up
to theoretically generate litters with
half wild-type and half heterozygous
Fgfr3*"* mice. To avoid bias due to
variations of phenotype penetrance,
we performed the experiments on at
least two litters (one treated and one
control) arising from the same breed-
ers. A total of 15, 9, and 11 litters rep-
resenting a total of 312 pups were
treated with vehicle, FLAG-sFGFR3
(0.25 mg/kg), or FLAG-sFGFR3
(2.5 mg/kg), respectively. The n per
group is presented in Fig. 1D.

At day 22, all animals but two
litters per group were sacrificed by

CO, asphyxiation. Gender was determined. All subsequent measure-
ments and analyses were performed without knowing mice genotype

to avoid any experimental bias. Genotyping was performed at the end

18 September 2013 Vol 5 Issue 203 203ra124 7

Downloaded from stm.sciencemag.org on March 31, 2015



RESEARCH ARTICLE

of the study to reveal the correspondence of data with a specific geno-
type. All the animals were used for all the data acquisition, except for
histology and immunohistochemistry (# = 10 per group), LCT scan
(n = 10 per group), fertility test (n = 9 to 12 per group), and toxico-
logical analysis (n = 10 per group).

sFGFR3 subcloning and recombinant protein production
To facilitate subcloning, we optimized full-length complementary
DNA (cDNA) sequence encoding the FGFR3ATM (2.1 kb) (28) to
decrease GC content while encoding for the original protein sequence
(GeneOptimizer process, GeneArt). The synthesized fragment was
subcloned into pFLAG-CMV3_G727 (Sigma-Aldrich) with Hind III
and Kpn I cloning sites. Plasmid DNA was purified from transformed
bacteria, and concentration was determined by ultraviolet spectrosco-
py. The final construct was verified by sequencing.

Recombinant FLAG-sFGFR3 protein was produced by transient
transfection with GeneJuice transfection reagent (Merck Millipore)
in HEK 293 cells. Each transfection was performed in a cell factory
(High flask T600, Merck Millipore) with 80% confluent HEK 293 in
100 ml of Dulbecco’s modified Eagle’s medium (DMEM) without
phenol red (Life Technologies) supplemented with 2 mM glutamine
(Life Technologies) and antibiotics (Life Technologies). GeneJuice
(600 pl) and pFLAG-sFGFR3 (240 pg) were resuspended in 30 ml
of Opti-MEM (Life Technologies), incubated 30 min at room temper-
ature, and then incubated for 4 hours onto the cells at 37°C in 5% CO,.
Medium was then replaced by 120 ml of supplemented DMEM with-
out phenol red. After 72 hours, production medium was filtrated with
0.22-um filters and concentrated on Amicon Ultra-15 60-kD (Merck
Millipore). Recombinant protein was then purified with an affinity
column (ANTI-FLAG M2 Affinity Gel, Sigma-Aldrich) according to
the manufacturer’s instructions. FLAG-sFGFR3 amounts were mea-
sured by specific ELISA (R&D Systems) according to the manufacturer’s
instructions. FLAG-sFGFR3 was then stored at —20°C at a concentra-
tion of 0.5 ug/ml in 50% glycerol solution. Protein was stable for at
least 12 months.

Animals and treatments

The Principles of Laboratory Animal Care (National Institutes of Health
publication no. 85-23, revised 1985; http://grants1.nih.gov/grants/olaw/
references/phspol.htm) and the European commission guidelines for
the protection of animals used for scientific purposes (http://ec.europa.
eu/environment/chemicals/lab_animals/legislation_en.htm) were fol-
lowed at all times. All procedures were approved by the Institutional
Ethic Committee for the Use of Laboratory Animals (CIEPAL Azur)
(approval NCE-2012-52).

Experiments were performed on transgenic Fgfr3*”* animals in which
expression of the mutant FGFR3 is driven by the Col2al promoter/
enhancer (17). Mice were exposed to a 12-hour light/dark cycle and
had free access to standard laboratory food and water. Genotypes were
verified by polymerase chain reaction (PCR) of genomic DNA with
the primers 5'-AGGTGGCCTTTGACACCTACCAGG-3' and 5'-
TCTGTTGTGTTTCCTCCCTGTTGG-3', which amplify 360 bp of
the FGFR3 transgene (17).

Mice were treated as described in the “Study design” section. After
sacrifice at day 22, body weights were measured. Blood (500 pl) was
harvested by cardiac puncture and mixed with 50 pl of 0.5 M EDTA;
half of the samples were centrifuged for a biochemical assessment with
a Beckman AU 2700 Analyzer [electrolytes (Na*, K", Cl), lactate de-
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hydrogenase, cholesterol, creatinine, creatine kinase, aspartate amino-
transferase (AST), alanine aminotransferase (ALT), amylase, and
total bilirubin]; the other half was analyzed without centrifugation
for blood numeration (Hemavet 950FS, Mascot Hematology). Cadavers
were carefully skinned and eviscerated, and skeletal measurements
(body and tail lengths) were obtained with an electronic digital caliper
(Fisher Scientific). Total body length was measured from the nose to
the end of the last caudal vertebra; tail was measured starting at the
first caudal vertebra. Organs were harvested, weighed, and stored in
10% formalin for further histological analysis with standard paraffin-
embedded techniques. Histology was performed on randomly selected
samples from all groups, which were analyzed blindly by a pathol-
ogist (S.P.). Organs were observed for macroscopic abnormalities
such as modification of color or texture and presence of nodules.
Microscopically, pathology criteria included, but are not limited to,
modification of organ architecture or cell morphology, presence of
fibrosis, cellular dysplasia, metaplasia or atypia, and presence of in-
flammatory foci.

