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Functions of Phosphate in the Human
Body

Component Compound Function
Bone, tooth Hydroxyapatite Tissue structure
Cell membrane Phospholipids Cell structure

Cellular signaling
Nucleus Nucleic acids (DNA, RNA) Molecular structure

Genetic information

Intracellular space High-energy phosphate compounds (e.g, ATP, ADP) Metabolism
Coenzymes Cellular signaling
Substrate for kinase and phosphatase Cellular signaling

Extracellular fluid Phosphate ion (eg, HPO3", H,PO3) Buffer

Regulation of calcification



Small intestine Kidney
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Major Causes of Chronic Hypophosphatemia

® Decreased Intestinal Phosphate Absorption
»Malnourishment
» Gastrointestinal diseases (e.g., short bowel syndrome)

® Increased Renal Phosphate Loss
»FGF23-related hypophosphatemic diseases

»Hypophosphatemic rickets with hypercalciuria caused by
mutations in the SLC34A3 gene



Major Causes of Chronic Hypophosphatemia

® Proximal renal tubular dysfunction
» Congenital diseases with various responsible genes

> Lowe syndrome caused by mutations in the OCRL gene

o Dent disease 1 caused by mutations in the CLCN5 gene
o Dent disease 2 caused by mutations in the OCRL gene

» Acquired renal tubular dysfunction
> Drug toxicity (e.g., anticancer agents, antivirals, and aminoglycoside antibiotics)
° Multiple myeloma
o Amyloidosis
° Heavy metals
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Key biochemical assays in a child with rickets

® Blood
»PTH
» Calcium
» Alkaline phosphatase
»25)H vitamin D
»1, 25 (OH)2 vitamin D

® Urine
» Calcium

»Phosphate
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Nomogram for derivation of renal threshold phosphate
concentration

mg/dl mM mg/dl  mM
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Rickets Dietary calcium Phospho-rus XLH ADHR ARHR1 HHRH Vitamin D deficiency VDDR1A VDDR1B VDDR2 VDDR3
deficiency Deficiency and 2 rickets
PTH High High NI or ULN Nlor NlorULN Nlor High Very high Very high Very high High
ULN Low
Calcium NI or Low NI NI or ULN Nlor Nlor ULN NI NI or Low NI or low NI or low = or low = or low
ULN
Phosphorus Low Low Low Low Low NI Low NI or low NI or low = or low = or low
ALP Very High High High High  High High  Very high Very high Very high Very high Very High
25(0H)D NI NI* NI* NI* NI* NI Very low or NI Low — 5 Low
undetectable
1.25(0OH),D High NI or High NI or Low Nlor Nlor Low High Variable NI or low NI or low High Low
Low
Urinary Ca Very Low Variable Low or Low  Variable High Very Low Low or Low or Low or Low or
undetec-table undetectable undetectable undetectable undetec-table
Urinary Ph. variable Low High High  High High  High High High High High




Rickets Vitamin D deficiency VDDR1A VDDRI1B VDDR2 VDDR3
rickets

PTH High Very high Very high Very high High

Calcium NI or Low NI or low NI or low = or low = or low

Phosphorus Low NI or low NI or low = or low = or low

ALP Very high Very high Very high Very high Very High

25(0OH)D  Very low or NI Low = Low
undetectable

1.25(0OH),D Variable NI or low NI or low High Low

Urinary Ca Very Low Low or Low or Low or Low or

undetectable undetectable undetectable undetec-table
Urinary Ph. High High High High High




Progressive depletion 250H vit D3
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Rickets Phospho-rus XLH ADHR ARHR1 HHRH

Deficiency and 2

PTH High NI or ULN Nlor NIor ULN NI or
ULN Low

Calcium NI NI or ULN Nlor NIor ULN NI
ULN

PhosphorusLow Low Low Low NI

ALP High High High  High High

25(0OH)D NI* NI* NI* NI* NI

1.25(0OH);DNI or High NI or Low Nlor NI or Low High
Low

Urinary Ca Variable Low or Low  Variable High

undetec-table
Urinary Ph.Low High High High High
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Intact o) S — =~ -
active N RHTR S C
Signal peptide T
Proteolysis
Phosphorylation ) Glycosylation by ppGalNACT3
by FAM20C ' (encoded by GALNT3)
Iron deficiency N Intravenous administrations
anemia of certain iron preparations
\/
Fragments N-terminal fragment
inactive
C'termlnal fragment © 2018 Endocrine Reviews
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Mice models of XLH: understanding the
basic pathophysiological mechanisms

