


FGF23 discovery

The first identification of Fibroblast growth factor 23 (FGF23) was through
gene analyses in patients with AD or X-linked hypophosphatemic rickets

The discovery of FGF23 has revolutionized understanding of mineral

metabolism

Data on the multiple effects of FGF23 have been collected

Kuro-O M, et al. FGF23-aKlotho as a paradigm for a kidney-bone network. Bone. 2017
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disease

Schnedl| C et al. FGF23 in Acute and Chronic lliness. Dis Markers. 2015
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ESRD

JUppner H. Phosphate and FGF-23. Kidney Int Suppl. 2011

The spectrum of FGF23 derived disease
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Fibroblast growth factor-23

A bone-derived
hormone, secreted
by osteocytes and
osteoblasts

Physiologic actions
on target tissues
mediated by FGF

receptors

Klotho functions
as a co-receptor,
increases binding
affinity

Klotho

I Proximal renal
tubule
cell membrane

FGF receptor

Activation of signalling pathway

Liu S et al. How fibroblast growth factor 23 works. J Am Soc Nephrol. 2007
Beck-Nielsen S, et al. FGF23 and its role in X-linked hypophosphatemia-related morbidity Orphanet J Rare Dis. 2019
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FGF23 regulation Y el

Beck-Nielsen SS, et al. FGF23 and its role in X-linked
hypophosphatemia-related morbidity. Orphanet J Rare Dis. 2019
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FGF23 transcription regulation

Systemic factors

Parenteral
iron

EPO
Iron deficiency 1 FGFR-binding
region

Cleavage
site

a-Klotho-binding
region

& inflammation \
| N

Cc

Pi FGF23
1,25(0H),D . Eﬂ‘r"{;‘
 ENPP1 Bone-derived factors

Bar L, et al. Regulation of fibroblast growth factor 23 (FGF23) in health and disease. FEBS Lett. 2019
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Post-translational modification determines FGF23 processing

Post-translational modification Cleavage

GALNT3 .
O-glycosylation

Full-length FGF23 g)

FGF23 fragment

Thr178
Ser180 / @/ o ¢
]

Arg176-X-X-Arg179

@ C-terminal
_/ FGF23 fragment
FAM20C Phosphorylation
Following translation, intact FGF23 Glycosylated FGF23 is protected from proteolytic cleavage and is considered
can be modified by the biologically active form

glycosylation/phosphorylation
Phosphorylated FGF23 is cleaved, generating N- and C-terminal fragments

Edmonston D, et al. FGF23 at the crossroads of phosphate, iron
economy and erythropoiesis. Nat Rev Nephrol. 2020 IES 2022



Multiple target organs

Parathyroid Renal tubular Renal Cardiac Cardiac : .
Cell type chief cells epithelial cells fibroblasts myocytes fibroblasts Hepatocyted b S
Klotho ek a7 - - - - ? -
FGFR isoform 1 1 4 4 ? 4 1 2
Signal FRS2a/Ras/ FRS20/Ras/ PLCy/calcineurin/ PLCy/calcineurin/ 5 PLCy/calcineurin/ FRS2w/Ras/ PKA/R:
mediators MAPK MAPK NFAT NFAT ' NFAT MAPK Bop!
* Downregulation of - 4 infogri
NaPi-2a/c transporters SR Increane : L * Decreased integrin
Cellular Decreased PTH b litoaoF 2 Im’f;dh"fd TGFp Hypertrophic * Activation Increased IL-6 and Increased TNFo activation
effects expression CYP27B1 irotucltl o growth + Proliferation CRP expression production * Increased rolling
= Activation A P
+ Activation of CYP24A | velocity
+ Reduction of phosphate
Organ Suppression of PTH uptake : - : o Elevation of IL-6 and _ )
effects secretion * Reduction of vitamin D Fibrosis Hypertcophy Fibrosis CRP secretion
activation
i : * Heart failure o * Reduced leukocyte
Systemic Reduced serum levels Reduced serum levels of ; ; N o 5 Impaired immune :
T . Kidney failure + Compensatory Heart failure Inflammation recruitment
effects of PTH and calcium phosphate and 1,25D i response D otk

Richter B et al. FGF23 Actions on Target Tissues-With and Without Klotho. Front Endocrinol 2018



Direct target organ: the kidney

Phosphaturic effect:

Downregulating of the sodium-dependent
phosphate transporters (NaPi-2a and NaPi-2c)
in the proximal tubule