X-rays of all skeletons were taken with a Faxitron x-ray machine
(Edimex). KI was measured for each animal with an established meth-
od (20). Femoral histomorphometric parameters (trabecular structure
and cortical thickness) were determined with a uCT system (SkyScan
1173, Bruker microCT) with x-ray energy settings of 50 kV and 140 pA.
Samples were scanned with an isotropic voxel size of 5.72 um using alu-
minum filter of 1.0 mm and three repeated scans. The images were re-
constructed with NRecon software (v1.6.4.8) with ring artifact, beam
hardening, and smoothing corrections. For bone analysis, entire femurs
were selected at the region of interest, and cortical thickness was mea-
sured with CTAn software (v1.13.2.0).

Cleared skeletons were then stained simultaneously with Alcian
blue and Alizarin red using standard procedures and stored in glycerol
before analysis. Stained long bones (tibiae, femurs, and humerus) were
dissected and measured with an electronic digital caliper; rib cages
were analyzed; vertebrae and skulls were then dissected and analyzed.
Histological evaluations of tibial growth plate and rib cartilage were
performed on paraffin-embedded sections.

Half-life of sFGFR3

To determine the half-life of SFGFR3, 8-week-old wild-type mice re-
ceived an intravenous bolus of FLAG-sFGFR3 (50 mg/kg). At 15 min
and 1, 3, 6, and 24 hours, blood was harvested by retro-orbital punc-
ture with heparin catheter (n = 4). Concentration of FLAG-sFGFR3
was measured by anti-FLAG ELISA (Sigma). The half-life of the
terminal phase was calculated with the following pharmacokinetic
equation: t;, = 0.693/A,, where 0.693 is the natural logarithm of 2
and A, is the slope of the terminal phase (29).

Immunohistochemistry

At the end of the 3-week experiment, immunohistochemistry of
FLAG-sFGFR3 was performed on femurs and organs of mice. Har-
vested tissues were fixed in 10% formalin for 24 hours. After bone
decalcification in EDTA for 5 days, bones and organs were paraffin-
embedded and 5-um sections were incubated with anti-FLAG M2-
FITC (fluorescein isothiocyanate) monoclonal antibody (10 pg/ml)
(Sigma-Aldrich). Sections were counterstained with Hoechst solution
(Sigma-Aldrich), treated with autofluorescence eliminator reagent
(Merck Millipore), and visualized under fluorescence microscopy.
An anti-IgG antibody (Sigma-Aldrich) was used as a negative control.
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Fertility of treated animals

Animals from the litters that were not used for skeletal measurements
were kept until breeding age was reached. At 8 weeks of age, they were
mated with 8-week-old FVB mice from Charles River. Newborn mice
were counted at birth for each treated and control male and female
and compared with fertility statistics of the previous generation. At
age 22, offspring were euthanized and growth was evaluated as de-
scribed above.

FGF binding to sFGFR3

Fixed amounts of hFGF2 or mFGF2, hFGF9 (R&D Systems), or
hFGF18 (PeproTech) were incubated for 2 hours at 37°C with increas-
ing doses of FLAG-sFGFR3 (0 to 250 ng/ml) in PBS/1% bovine serum
albumin (BSA). To verify binding specificity, etanercept (20 ng/ml)
(Pfizer), a soluble TNF receptor, was used as a control. Specific com-
mercial ELISA kits (R&D Systems; CliniSciences) were used to quan-
tify remaining unbound FGFs. For FGF2, FGF18, and FGF9, 1000 or
1200 pg/ml was used on the basis of the sensitivity of the correspond-
ing ELISA kits.

Proliferation and differentiation assays

SFGFR3 effect on proliferation was determined on ATDC5 cells. For
this, ATDCS5 cells were plated at a density of 5 x 10* in 24-well plates
and cultured for 48 hours in DMEM-F12/0.5% BSA (Life Technologies).
Cells were then challenged for 72 hours with FGF2, FGF9, or FGF18
(100 pg/ml) in the presence of FLAG-sFGFR3 (0 or 20 ng/ml). Prolif-
eration was evaluated with the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] proliferation assay by measurement of
absorbance at 540 nm.

