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Abstract

Purpose of Review—Serum phosphorus is maintained in a narrow range by balancing dietary
phosphate absorption, influx and efflux of phosphorus from bone and intracellular stores, and
renal reabsorption of filtered phosphate. Acute hypophosphatemia, typically caused by transient
increases in cellular uptake, can lead to severe complications such as cardiopulmonary dysfunction
and rhabdomyolysis that can warrant parenteral phosphate repletion. Chronic hypophosphatemia,
however, generally represents true phosphate deficiency and may result in long-term metabolic
and skeletal complications, particularly in children due to the critical importance of phosphorus to
skeletal mineralization and longitudinal growth.

Recent Findings—In addition to the well characterized roles of vitamin D and parathyroid
hormone (PTH), a new bone-kidney axis has been discovered that regulates phosphate
homeostasis through the bone-derived hormone Fibroblast Growth Factor 23 (FGF23) and its
phosphaturic actions that are mediated by activation of fibroblast growth factor receptors (FGFRS)
complexed with a-Klotho in renal tubules. Chronic hypophosphatemia can now be classified as
FGF23 dependent or independent.

Summary—In cases of FGF23 dependent hypophosphatemia, traditional non-specific treatments
with elemental phosphorus and 1,25(0OH), vitamin D (calcitriol) can now be replaced with a
targeted approach by using an FGF-23 blocking antibody (Burosumab).
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Introduction

Phosphorus is a critical element that is necessary for physiological functions. The regulation
of phosphorus homeostasis is multifaceted, relying on a complex interplay between
(hormones from) multiple organ systems, most importantly bone, kidney and intestine.
Alteration in one and/or multiple facets of phosphorus regulation can result in both acute and
chronic clinical consequences that require therapeutic intervention.

Phosphate Homeostasis

Phosphorus (P) is a highly reactive chemical element that binds to oxygen to form phosphate
(PO437). Phosphate plays an essential biological role in cellular and mineral metabolism. At
the cellular level, phosphates are components of phospholipids in cell membranes, nucleic
acids (DNA and RNA), energy production via adenosine triphosphate (ATP), oxygen
delivery through 2,3-diphoshoglycerate (2,3-DGP) hemoglobin binding, and cell signaling
through ubiquitous phosphorylation reactions. Systemically, phosphate binds to calcium to
form hydroxyapatite to mineralize collagen in bone and cartilage. Phosphate also functions
as a buffer to maintain acid-base balance (pH)[1,2].

The serum phosphate concentration is maintained in the physiological range of 2.5 to 4.5
mg/dL in adults (0.81 to 1.45 mmol/L). In children, the serum phosphate levels are higher
[2]. Hypophosphatemia is defined as a serum phosphate concentration below 2.5 mg/dL
(0.81 mmo/L). Clinically relevant hyperphosphatemia is defined as a serum phosphate
concentration above 6.5 mg/dL (2.10 mmol/L), a threshold associated with adverse
outcomes and increased mortality in patients with chronic kidney disease (CKD)[3]. A
higher serum phosphate is observed in children. Since the normal circulating calcium times
phosphate (Ca x P) product is above the threshold for spontaneous calcification, soft-tissue
calcifications are prevented by the presence of circulating inhibitors of mineralization, such
as Matrix y-carboxyglutamic acid Gla protein [4].

The serum phosphorus concentration is determined by the balance between intestinal
absorption of phosphate from the diet (16 mg/kg/day), storage of phosphate in the skeleton
(3 ma/kg/day), fluxes in and out of cells in response to metabolic demands, and excretion of
phosphate through the urine (13 mg/kg/day) (Figure 1) [2]. One of the key knowledge gaps
in understanding phosphate homeostasis, however, is that a molecular mechanism whereby
extracellular and/or intracellular phosphate are sensed has not been identified [5,6].

Intestinal absorption of phosphate.