Increased urinary phosphate excretion
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Indirect target organ: GIT

Vitamin D suppression:

* Inhibition of 1-a-hydroxylase (CYP27B1)- 25-
hydroxyvitamin D—->1,25-dihydroxyvitamin

e Stimulation of 24-hydroxylase (CYP24A1)-
degrades 1,25D into inactive metabolites

Decreased intestinal phosphate reabsorption

IES 2022
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Target organ: parathyroid glands

Inhibition of PTH secretion

Further contribution to FGF23

phosphaturic and VitD suppressive
effects

L Figueres et al. The Complexities of Organ Crosstalk in Phosphate Homeostasis:
Time to Put Phosphate Sensing Back in the Limelight. Int J Mol Science 2021
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Target organ:
the heart

Parathyroid

Intestines

Recent evidence: high plasma
FGF23 is a hallmark of cardiac
damage

Absoption

In chronic kidney disease:

* Serum phosphate levels =
increase and stimulate FGF-23

* FGF23 contributes to adverse
cardiovascular events like LVH
and heart failure

"Caz*”
| e Release

Bone marrow S

Excretion

Vazquez-Sanchez S, et al. An Overview of FGF-23 as a Novel

Candidate Biomarker of Cardiovascular Risk. Front Physiol. 2021 IES 2022



Target organ: the heart

The role of FGF-23 in cardiac disturbances is
not clear

According to In vivo and in vitro studies
FGF23 induces:

e cardiac remodeling and hypertrophy
* endothelial damage
 accelerated atherosclerosis

Bao JF, et al. A Land of Controversy: Fibroblast Growth Factor-23 and
Uremic Cardiac Hypertrophy. J Am Soc Nephrol. 2020

:{‘?

Hypertrophic

Fibroblast growth factor

[
MNarmal

S
Normal
FGF-231 H:.-pcnphasphmemla
T Other factors?
Hyperphosphatemia FGF 231
CED XLH
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XLH- X linked hypophosphatemia

The most common form of heritable
rickets: phosphate-regulating e

PEDIATRIC

endopeptidase homolog X-linked (PHEX) g R - o
gene mutation s ok

Bone and joint pain |
|

Increased FGF23 causes:

Joint stiffness

P h h t . it e En‘d\es::athy
OS p a u rl a Chiari malforrmation Spinal stenos
Gait abnormalities Hearing loss
J Phosphate — —
psychosacial impacts ability
impact o work

J 1,25(0H)2D3

Beck-Nielsen SS, et al. FGF23 and its role in X-linked hypophosphatemia-related
morbidity. Orphanet J Rare Dis. 2019
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¥ Crp27B1 ¥ Calcitrol

Rickets

4 cyp24a

Phosphate
adsorption &%

Chondrocyte

differentiation

S

f Hypophosphatemia ———> { Hydroxyapatite
» j

NPT2C 4 Phosphate loss 4 Osteomalacia

Beck-Nielsen SS, et al. FGF23 and its role in X-linked hypophosphatemia-related morbidity. Orphanet J Rare Dis. 2019
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XLH- x linked hypophosphatemia

PEDIATRIC it e
ity af waight-
i e
Clinical manifestations: Tooth abscassas Fracrs (g
xressive dental caries and Loaser zones
 Short stature Excessive dental : )
. . . Ostearnalacia Ostecarthritis
* Limb deformities sone and in R -,
* Frontal bossing puetian. E—
Musde pain and weakness | - Enthesiophytes
* Dental abscesses : * Enthesopathy
Chiari malformation - Spinal stenosis
Gait abnormalities Hearing loss
i ——
psychosacial impacts ability
impact to work

Beck-Nielsen SS, et al. FGF23 and its role in X-linked hypophosphatemia-
related morbidity. Orphanet J Rare Dis. 2019 IES 2022
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XLH- treatment

Conventional treatment:
Multiple daily doses of Calciless + aD3
Difficult to maintain

Persistence of rickets



XLH-

treatment

New treatment:

Burosumab (Crysvita)-
anti-FGF23 immunoglobulin

Administered SC every 2 weeks

mutation” i

PHEX

Lack of
endopeptidase

Rickets

Phosphate
1,25(0H).D
A I TFGF23 » 1 Phosphate transport
;ﬁ \ sacretion 4 1a Vit D hydroxylation
Osteocyte .."". /
= 4 Serum 1,25(0H),D
‘:'-'
| -t
' o
HETEOPTR
! ] fl H ':. 8
| : e ] :_::' :'
O

k-

rl F’hﬂﬁphatt-:_! reabsorption |

' v

| 4SerumPi  <— T Phosphaturia

Emma F, Haffner D. FGF23 blockade coming to clinical practice. Kidney Int. 2018
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The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