Serum Biochemistry Skeletal Phenotype FGF23 Regulation
Rickets/ Serum Serum Intact Bone FGF23
Genotype Ca P 1,25(0OH),D PTH Osteomalacia Total FGF23 FGF23 mRNA Remarks
Hyp - ] | il Yes N.E. i N.E Superimposing FGF23
o deficiency onto Hyp mice
Hyp/Fgf23 - | - T Yes NE 1, buc less NE corrected the abnormalities
than Hyp in serum phosphate and
Hyp/Fef23™~ o1 I No, but BMD NE Undetectable  NE. LOONEBIe s
is low
Hyp - | - (L Yes N.E. 1 i) Compound Phex and Dmp1
i mutant mice did not
Dmp1 = & = T Yes NE. T T display worsening of serum
Hyp/Dmp1~"- = 0 = " Yes NE. " " FGF23 elevauons,.
hypophosphatemia, and
severity of rickets.
Phex mutant !l 1l - Yes i il i In double-mutant mice,
(K496X) significantly upregulated
bone FGF23 mRNA with
Galnt3™~ - 1 - No 1 i 1

increased proteolytic

Phex/Galnt3™"~ 1l 1l - Yes, but less il 1 " cleavage of FGF23 protein
was observed.

- double mutant severe _



= ==

FGF-237H g By {5 fs [T i
FRAR R o i
X328 §H {EC st I A 14 B2 9%« XLH PHEX Wi
e pEEE s SRR M Q5% ADHR FGF23 BoE
B BR S M R M AE 1 912551 ARHR1 DMP1 Wi
B BE IS 4 (R I AE 14 {91255 2: ARHR2 ENPP1 B
BERBRESRBAR FGFR1 BaE
Jansen BBz RRIREVB BEAR PTH1R BaE
B MEEAFEREMEMEE FAM20C Wi
McCune-Albright & & iE GNAS1 BiE
REEESE: ENS HRAS, KRAS, NRAS BoE

G 23 2% A S ik (- P FN-FGF1, FN- W

NETE R E B E{EEE: TIO S BoE




Disorder (abbreviation)

OMIM

Gene/
location

Urinary
Calcium

FGF23

PTH

1,25(0H),D

Rickets/osteomalacia with renal tubular phosphate wasting due to elevated FGF23 levels/signaling

X-linked
hypophosphatemia
(XLH)

Autosomal dominant
hypophosphatemic
rickets (ADHR)

Autosomal recessive
hypophosphatemic
rickets 1 (ARHR1)

Autosomal recessive
hypophosphatemic
rickets 2 (ARHR2)

Hypophosphatemic
rickets and
hyperparathyroidism

Osteoglophonic dysplasia
(OD)

Fibrous dysplasia (FD)

Tumor induced
osteomalacia (TIO)

Cutaneous skeletal
hypophosphatemia sd
(SFM)

#307800

PHEX|/
Xp22.1

#193100) FGF23/

#241520

#613312

#612089

#166250

#174800
#163200

12p13.3

DMP1/
4q22.1

ENPPI1/
6q23.2

KLOTHO/
13q13.1

FGFR1/
8p12

GNAS/
20q13.3 -
RAS/
1p13.2

Low
Undetectable

Low
Undetectable

Low
Undetectable

Low
Undetectable

Low

Low

Low
Undetectable

Normal or
moderately
elevated
Elevated

Normal or
moderately
elevated
Normal or
moderately
elevated
Elevated

Normal or
moderately
elevated
Normal or
moderately
elevated

Rickets/osteomalacia due to primitive renal tubular phosphate wasting®

Hereditary
hypophosphatemic
rickets with
hypercalciuria (HHRH)

X-linked recessive
hypophosphatemic
rickets (XL-RHR)

Hypophosphatemia and
nephrocalcinosis
(NPHLOP1)