The recommended dietary allowance of phosphate is 700 mg/day, and the maximal tolerated
intake is 4,000 mg/day in individuals with normal renal function. In the general population
in the United States, phosphorus intakes are above the recommended amounts, with average
daily intakes of 1,602 mg in men and 1,128 mg in women [7]. Nearly 70% of dietary
phosphate is absorbed, resulting in transient postprandial increases in serum phosphate
concentrations. The bioavailability of phosphorus in foods is variable, with phytate
phosphorus found in plants being poorly absorbed because we lack phytases that release
soluble phosphate (Figure 1).
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Dietary phosphate is actively transported transcellularly in intestinal cells through a sodium
dependent transporter SLC34a2 (Npt2b) [8] and passively absorbed through paracellular
pathways. Npt2b-mediated active transport is important in phosphate deficient states. Npt2b
expression is increased by 1,25(0OH),D and low dietary phosphate and decreased by
nicotinamide. The non-essential role of Npt2b in regulating phosphate homeostasis is
revealed by the absence of hypophosphatemia in individuals with inactivating Npt2b
mutations, which have pulmonary alveolar microlithiasis [9]. Malnutrition, malabsorption
states and phosphate binding medications may lead to hypophosphatemia through reduction
in intestinal phosphate absorption. Niacin, which inhibits Npt2b, had small effects to reduce
serum phosphate (i.e. 0.08 mg/dL (0.03 mmol/L) reduction per year of treatment) in patients
with CKD [10].

Fluxes been phosphate storage pools

Once absorbed, extracellular phosphate levels are in a dynamic equilibrium between cellular
and bone stores. Insulin, catecholamines, and alkalemia cause phosphate movement into
cells, and can lead to hypophosphatemia without phosphate deficiency (Figure 1). Refeeding
syndrome which is characterized by cardiac arrhythmias, leading to multisystem organ
dysfunction and death that is mediated in large part from effects of a nutritional load to
induce hypophosphatemia. Phosphate flux in and out of bone, which is the major reservoir
for phosphate, can also contribute to serum phosphate concentrations. In this regard, hungry
bone syndrome that follows parathyroidectomy, leads to hypocalcemia and
hypophosphatemia due to uptake of calcium and phosphate into bone, whereas severe
hyperparathyroidism in CKD can contribute to hyperphosphatemia due to efflux of
phosphate from bone.

Renal Handling of Phosphate

Renal reabsorption and excretion of phosphate is the principal mechanism regulating
phosphate homeostasis. Phosphate is filtered by the glomerulus and reabsorbed in the
proximal tubule (Figure 1). NPT2a (SLC34al) and NPT2c (SLC34a3) located in the luminal
brush border membrane of the PT reabsorb 80% and 20% of the total urinary phosphorus,
respectively. The sodium/hydrogen exchanger regulatory factor 1 NHERF-1 binds to NPT2a
and is an important regulator of membrane expression [11]. PTH and FGF23 lead to
phosphorylation of NPT2a causing translocation to lysosomes and inhibition of phosphate
reabsorption. CLCN5 gene encodes an endosomal H*/2Cl antiporter that regulates
endosomal acidification and internalization of NPT2a. a-Klotho, which is predominantly
expressed in the distal convoluted tubule, is released into the circulation as a soluble
KI1+KI2 biologically active fragment (sKI) by ADAM10 and ADAM17 sheddases, may also
be filtered by the glomerulus and regulate NPT2 membrane localization in the PT [12].

Primary defects in proximal tubule absorption of phosphate

Several hypophosphatemic disorders are caused by inactivating mutation in the transporters
NPT2a, and NPT2c as well as factors, such as NHERF-1, CLCNS5, and OCRL that regulate
the endocytosis of these transporters, both resulting in direct defects in renal phosphate
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transport [13,14]. Chronic and acute regulation of these renal transporters is modulated by
changes in dietary and serum phosphate levels and by three major hormones: parathyroid
hormone (PTH), 1,25-dihydroxy vitamin D3 (1,25(0OH),D3), and fibroblast growth factor 23
(FGF23). Hereditary hypophosphatemic rickets with hypercalciuria (HHRH) is caused by
loss of function of the solute carrier family 34, member 3 (SLC34A3) gene encoding a
protein of the renal NPT2c located in the proximal straight tubule that results in
hypophosphatemia, phosphaturia, and nephrocalcinosis and nephrolithiasis. Nephrolithiasis/
Osteoporosis, Hypophosphatemic 1 and 2 (NPHLOP1 and NPHLOP2) are respectively
caused by inactivating mutations in SLC34A1 encoding NPT2a and SLC9A3R1 encoding
NHERF1 located in the proximal convoluted tubule [15]. Both cause an autosomal dominant
hypophosphatemic disorder characterized by the coexistence of nephrolithiasis, osteoporosis
and hypophosphatemic rickets. X-linked recessive hypophosphatemic rickets, XLRHR, or
Dent disease 1 is caused by inactivation mutation of the renal chloride channel CLCN5 gene
that encodes the endosomal H*/2CI~ antiporter protein CIC-5 [16]. Mutations in CLCN5
lead a renal proximal tubulopathy (Fanconi syndrome) characterized by defective
reabsorption of phosphate as well as other solutes including amino acids, glucose, uric acid,
potassium, and bicarbonate, and by low molecular weight proteinuria (LMWP) associated
with hypercalciuria and/or its complications (nephrocalcinosis or nephrolithiasis) and
progressive renal failure. Oculocerebrorenal syndrome of Lowe (OCRL), characterized by
defects in the nervous system, eye and Kidney, is caused by mutations in the OCRL gene that
encodes the inositol polyphosphate 5-phosphatase OCRL-1 that regulates membrane
trafficking of transporters [17]. Fanconi-Bickel syndrome (FBS) is proximal renal tubular
acidosis caused by mutations in the glucose transporter, Glut2, that results in severe
hypophosphatemic rickets and failure to thrive due to proximal renal tubular dysfunction
leading to glucosuria, phosphaturia, generalized aminoaciduria, bicarbonate wasting and
hypophosphatemia [18]. Primary defects in renal PT phosphate transport leads to secondary
increments in 1,25(0OH),D levels, which is an important consideration in the selection of
treatment options.