Burosumab Therapy in Children
with X-Linked Hypophosphatemia

Thomas O. Carpenter, M.D., Michael P. Whyte, M.D., Erik A. Imel, M.D.,

Since 2018 - burosumab, a novel treatment for XLH has been introduced

Improved biochemical markers ({ urine phosphate, > serum phosphate, J alk phos)
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v/ Burosumab heals rickets
« Reduces limb pain, improves physical activity capability

> Improves linear growth

C Radiographs of the Knee in an 11-Year-Old Girl

Distal Femur

Metaphyseal Lucency

Proximal Tibia

Baseline Wk 40 Wk 64

Thacher Rickets Severity Knee Score 2.0 1.0 0.0
Radiographic Global Impression of Change Global Score 2.0 2.3

IES 2022 Carpenter TO, et al. Burosumab Therapy in Children with X-Linked Hypophosphatemia. N EnglJ Med. 2018



A) Radiographic Global Impression of Change

+ 3o B8 Conventional Therapy BB Burosumab Q2W

L
P s

REE

Improvement

gl Week40  Week 64
3 T Global Score

Week 40 Week 64
Lower Limb
Deformity Score

B) Thacher Rickets Severity Total Score

10.07 = Conventional Therapy
= El Burosumab (2W

Improvement

Baseline Week 40 Week 64
) Alkaline Phosphatase
7504 -#~ Conventional Therapy -8 Burosumab Q2W

a— — BhEE

) Radiographs from 4-year-old Girl Treated with Burosumab

Baseline Week 40

Baseline Week 40

Corresponding Rickets Severity Scores in 4-year-old Girl
Thacher Rickets Severity Score

=

S 6504

g

E 5504

S

= 4504

=

£ 3501

2

< 150+ ks h
T Upper limit of normal 385 U/L*

0D 4 B 12 16 20 24 28 32 36 40 44 48 52 56 o0 64
Week

Baseline: Wrist 2.0, Knee 1.5, Totl 3.5
Week 40; Wrist 0.5, Knee 1.0, Total 1.5

Radiographic Global Impression of Change

Week 40: Wrist +2.3, Knee +2.0, Global +2.0

Imel EA, et al. Burosumab versus conventional therapy in children with X-linked
hypophosphataemia: a randomised, active-controlled, open-label, phase 3 trial. Lancet. 2019
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A) Serum Phosphorus

1."1

1
e
=

1
1

-~ Conventional Therapy -8 Burosumab Q2W

Normal range 1.03-1.97 mmol/L"

Serum Phosphorus, mmol/L
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e
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e
b
F

) 1,25 Dihydroxyvitamin D

3609 e

RICIE

1404

1,25(OH); D, pmol/L

MNormal range 67-264 pmol/1."
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Burosumab therapy improves linear growth

A) Recumbent Length/Standing Height Z-Score

0.7 - Conventional Therapy
0.691 - Burosumab Q2W *
0.54

0.44
0.3+

Change from Baseline

] 24 40 64
Week

Imel EA, et al. Burosumab versus conventional therapy in children with X-
linked hypophosphataemia: a randomised, active-controlled, open-label,
phase 3 trial. Lancet. 2019
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Linglart A, et al. Sustained Efficacy and Safety of Burosumab, a Monoclonal Antibody to
FGF23, in Children With X-Linked Hypophosphatemia. J Clin Endocrinol Metab. 2022




2021

Body composition and cardiometabolic
health of pediatric patients with X-linked

hypophosphatemia (XLH) under
burosumab therapy

Avivit Brener

Table 2. Twelve-month surveillance of 7 burosumab-treated XLH patients.