Fanconi reno-tubular sd 2
(FRTS2)

latrogenic proximal
tubulopathy

#241530

SLC34A3/
9q34.3

#300554 CLCN5|/

#612286
#613388

Xp11.23

SLC34A1/
5035.3

Normal or
high

Normal or
high

Elevated

Varies

Low or

undetectable

Varies

Low or

undetectable

Low or

undetectable

Normal or
moderately
elevated
Normal or
moderately
elevated
Normal or
moderately
elevated
Normal or
moderately
elevated
Very
elevated

Normal or
moderately
elevated
Normal or
moderately
elevated

Low normal
or
undetectable

Varies

Varies

Varies

Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration

Elevated

Elevated

Elevated

Elevated




Rickets/osteomalacia with renal tubular phosphate wasting due to elevated FGF23 levels/signaling

X-linked
hypophosphatemia
(XLH)

Autosomal dominant
hypophosphatemic
rickets (ADHR)

Autosomal recessive
hypophosphatemic
rickets 1 (ARHR1)

Autosomal recessive
hypophosphatemic
rickets 2 (ARHR2)

Hypophosphatemic
rickets and
hyperparathyroidism

Osteoglophonic dysplasia
(OD)

Fibrous dysplasia (FD)

Tumor induced
osteomalacia (TIO)

Cutaneous skeletal
hypophosphatemia sd

#307800

PHEX|
Xp22.1

#193100) FGF23/

#241520

#613312

#612089

#166250

#174800
#163200

12p13.3

DMP1|
4q22.1

ENPPI/
6¢23.2

KLOTHO/
13q13.1

FGFR1/
8p12

GNAS/
20q13.3 -
RAS/
1p13.2

Low
Undetectable

Low
Undetectable

Low
Undetectable

Low
Undetectable

Low

Low

Low
Undetectable

Normal or
moderately
elevated
Elevated

Normal or
moderately
elevated
Normal or
moderately
elevated
Elevated

Normal or
moderately
elevated
Normal or
moderately
elevated

Normal or
moderately
elevated
Normal or
moderately
elevated
Normal or
moderately
elevated
Normal or
moderately
elevated
Very
elevated

Normal or
moderately
elevated
Normal or
moderately
elevated

Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration
Within normal range but
decreased relative to the
phosphate concentration

‘SFM|



Rickets/osteomalacia due to primitive renal tubular phosphate wasting®

Hereditary #241530 SLC34A3/ Normalor Low or Low normal Elevated
hypophosphatemic 9g34.3 high undetectable or
rickets with undetectable
hypercalciuria (HHRH)

X-linked recessive #300554 CLCN5| Normal or  Varies Varies Elevated
hypophosphatemic Xp11.23  high
rickets (XL-RHR)

Hypophosphatemia and  #612286 SLC34A1/ Elevated Low or Varies Elevated
nephrocalcinosis #613388 5@35.3 undetectable
(NPHLOP1)

Fanconi reno-tubular sd 2
(FRTS2)

latrogenic proximal Varies Low or Varies Elevated
tubulopathy undetectable



Rickets and elevated ALP

Nutritional deficiency l
Chronic liver disease TRP
Very low birth weight infant Tmp/GFR
Phosphate/creatinine ratioin the urine
x:_
Ada_pted suppressed . / Urinary phosphate wasting:
excretion of phosphate in

Inadapted increased excretion of phosphate in the urine in the setting of

the urine in the setting of hypophosphatemia

hypophosphatemia

PTH
Increased Normal or slightly elevated
Bone resorption on l
radiographs FGF23
/ Nephrocalcinosis
Normal or elevated Low
v v
1,25(0OH),D : normal or low* 1,25(0OH),D : increased
Inherited diseases Inherited diseases
XLH HHRH
ADHR XL-RHR
A ARHR1, ARHR2 NPHLOP1, FRTS2
Vitamin D deficiency oD
y VDDR1A Tubular renal disease
Insufficient mineral intake VDDR1B Cell proliferation Complex tubulopathy;,
Nutritional rickets VDDR2 FD, TIO, SFM iatrogenic
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FRCa/Critia