To determine treatment effect on chondrocyte differentiation, subcon-
fluent ATDC5 cells were incubated in 24-well plates for 7 days in chon-
drocyte differentiation medium [r-ascorbic acid (37.5 pg/ml), 1 mM
sodium pyruvate, 1% insulin-transferrin-sodium selenite, 100 nM dexa-
methasone in DMEM-F12] in the presence of FGF2, FGF9, or FGF18
(100 pg/ml) and FLAG-sFGFR3 (0 or 20 ng/ml). After 7 days in culture,
half of the wells were stained with Alcian blue (pH 2.5) in 3% acetic acid. In
the remaining wells, total RNA was extracted with an RNeasy Mini Kit
(Qiagen). Total RNA (1 pg) was reverse-transcribed, and real-time PCR
was performed (ABI Prism 7500). The TagMan gene expression assays were
purchased from Applied Biosystems: Col10al (Mm00487041_m1), Col2al
(Mm01309565_m1), Sox9 (Mm00448840_m1), Fgfr3 (Mm00433294_ml),
and RPLPO (ribosomal phosphoprotein large PO, Mm00725448_s1).
Gene expression values were normalized to the expression value of the
housekeeping gene RPLPO0 and calculated on the basis of the comparative
cycle threshold C; method (272 as described previously (30).

Statistical analysis

Statistical analyses were performed with GraphPad Prism 6.0 soft-
ware. To determine the statistical tests to be used, necessary assump-
tions were verified. To verify normality and equal variance, an Agostino
and Pearson omnibus normality test (o = 0.05) and a Brown-Forsythe
test (P < 0.05) were performed, respectively. Because all skeletal measure-
ment data sets (body weight, body length, tail length, long bone length,
UCT scan, sternum length, cranium length, width, and length/width)
and fertility measure fulfilled normality and equal variance requirements,
two-tailed Student’s ¢ test for comparisons of two independent groups
was used in the different statistical analyses. Comparison of KI data was
done with a Mann-Whitney test. Comparison of mortality data be-
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tween treated and control groups, comparison of vertebrae maturation
between treated and control groups, and comparison of AST and ALT
between treated and control groups were done using a Kruskal-Wallis test
(P < 0.05) with a Dunn’s test. Comparison of all the other biochemical
parameters and blood numeration was done using a one-way ANOVA
with a Dunnett’s multiple comparison test (95% confidence interval). For
organ weight correlation analyses, Pearson or Spearman tests were used
when data sets followed or not normal distribution, respectively (o = 0.05).
To compare correlations, a Fisher r-to-z transformation was performed.
Comparison of sFGFR3 binding to human and murine FGFs was done
by linear regression. In-cell Western (ICW) data distribution followed
normality and was thus analyzed with a one-way ANOVA using a
Holm-Sidak multiple comparisons test.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/5/203/203ra124/DC1

Methods

Fig. S1. Representative x-ray radiographs of skeletons of Fgfr3°* and wild-type mice treated
with vehicle or sSFGFR3.

Fig. S2. uCT analysis of femoral bone structures after sFGFR3 treatment.

Fig. S3. Histological evaluation of the organs after sSFGFR3 treatment.

Table S1. Body measurements in the different treatment groups.

Table S2. Coefficient correlation (r) between organ and body weight in the different treatment
groups.

Table S3. Blood biochemistry was unchanged by sFGFR3 treatment.

Table S4. Blood counts were not modified by sFGFR3 treatment.

Table S5. Blood counts were not modified 8 months after sFGFR3 treatment.
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Editor's Summary

Receptor Decoy Restores Bone Growth

Achondroplasia is a rare disease where bone growth is stunted and cartilage does not form correctly. It is
caused by a mutation in the gene that encodes fibroblast growth factor receptor 3 (FGFR3), which leads to overactive
receptor signaling. Yet, despite knowing the cause, a treatment has not been discovered. In an innovative approach,
Garcia and colleagues used receptor "decoys" to prevent the FGF ligand from binding its mutated receptor, thus
interrupting the signaling cascade and restoring bone growth in mice.

Normal mice or mice with the mutation in the gene encoding FGFR (Fgfr3aCh/+ vyere treated with recombinant,
soluble FGFR3 (sFGFR3) or a vehicle control for 3 weeks. More than 60% of Fgfr32 h/* mice that were left
untreated died during the treatment period, whereas only 12% of sFGFR3-treated mice died from
achondroplasia-related complications, such as respiratory distress or paraplegia. In the surviving Fgfr:«;""Ch/+ animals,
those treated with SFGFR3 had normal body and tail lengths, normal rib cage development, and decreased spinal and
skull deformities ——all similar to their healthy, wild-type counterparts. Untreated transgenic animals suffered from the
defects common to achondroplasia: shortened stature, abnormal rib cage structure, and spinal compression, leading
to paraplegia and bladder dysfunction.

The sFGFRS3 therapy was not toxic to the animals and did not affect reproduction (in fact, by increasing pelvis
size in treated transgenic females, litter sizes were normal). Additional preclinical studies will be needed to see if this
is a viable long-term treatment for achondroplasia, but with a long half-life and promising early outcomes in animals,
this FGFR decoy may be a viable postnatal treatment for translation.
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