, Yael Lebenthal, Roxana Cleper, Livia Kapusta and Leonid Zeitlin

%

A

o777 ZKITITN M

Increased prevalence of obesity in pediatric XLH

Baseline &months 12months p? po

Body compaosition analysis

Fat mass, kg 7.0x3.1 7.2+29 1.9x41 0.313 0.231
Fat mass, % 2440+ 3.13 26.06+2.18 2426+ 396 D.645 0.822
Fat-free mass, kg 211267 22.5%6.9 23.5x72 0.001 0.046
Fat-free mass, % T4.26+2.93 75.82+2.57 75.20+3.65 0.175 0.497
Fat-free mass percentile 11.00+=9.98 18.86 +15.96 21.71 = 14.82 0.0468 0.518
ASMM, kg 7.4x3.0 8.0x3.2 8.4+33 0.012 0.034
ASMM, %% 25.28+3.09 26.18+x3.0 26.32+2.22 0.130 0.722
ASMM percentile B.14 £ 8.45 2200+ 16.43 25.57 +1%.60 0.006 0.356
Muscle-to-fat ratio [range) 1.06+0.20 (0.87-1.56] 1.10*0.15(0.88-1.54] 1.11=0.18 (0.78-1.43] 0.420 0.824

* 1/3 of our XLH patients were
overweight/obese

 71.4% had body fat% above
the normal range

* The improvement observed in
the ASMM percentile may be
attributed to the improvement
in patients’ medical condition

Zhukouskaya VV, et al. Increased prevalence of overweight and
obesity in children with X-linked hypophosphatemia. Endocr
Connect 2020

McCarthy HD. Body fat measurements in children as predictors
for the metabolic syndrome: focus on waist circumference. Proc
Nutr Soc. 2006



) 4
é
Burosumab and cardiac function o

Aim: to detect early cardiac
function alterations related to
excess FGF23

Methods: longitudinal follow
up of strain cardiac imaging at
burosumab initiation and once
a year thereafter

The heart is a 3D organ with a

complex fiber arrangement' The strain Ancedy Y, et al. Does layer-specific strain using speckle tracking echocardiography improve the
measures systolic deformation that assessment of left ventricular myocardial deformation? A review. Arch Cardiovasc Dis. 2020

occurs after the application of stress

IES 2022



Burosumab and the kidney

-
\ TRPV5 calcium
A f FGF23 channels
Calcium ¥ Cardiovascular
Gy, — reabsorption & i
( ‘ PHEXJ ; 2 ; Calcification

\i Enthesop@

o Nephrocalcinosis
£ Loss of mineralized

— .
cartilage zone

Oral phosphate
and active vitamin D

Beck-Nielsen SS, et al. FGF23 and its role in X-linked hypophosphatemia-related morbidity. Orphanet J Rare Dis. 2019
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Burosumab and the kidney

Conventional treatment
(phosphorus repletion and
calcitriol) do not correct the
underlying pathophysiological
mechanism

Long term complication:
nephrocalcinosis, HTN, CKD

Baradhi K. Dramatic Transformation After Burosumab in a Young Boy With X-linked
Hypophosphatemia: A Life-Changing Saga. Cureus. 2022
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Vé

Burosumab and the kidney T

o777 7XITITN™M

Aim: to characterize kidney structure and ‘*.
function throughout burosumab treatment

Jol el 0 [l e il VS g
Schneider Children's Medical Center o f Israel

Methods: a multicenter study

Data collection: anthropometric The Edmond and Lily Safra

measurements, blood pressure, laboratory CHILDREN'S HOSPITA
evaluation, US

L d

‘I{; RAMBAM 80
=41% " Health Care Campus
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Burosumab and dental health

Dental morbidity is a major health
burden in XLH

The development of recurrent
abscesses or sinus tracts of the

primary and permanent dentition
is a frequent sequela

Baroncelli Gl et al. Pulp chamber features, prevalence of abscesses, disease severity, and
PHEX mutation in X-linked hypophosphatemic rickets J Bone Miner Metab 2021
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Distinctive dental morphology in XLH

XLH - 10 yrs

Very large pulp Thin enamel
chambers layer

Dentinal defects

Minaralized
Dantin

Short roots with
root resorptions in
primary dentition

Hypoplastic
alveolar ridge

Baroncelli Gl et al. Pulp chamber features, prevalence of abscesses, disease severity, and PHEX mutation in X-linked
hypophosphatemic rickets J Bone Miner Metab 2021

McKee MD, et al. Extracellular matrix mineralization in periodontal tissues: Noncollagenous matrix proteins,
enzymes, and relationship to hypophosphatasia and X-linked hypophosphatemia. Periodontol 2000. 2013
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& frontiers | Frontiers in Endocrinology 2022
- %