Hypophosphatemia caused by vitamin D deficiency/PTH excess

Hepatic 25-hydroxylase (CYP2R1) generates 25(OH)D. 1,25(0OH),D is produced in the
renal proximal tubule from 25(OH)D by 1 O-hydroxylase (CYP27B1) and activates vitamin
D receptors (VDR) in target tissues, including the intestines to regulate NPT2b mediated
phosphate absorption, the parathyroid gland to regulate PTH secretion, bone to stimulate
bone resorption and inhibit bone mineralization, and in the kidney to regulate a-Klotho, to
name a few of the effects of this hormone. Both 25(OH)D and 1,25(OH),D are converted to
24,25(0H),D by 24-hydroxylase (CYP24), leading to degradation. Genetic forms of vitamin
D-dependent rickets (VDDRs) due to mutations impairing activation of vitamin D or
decreasing vitamin D receptor responsiveness are associated with hypophosphatemia.
Vitamin D-dependent rickets type 2A (VDDR2A) is caused by loss of function mutations in
the vitamin D receptor (VDR) gene. Vitamin D-dependent rickets type 1 (VDDR1) is caused
by inactivating mutations of CYP27B1. These disorders display decreased tissue
responsiveness to 1,25(0H),D. Very rare mutations of CYP2R1 have been associated with
vitamin D—dependent rickets type 1B (VDDR1B) that is response to 1,25(0OH),D [19]. An
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activating mutation in CYP3A4 that oxidizes 1,25-dihydroxyvitamin D with a 2-fold greater
activity than CYP24A1 leads to vitamin D deficiency [20]. The concomitant hypocalcemia
and elevations in PTH and low levels of FGF23 distinguish these hypophosphatemic
disorders to those caused by FGF23 excess.

FGF23 inhibits CYP27B1 and stimulates CYP24 leading to reduced levels of 1,25(0H),D,
consistent with its role as a vitamin D counter-regulatory hormone, whereas PTH has the
opposite effect leading to increased 1,25(0H),D, consistent with its role as a calcemic
hormone [21,22]. PTH stimulates phosphate absorption in the intestines, and stimulates bone
resorption to increase serum phosphate. PTH secreted by the parathyroid glands and FGF23
released from bone coordinately reduce NPT2-mediated phosphate reabsorption in the PT to
promote phosphaturia. Clinical disorders leading to excess circulating PTH (primary and
secondary hyperparathyroidism) and activating mutations of the PTH receptor in Jansen
metaphyseal chondrodysplasia (JMC) and downstream mutant forms of GNAS1 in McCune-
Albright Syndrome (MAS) associated with increased cCAMP in osteocytes that cause
elevated FGF23 all lead to hypophosphatemia. PTH excess and MAS also have increased
bone turnover and osteolytic bone lesions.