0-12H: <2.1 mg/mg <5.9 mM/mM
13-24 1 : <0.45 mg/mg < 1.3 mM/mM
2-5 % <0.35 mg/mg < 1.0 mM/mM
6-10 %7 <0.3 mg/mg < 0.8 mM/mM
11-18%: <0.26 mg/mg < 0.7 mM/mM
>0r =19%: <0.22 mg/mg < 0.6 mM/mM
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Unique Treatment of FGF23-Related
Hypophosphatemic Diseases
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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.,
Annemieke M. Boot, M.D., Ph.D., Wolfgang Hégler, M.D.,
Agnes Linglart, M.D., Ph.D., Raja Padidela, M.D., William van’t Hoff, M.D.,
Meng Mao, Ph.D., Chao-Yin Chen, Ph.D., Alison Skrinar, Ph.D.,
Emil Kakkis, M.D., Ph.D., Javier San Martin, M.D., and Anthony A. Portale, M.D.



A Thacher Rickets Severity Total Score

Patients with Baseline Thacher Rickets Severity
3.0- All Patients 3.0+ Total Score of =1.5

2.5
2.04

1.5+

Score

1.0+

0.5

0.0-

Every 2 Wk Every 4 Wk All | Every 2 Wk Every 4 Wk All
(N=26) (N=26) (N=52) (N=17) (N=17) (N=34)



B Radiographic Global Impression of Change Score
Patients with Baseline Thacher Rickets Severity

3.0~ All Patients 3.0+ Total Score of =1.5
2.5- 2.5-
2.0-
o
S 154
(%]
1.0
0.5
0.0 166 1.56 47 1.58 156 1.57 2.021 2.06 180" 1.90 191 1.98
Every 2 Wk Every 4 Wk All Every 2 Wk Every 4 Wk All
(N=26) (N=26) (N=52) (N=17) (N=17) (N=34)

A 7-point ordinal scale:

3 (complete healing) 2 (substantial healing) 1 (minimal healing)
0 (unchanged)
-1 (minimal worsening), -2 (moderate worsening) -3 (severe worsening)



A set of radiographs of the knee from an 11-year-old girl who had been
receiving conventional therapy for 9 years before she was enrolled in the trial
and was randomly assigned to receive burosumab every 2 weeks.

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



B Every 2wk [ Every 4 wk

A Serum Phosphorus

Mean Value

(mg/dI)

4.0+

3.54

3.0

2.5+

Lower limit of normal range, 3.2 mg/d|

T T T T T T T T T T T T T T T T
44 48 52 56 60 64

Week

B Renal Tubular Phosphate Reabsorption

Mean Value

(mg/dI)

4.0
3.6
12:
2.8
2.4+
2.0+
1.6+

0.0’]/ :

Lower limit of normal range, 3.42 mg/d|

0

T T T T T T T T T T T T T T T T
44 48 52 56 60 64

Week




C Serum 1,25-dihydroxyvitamin D

100+
754
v
=
m—
TS so-
8 = ]
=
254
----- Lower limit of normal range, 43 pg/ml
0 I I | I | I I I I I | I I I | | I

32 36 40 44 43 52 56 60 64

Week

D Serum Alkaline Phosphatase
500+

450+

400

Mean Value
(U/liter)

350+

//
o1

----- Upper limit of normal range, 385 U/liter
| | | ] ] |

32 36 40 44 48 52 56 60 64
Week




Assessment
Standing-height z score*
Baseline
Week 64
Change from baseline
6-Minute walk testy
Baseline
Percentage of predicted distance
Distance (m)
Week 64
Percentage of predicted distance

Change from baseline in percentage of predicted
distance — percentage points

Distance (m)
Change from baseline in distance (m)
Sports and physical functioning, normative score*x:
Baseline
Week 64
Change from baseline
Pain and comfort scale, normative score*::
Baseline
Week 64
Change from baseline
Global functioning, normative score*::
Baseline
Week 64

Change from baseline

Burosumab
Every 2 Weeks
(N=26)

-1.72+1.03
-1.54+1.13
0.19+0.05

79.32+2.60
479.9+16.6

85.00+2.03
5.69+2.02

533.85x11.51
52.67+8.82

34.6+15.7
41.7£15.7
7.7£2.6

35.2+15.3
41.0+17.0
5.6+2.9

37.5+14.0
43.1+16.1
6.0+2.7

Burosumab
Every 4 Weeks
(N=26)