Dental health of pediatric -

patients with X-linked 077 T IT A

hypophosphatemia (XLH) after

three years of burosumab therapy

Rafi Brener'?, Leonid Zeitlin®*,

Yael Lebenthal ®*° and Avivit Brener ®*~*

Galilee
Medical Center

Prospective study
10 XLH patients, age 2.5-16 years at burosumab initiation

10 Sex and age-matched healthy controls

IES 2022



XLH

Control
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Queeen Mary and Westfield College 2008 All rights are reserved, M use or reproduction may be made other than
Barts and The London School of Medicine and Dentistry The ansthor woosshd like o ach
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Methods: assessment of dental health and morphology

Ratios were calculated:

* pulp-coronal height ratio
(pulp height/coronal height)

* pulp-coronal width ratio
(pulp width/coronal width)

Coronalwidth
Coronal height —

™~ Pulp width

> Pulp height
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Pulp-coronal height ratio- baseline Pulp-coronal height ratio - 1 year

control b contral

Pulp-coronal width ratio- baseline Pulp-coronal width ratio - 1 year

contral control

FIGURE 3

ndividual values of pulp-coronal height ratios at burosumab initiation (A) and after one year (B). Pulp-coronal width ratios at burosumab
initiation (C) and after one year (D) in X-linked hypophosphatemia patients and their controls. Lines indicate mean values. All comparisons were
statistically significant at a p value of < 0.05.
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TABLE 2 Three-year surveillance of ten burosumab-treated X-linked hypophosphatemia (XLH) patients.

Baseline 1 year 3 years P! P
Age, years 8.8 %38 98 +38 11.8 + 3.8
Burosumab dosage, mg/kg/month 2.09 + 0.96 2.28 + 1.20 203 + 1.23 0.033 0.952

Dental health
Patients with dental abscesses 3 (30) 1(10) 1 (10) 0.582 1
Radiological evaluation

Rickets severity score, median 3 [1-3] 0 [0-1] 0 [0] <0.001 0.952
A bone age, years -0.27 = 0.70 -0.13 = 0.51 -0.07 = 0.46 0.419 (0.087)
A dental age, years (.65 + 0.74 0.47 = 1.07 0.95 + 1.35 0.243 (0.115
Tooth morphology
Pulp-coronal height ratio 0.32 = 0.07 0.33 £ 0.08 0.29 + 0.05 0.287 0.009
Pulp-coronal width ratio 0.48 + 0.11 0.45 = 0.11 0.40 + 0.11 0.482 0.084

Burosumab treatment normalized phosphate levels, healed rickets and improved linear growth

The dental morphology of XLH patients did not exhibit the desired decrease in the pulp dimensions

expected with age

IES 2022



"r PHEX * EIEL":“: * Enamel —s Dental abcesses

proteins
S [ Calcosphente l |
;####Jr1'.”mmﬂr __Hxhﬁxh

4 PpASARM
L
FGF23 | = ¥ Calcitrol
4 ¥ Cald # Interglobular
dentin
Loxcal
phosphate
¥ Local TNAP st ‘
\ l. Cementum ﬂ‘
¥ Alveolar development = Tooth loss

S Beck-Nielsen et al. FGF23 and its role in X-linked hypophosphatemia-related morbidity. Orphanet J of Rare Diseases 2019
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Burosumab for the Treatment of Tumor-Induced Osteomalacia (T10)

Increased tracer uptake at
facture sites

IES 2022

d? ™
e > l

After 1 year of burosumab
therapy

Crotti C et al. Long-term use of
burosumab for the treatment of
tumor-induced osteomalacia.
Osteoporos Int. 2022






The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

C-Type Natriuretic Peptide Analogue
Therapy in Children with Achondroplasia

Ravi Savarirayan, M.B., B.S., M.D., Melita Irving, M.B., B.S., M.D.,
Carlos A. Bacino, M.D., Bret Bostwick, M.D., Joel Charrow, M.D.,
Valerie Cormier-Daire, M.D., Ph.D., Kim-Hanh Le Quan Sang, Ph.D.,
Patricia Dickson, M.D., Paul Harmatz, M.D., John Phillips, M.D.,
Natalie Owen, M.S.N., Anu Cherukuri, Ph.D., Kala Jayaram, M.D.,
George S. Jeha, M.D., Kevin Larimore, Ph.D., Ming-Liang Chan, Ph.D.,
Alice Huntsman Labed, Ph.D., Jonathan Day, M.B., B.S., Ph.D.,
and Julie Hoover-Fong, M.D., Ph.D.
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