Hypophosphatemia caused by FGF23 excess

FGF23 is a ~32 kDa protein with an N-terminal FGF-homology domain and a novel 71
amino acid C-terminus [23]. Both osteoblasts and osteocytes secrete FGF23 [23,24]. FGF23
acts as a circulating hormone [25], that binds to a-Klotho/FGFR complexes in target tissues
[26,27]. a-Klotho is a type | membrane, R-glycosidase-like protein, which forms a trimeric
complex with FGFRs and the C-terminus of FGF23 [28-31] leading to FGFR activation and
tissue selectivity. FGF23 inhibits renal phosphate reabsorption by decreasing Npt2 co-
transporters and suppresses 1,25(0OH),D levels by inhibiting Cyp27b1 and stimulating
Cyp24 [26,27,32-36]. Excess FGF23 causes hypophosphatemia, suppression of
1,25(0OH),D, and rickets/osteomalacia [26,33,37-39]. Loss of Fgf23 function results in
hyperphosphatemia, excess 1,25(0OH),D, and soft tissue calcifications [32,40-45].

Gene mutations resulting in a common hypophosphatemic rickets phenotype have been
exploited to understand the molecular pathogenesis of elevated FGF23 [21] (Table 1).
Autosomal Dominant Hypophosphatemic Rickets (ADHR) is caused by mutations in an
RXXR site of FGF23 that prevents its cleavage. X-linked Hypophosphatemia [21], and its
murine homolog condition, the Hyp mouse model, are caused by mutations in the PHEX
endopeptidase [40,46]. Phex is highly expressed in differentiated osteoblasts and osteocytes,
and conditional deletion of Phex in the mature osteoblast lineage /7 vivo by Oc-Cre is
sufficient to reproduce the Hyp mouse phenotype [47]. Although an initial study suggested
that Phex processes FGF23 [48], subsequent studies failed to establish Phex-dependent
cleavage of FGF23 [24,49,50]. Rather, Phex mutations lead to elevations of FGF23 due to
increased FGF23 gene transcription in osteoblasts and osteocytes [51]. The increase in
FGF23 is “intrinsic”, since increased FGF23 gene transcription is present in isolated
osteoblasts and BMSCs derived from Hyp mice and in Hyp bone explanted into wild-type
mice continue to express high levels of FGF23 [46].
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Autosomal Recessive Hypophosphatemic Rickets (ARHR2) is caused by inactivating
mutations in DMPI [52]. The murine homologue Dmp2~'~ mice [53,54] shows an intrinsic
stimulation of FGF23 expression in osteoblasts and osteocytes. DMP1 is a the small
integrin-binding ligand N-linked glycoproteins (SIBLING) extracellular matrix protein that
acts as a nucleator of mineralization [55]. Dmp1 is cleaved into 37-kDa and 57-kDa
fragments by BMP1 or cathepsin B. The NH,-terminal fragment is a proteoglycan with a
chondroitin sulfate chain attached through Ser74 that binds to proMMP-9 and may sequester
growth factors [56], whereas the C-terminal fragment has RGD and ASARM motifs. The
ability of Dmp1 to bind to integrins through the RGD motif and Phex through ASARM
provides a molecular basis for the interdependent functions of Phex and Dmp1 that we found
in compound mutant mice. Compound mutant Hyp/DmpI~'~ mice exhibit non-additive
effects on FGF23 expression that is mediated by a common pathway involving FGFR1 [57]
and intrinsic abnormalities of mineralization and alterations of the extracellular matrix
milieu [58-61]. Dmp1 and Phex mutations, which block the mineralization of extracellular
matrix, lead to increased FGF23 production by osteoblasts and osteocytes [62,63]. Coupling
between mineralization and FGF23 occurs through the regulation of FGF23 expression in
osteoblasts/osteocytes by “intrinsic factors” that leads to the activation of FGFR1 [64,65].

Two additional genetic abnormalities in the ANK/ENPP1 also support a coupling of
mineralization with FGF23 expression. Inactivating mutations in £npp1, which causes
hereditary Generalized Arterial Calcification of Infancy, also causes a variant of Autosomal
Recessive Hypophosphatemic Rickets (ARHR2), characterized by FGF23-mediated
hypophosphatemia [66,67]. Enppl generates inorganic pyrophosphate (PPi), an inhibitor of
calcification and substrate for alkaline phosphatase (TNAP), which converts PPi to Pi. The
inactivation of this Enpp1l reduces the ratio of PPi to Pi in soft tissues leading to ectopic
calcification, but local Pi depletion in bone that leads to osteomalacia. In addition,
inactivation of Ank, a PPi transporter located in osteoblasts, results in impaired
mineralization of extracellular matrix and nearly a 10-fold increase in Fgf23 expression in
bone [68].