-2.05+0.96
-1.92+0.84
0.12+0.06

81.42+2.96
486.4+21.3

84.74+2.67
3.32+1.96

525.85+17.56
40.59+9.57

32.2+19.3
42.8+13.7
9.8+2.5

34.8+16.8
43.0+11.5
7.7+2.1

35.6+17.2
45.1+11.2
8.7+2.0

All Patients
(N=52)

-1.89+1.00
-1.73+1.00
0.15+0.04

80.37£1.96
483.1+13.4

84.87+1.66
4.50+1.41

529.85+10.41
46.63+6.48

33.4+17.4
42.2+14.6
8.8+1.8

35.0+15.9
42.0+14.5
6.7+1.8

36.6+15.5
44.1+13.8
7.4+1.7




Imel et al. JCEM 2015 [87],

Carpenter et al. Ruppe et al. Carpenter et al. Insogna et al.
Study [ref] / JC1 2011 [86] Bone Reports 2016 [28] NE)M 2018 [29] JBMR 2018 [21]
ClinicalTials.gov number NCT00830674 NCTO01340482, NCT01571596 NCT02163577 NCT02526160

Treatment arms Single dose Multidose for 16 months: Multidose for 64 weeks, Multidose for 24 weeks:
with dose titration period ©

Intravenous 4-month dose escalation phase Every 2 weeks burosumab Every 4 weesk burosumab
burosumab Every 4 weeks burosumab (mean dose at week 40 was 1 mgkg ' (n = 68)
0.003-0.3mgkg ' (1=17) 0.05-0.6 mg kg™ (n = 28), 0.98 mg kg ') (n = 26)
vs. placebo (n =5)
or followed by or or
Subcutaneous 12-month extension phase Every  Every 4 weeks burosumab  Every 4 weeks placebo
burosumab 4 weeks burosumab (mean dose at week 40 was (n = 66)
0.1-1 mg kg ™' (n=12) 0.1-1 mg kg™ (n=22)"° 1.5mgkg ; n=26)

vs. placebo (n = 4)




Study [ref] /
ClinicalTials.gov number

Treatment arms

Biochemical findings

Other outcomes

Carpenter et al.
JC1 2011 [86]
NCT00830674

Single dose

Intravenous
burosumab

0.003-0.3mg kg™ (n=17)
vs. placebo (n =5)

or

Subcutaneous
burosumab

0.1-1 mg kg™ (n=12)
vs. placebo (n = 4)

Increased serum Pi, serum
1,25(0H),D5, and TmP/
GFR

Imel et al. JCEM 2015 [87],
Ruppe et al.

Bone Reports 2016 [28]
NCT01340482, NCT01571596

Multidose for 16 months:

Carpenter et al.
NEJM 2018 [29]
NCT02163577

Multidose for 64 weeks,

Insogna et al.
JBMR 2018 [21]
NCT02526160

Multidose for 24 weeks:

4-month dose escalation phase
Every 4 weeks burosumab
0.05-0.6 mgkg™' (n =28),

followed by

12-month extension phase Every
4 weeks burosumab

0.1-1 mgkg™ (n=22)"°

Increased serum Pi, serum
1,25(0H);D5, and TmP/GFR

At baseline:
Impairment of physical function

Over 4 months of treatment:
Improved role limitations due to
physical health (SF-36v2),

physical functioning and stiffness
(WOMACQ)

with dose titration period ©
Every 2 weeks burosumab

(mean dose at week 40 was
0.98 mgkg™') (n=26)

or

Every 4 weeks burosumab
(mean dose at week 40 was
1.5mgkg; n=26)

Increased serum Pi, serum
1,25(0OH);,D3, and TmP/
GFR;

decreased serum alkaline
phosphatase.

Increased standing height
z-score;

Among those with baseline
impairments in 6MWT, the
distance walked improved

On PODCI, among those
with impairments,
burosumab improved:

Sports and physical
functioning domain,

Pain and comfort domain,
Global functioning

Every 4 weesk burosumab
1 mgkg ' (n=68)
or

Every 4 weeks placebo
(n =66)

Increased serum Pi, serum
1,25(0H),D5, and TmP/GFR

WOMAC:
Decreased stiffness scores
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