FAMZ20C is a dentin matrix protein that encodes a casein kinase that localizes to the Golgi
apparatus and endosomes that phosphorylates SIBLING proteins. FAM20C also
phosphorylates FGF23 and promotes its cleavage [69]. Inactivating mutations in FAM20C
causes Raine syndrome, an autosomal recessive disorder with generalized osteosclerosis
with periosteal bone formation and distinctive facial features. Fam20c™~ mice, however,
develop hypophosphatemic rickets caused by elevated FGF23, but not osteosclerosis.
Finally, a translocation causing increased a-Klotho expression leads to elevations of FGF23
and hypophosphatemic rickets [52]. The mechanism whereby overexpression of a-KI
increases FGF23 is not clear.

Diagnostic approach to a hypophosphatemic patient

Although hypophosphatemia is typically defined as a serum phosphorus level below 2.5
mg/dl (0.81 mmol/L), it is reasonably common (occurs in up to 5% of hospitalized patients
[70], and there is quite often a delay in diagnosis. Specifically, the absence of serum
phosphorus on routine chemistry panels and a complete metabolic profile (CMP or SMC20)
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reduces the likelihood of identification of these patients, as it must be separately ordered for
each individual or as part of a renal function panel.

The causes of hypophosphatemia in patients are quite heterogeneous but can be approached
from a combination of acuteness and mechanistically based perspectives. Acute
hypophosphatemia, which is loosely defined as developing over hours to days, generally
occurs in hospitalized patients. In addition, it primarily is due to intracellular shifts in
phosphorus, which is facilitated by insulin, catecholamines and alkalosis due to
hyperventilation as detailed above. Refeeding-induced hypophosphatemia is not uncommon
and occurs more commonly with enteral versus parenteral nutrition [71]. Low phosphorus
commonly occurs in burn patients as well, though it is not specifically associated with
increased mortality [72]. Hypophosphatemia is also a marker of nutritional risk in older
hospitalized patients [73].

In contradiction, chronic hypophosphatemia with very few exceptions is generally seen in
outpatients and develops over months to years. Mechanistically, it can be categorized on a
hereditarily versus acquired basis. In addition, it can be further sub-categorized based on the
underlying mechanism of disease, those being FGF23-dependent and independent. This is
particularly pertinent, as plasma FGF23 (sum of intact and carboxyterminal fragments) can
be measured by several commercially available assays. As detailed in Table 1, enhanced
FGF23 signaling due to gene mutations that result in increased production, decreased
catabolism, augmented receptor activation or increased co-ligand activity (a-Klotho) all
cause renal phosphate wasting and impaired intestinal phosphorus absorption with resultant
hypophosphatemia. In contrast, genetic causes of FGF23 independent hypophosphatemia are
due to mutations in genes that either affect renal reabsorption or vitamin D-mediated
intestinal absorption of phosphorus (Table 1). It is particularly important to discern the role
of FGF23 in a patient with inherited renal phosphate wasting, as the therapeutic approach is
necessarily altered to minimize the risk of complications. A diagnostic approach based on
biochemical alterations can facilitate correctly identifying the disorder (Table 2).

Patients with acquired chronic hypophosphatemia may also be subcategorized based on the
presence or absence of underlying FGF23 pathology. Tumor-induced osteomalacia (T10) is
a classic but relatively rare disorder that is due to dramatic overproduction of FGF23 in an
unregulated fashion by generally benign mesenchymal tumors that usually develop in
connective tissue or bone. More recently recognized, reasonably common and, in contrast to
other chronic hypophosphatemic disorders, parenteral iron-induced hypophosphatemia
develops over days to weeks. Low serum phosphorus appears to be due to alterations in
FGF23 catabolism but is generally restricted to iron carboxymaltose formulations based on
available evidence [74]. The most common cause of FGF23-independent chronic
hypophosphatemia is primary hyperparathyroidism, which occurs in approximately one third
of patients with the condition and is due to enhanced renal phosphate wasting. Drugs such as
tenofovir can induce a generalized proximal tubulopathy resembling Fanconi’s syndrome
that results in renal phosphate wasting [75]. Impairment of intestinal phosphorus absorption
due to nutritional deficiencies (vitamin D, generalized malnutrition) or malabsorptive

Curr Mol Biol Rep. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weber and Quarles

Page 8

conditions (celiac disease, Roux-en-Y gastric bypass) can also cause hypophosphatemia.
Finally, being non-renal and non-intestinal related, excessive deposition of phosphorus into
bone that occurs in hungry bone syndrome after resolution of severe hyperparathyroidism
can also result in hypophosphatemia. A more complete list of potential causes of acquired
hypophosphatemia is available elsewhere [76].

Clinical consequences of hypophosphatemia

The signs and symptoms of hypophosphatemia can be quite variable, depending on the
degree of phosphate deficit and the acuity of onset. Patients with inherited disorders, as well
as those with acquired disease having modest hypophosphatemia (serum phosphorus ~ 1.5 to
2.5 mg/dL; 0.48 to 0.81 mmol/L), may complain of fatigue, bone pain and proximal muscle
weakness, although many patients are asymptomatic. Patients with similar levels of serum
phosphorus may also have moderate symptoms, including stress or frank fractures. In
addition, inherited hypophosphatemic disorders often confer different skeletal consequences
based on the age of the patient. Children and adolescents often experience impaired
longitudinal growth with or without lower extremity bowing, the former of which is not
applicable to adults. Nonetheless, genetically affected adult patients often develop other
musculoskeletal disease (i.e. enthesopathy), which can impair their quality of life [77].
Patients with more severe hypophosphatemia (serum phosphorus < 1.0 to 1.2 mg/dl; 0.32 to
0.39 mmol/L), especially when acquired more acutely, may develop more severe organ
dysfunction. These changes include marked decreases in cardiac and respiratory muscle
function, intestinal ileus and mental status changes. Patients with severe hypophosphatemia
are also at risk for rhabdomyolysis and resultant myoglobin-induced acute kidney injury.

Treatment considerations.

Phosphorus/Vitamin D

Identification of the underlying cause of hypophosphatemia, in combination with the
acuteness of onset and severity of the phosphorus deficit, will best guide the appropriate
choice for clinical management of affected patients. Patients with severe hypophosphatemia
(less than1.0 mg/dl;0.32 mml/L), which generally occurs acutely in hospitalized patients as
detailed above, may require intravenous phosphorus therapy that varies based on the degree
of hypophosphatemia and associated clinical symptoms (for serum phosphorus above 1.25
mg/dL (0.39 mmol/L), 0.08 to 0.24 mmol/kg over six hours up to a maximum total dose of
30 mmol; serum phosphorus below 1.25 mg/dL (0.40 mmol/L), 0.25 to 0.50 mmol/kg over 8
to 12 hours up to a maximum total dose of 80 mmol). Once the serum phosphorus is above
1.5 mg/dL (0.48 mmol/L), patients are generally switched over to oral phosphorus (1
mmol/kg of elementary phosphorus (40 — 80 mmol/day) given in three to four doses over a
24-hour period).

Hypophosphatemia in hospitalized patients is commonly due to redistribution of phosphorus
as a result of respiratory alkalosis. Treatment with phosphate is generally not indicated. In
diabetic ketoacidosis (DKA), insulin therapy results in transcellular shifts of? transient
hypophosphatemia, and phosphate administration has not been shown to effect the outcome
and can result in hypocalcemia [78]. Whole body phosphate deficiency of approximately 1
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mmol/kg, however, can occur in DKA. Phosphate replacement is warranted if
hypophosphatemia is severe (i.e., serum phosphate concentration less than 1.0 mg/dL; 0.32
mmol/L) or when hypophosphatemia is believed to contribute to cardiac dysfunction,
anemia complications, rhabdomyolysis, or respiratory depression [79]. Identification and
concomitant treatment of 25(OH)D insufficiency (i.e. 25(OH)D < 20 ng/mL) if present is
also advised.

Patients with mild or moderate hypophosphatemia who are symptomatic, whether it is
inherited or acquired, require a less aggressive treatment approach, which traditionally has
been centered on the use of oral phosphate supplements and activated vitamin D analogues.
In children with XLH, treatment with elemental phosphorus (generally available as 250 mg
tablets or powder) at a dose of 20—40 mg/kg/day in three to five divided doses, is initially
recommended, although higher does may be required [80]. Calcitriol is concomitantly given
at a dose of 20-30 ng/kg/day in order to enhance intestinal phosphorus absorption and to
limit the stimulus of phosphorus treatment to stimulate PTH release, although higher doses
up to 70 ng/kg/day may need to be given initially to children with more severe osteomalacia
based on clinical findings such as pain, alkaline phosphatase elevation and degree of lower
extremity bowing. Phosphorus and calcitriol doses may require adjustment, based on
treatment response, as well as serum phosphorus, calcium and parathyroid hormone levels.
The most useful biomarker for skeletal response is serum alkaline phosphatase, which
decreases in response to healing of osteomalacia. Pediatric patients with XLH should be
monitored with serum and urine biochemistries every 3 months, including spot or 24-hour
urine calcium to assess for development of hypercalciuria, as nephrocalcinosis may occur
independent of hypercalcemia. Renal ultrasonography is also recommended at 2 to 5 year
intervals to assess for renal calcification. Radiographs of the distal femoral and proximal
tibial sites every 2 years is also recommended to ensure epiphyseal correction in treated
children. Although not specifically studied to date, this treatment approach is likely
applicable to other inherited and acquired FGF23-dependent hypophosphatemic disorders as
well.

The evidence supporting the treatment of adults with FGF23 dependent hypophosphatemia
is less well established, but generally follows the principles of pediatric treatment per above.
Recommended indications for treatment of XLH in adults includes spontaneous
insufficiency or stress fractures, pending orthopedic procedures and skeletal pain with
biochemical evidence of osteomalacia (i.e. elevated alkaline phosphatase) [80]. Calcitriol
0.50 to 0.75 mcg/day in 2 divided doses is initially given for one week, followed by 250 mg
of elemental phosphorus twice daily, the latter of which is titrated up to 1000 mg/day in 2-4
divided doses over 1-2 weeks. For orthopedic procedures such as weight bearing joint
replacement, therapy is recommended 3—-4 months before and 6-9 months after the
operation. Laboratory and renal imaging safety monitoring are like those advised for
children. It is important to note that phosphorus and calcitriol treatment will not improve
enthesopathy in adults. In addition, FGF23 levels are increased in calcitriol-treated patients
having XLH [81], which could theoretically exacerbate phosphate wasting or other adverse
effects of excess FGF23 [82,83]. Based on these observations, careful consideration of the
risks and benefits of phosphorus and vitamin D therapy is merited in adult XLH patients
considering treatment.
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Regarding non-FGF23 mediated hypophosphatemic disorders, treatment is generally guided
by the degree of serum phosphorus deficiency, as well as skeletal and systemic symptoms.
Hereditary hypophosphatemic rickets with hypercalciuria, HHRH, is treated with elemental
phosphorus at a dose of 20-50 mg/kg/day in three to five divided doses daily. Importantly,
activated vitamin D analogues are not used, as serum calcitriol and urine calcium is elevated
in these patients and would be worsened by such agents. Patients with vitamin D
hydroxylation-deficient rickets types 1A and 1B have mild hypophosphatemia that does not
require replacement. These patients are treated with calcitriol at daily divided doses of 10—
20 mcg/kg/day, although patients with VDDR1A may require elemental calcium doses of
50-75 mcg/kg/day initially. Patients with Vitamin D Dependent Rickets, Type 2A
(VDDR2A) require much higher doses of calcitriol (1-6 mcg/kg/day) and 1 to 3 grams of
calcium per day, due to severe Vitamin D receptor resistance [84]. Surveillance of pertinent
biochemistries and renal ultrasonography, akin to management protocols in FGF23
dependent hypophosphatemic patients as detailed above, is also recommended for these
patients. There is no available therapy for patients with Jansen metaphyseal
chondrodysplasia.

Burosumab

Although phosphorus and calcitriol do improve biochemical and skeletal outcomes in
patients with XLH, they do not target the underlying mechanism of disease, that being the
disordered catabolism of FGF23. Additionally, as noted above, calcitriol treatment increases
FGF23 levels in XLH patients and could undermine some of the benefits of treatment.
Therefore, an XLH therapy that more directly targets the underlying pathophysiology and is
easier to adhere to is preferred. Burosomab, a recombinant, fully human 1gG1 monoclonal
antibody that inhibits FGF23 activity and was approved for the treatment of children and
adults with XLH, lowers FGF23 levels and establishes normal phosphorus and vitamin D
homeostasis. At a dose of 0.8 mg/kg subcutaneously every 2 weeks, Burosumab safely
improved linear growth and radiographic rickets severity score in children with XLH, while
also concurrently improving physical function and reducing pain [85]. In adult patients with
XLH, 1.0 mg/kg Burosumab given subcutaneously every 4 weeks resolved
hypophosphatemia and reduced stiffness. In addition, patients with insufficiency fractures
before treatment were nearly 17-fold more likely to heal compared with placebo treated
patients [86]. Nonetheless, as is the case with conventional therapy with phosphorous and
activated vitamin D, the benefits of therapy with Burosumab are less certain in adults
compared with children. Burosumab is also currently under investigation as a therapy for the
acquired FGF23-dependent disorder tumor induced osteomalacia, although it has not been
studied in other FGF23 dependent hypophosphatemic disorders to date. Recently, small
molecule inhibitors of FGF23 have been identified that increases serum phosphate in mouse
models of FGF23 excess [87].

Conclusion

Acute severe phosphorus deficiency can impart significant clinical consequences, including
severe organ dysfunction, whereas inherited and acquired chronic hypophosphatemia confer
long-term metabolic and skeletal effects, including chronic pain and fractures, that can
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significantly impair longitudinal growth in children and physical function/quality of life in

ad

ults. Diagnostic approaches should determine the role that FGF23 plays in chronic

disorders. Appropriate classification as an FGF23-independent or -dependent disorder (e.g.
XLH) facilitates a more tailored and individualized approach to the clinical management of
inherited hypophosphatemic osteomalacia. Elevated FGF23 can greatly assist in correctly
identifying the cause of acquired hypophosphatemic disorders in adults.
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Figure 1.

Regulation of systemic phosphate homeostasis.
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Table 1.

Genetic causes of hypophosphatemia
Disorders OMIM # Gene | L ocation | Inheritance
FGF23-Mediated
Autosomal Dominant Hypophosphatemic Rickets, ADHR 193100 FGF23 12p13.32 | AD
X-Linked Hypophosphatemic Rickets, XLH 307800 Phex Xp22.11 | XLD
Autosomal Recessive Hypophosphatemic Rickets 1, ARHR1 241520 DMP1 4022.1 AR
Autosomal Recessive Hypophosphatemic Rickets 2, ARHR2; Generalized 613312 ENPP1 6023.2 AR
Arterial Calcification of Infancy, GACL1
Autosomal Recessive Hypophosphatemic Rickets 3, ARHR3; Raine’s 259775 FAM20C 7p22.3 AR
Syndrome, RNS
Osteoglophonic dysplasia, OGD 166250 FGFR1 8p1123 AD
Hypophosphatemic Rickets and Hyperparathyroidism 612089 a-Klotho 13qg13.1 AD
McCune-Albright Syndrome, MAS 174800 GNAS1 20g13.32 | AR
Vitamin D / PTH Receptor Mediated
Jansen metaphyseal chondrodysplasia, JIMC * 156400 PTHR1 3p21.31 AD AD
Vitamin D Dependent Rickets, Type 2A, VDDR2A 277440 VDR 12913.11 | AR
Vitamin D Hydroxylation-Deficient Rickets, TYPE 1A; VDDR1A 264700 CYP27B1 12q14.1 AR
Vitamin D Hydroxylation-Deficient Rickets, TypelB 600081 CYP2R1 11p15.2 AR
Vitamin D Dependent Rickets, Type3 CYP3A4
Renal-M ediated
Hypophosphatemic Rickets, X-Linked Recessive, Dent’s Disease 1 300554 300009 | CLCN5 Xp11.23 | XLR
Nephrolithiasis/Osteoporosis, Hypophosphatemic 1, NPHLOP1 612286 SLC34A1 5035.3 AD
Hereditary hypophosphatemic rickets with hypercalciuria, HHRH 241530 SLC34A3 9934 AR
Nephrolithiasis/Osteoporosis, Hypophosphatemic 2, NPHLOP2 612287 SLC9A3R1 17¢25.1 AD
Hypophosphatemic rickets, X-lined recessive, 2, Dent’s Disease 2, Lowe 309000 OCRL1 Xg26.1 XLR
syndrome
Fanconi Renotubular Syndrome 2, FRTS2 613388 SLC34A1 5035.3 AR
Fanconi-Bickel Syndrome, FBS 227810 SLC2A2 (Glut2) | 3g26.2 AR

Abbreviations. Autosomal Dominant (AD); Autosomal Recessive (AR), X-linked dominant (XLD); X-linked recessive (XLR).

*
Associated with increased FGF23.
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Table 2.
Diagnostic Strategy for Hypophosphatemia Evaluation
Etiology Biochemical M easurements
sPhos | sCa uPhos | uCa AP PTH FGF23 | 25(0OH)D | 1,25(0H)2D
FGF23-Mediated | > 1 Vie | 1 </t |1 <> V<
Vitamin D / PTH Receptor Mediated | V /<> | | </t | 1 1 <>/l | e V<
Renal-Mediated | < /T |1* Mo | ot ol | Ve < 1
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