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ARTICLE INFO ABSTRACT

Keywords: While the positive association between automated intact fibroblast growth factor (FGF) 23 measurement kit
Fibroblast growth factor 23 (Determinar CL FGF23 [CL]) and the former assay (Kainos [KI]), and clinical utility of CL was well established,
Immunoassay the clinical performance of Medfrontier FGF23 (MED), which was the manual intact FGF23 measurement kit
;}Iipfli }:;I;};ir}r:; lsaphatemic rickets/ with same antibody set as CL, has not yet been validated. Therefore, this study aims to compare MED FGF23
osteomalacia levels to KI FGF23 levels. A total of 380 samples were collected from healthy individuals, and 200 samples were

collected from 20 patients with chronic hypophosphatemia. The intact FGF23 level of each sample was measured
by KI and MED. Among the healthy individuals, the reference range of MED FGF23 levels was 18.6-59.8 pg/mL
when calculated as the average + 2 standard deviations. When compared with KI FGF23 levels, MED FGF23
levels were lower than KI levels both among samples from healthy individuals (KI FGF23, 40.9 [interquartile
(IQR), 31.1-50.6]; MED FGF23, 38.0 [IQR, 31.5-45.7]; p value = 0.02) and among samples from patients with
chronic hypophosphatemia (KI FGF23, 172.5 [IQR, 115.8-290.7]; MED FGF23, 130.2 [IQR, 93.6-247.0]; p
value = 0.003). The linear regression analysis showed that the correlation between KI FGF23 and MED FGF23
was interpreted as a slope of 0.83 with a y-intercept of 0.53, revealing good linearity (R?> = 0.99). This study
showed that the discrepancy between KI and MED was very similar to the previously reported data between KI
and CL.

Tumor-induced osteomalacia

FGF23 decreased serum phosphate levels, leading to the development of
chronic hypophosphatemic rickets/osteomalacia.

1. Introduction

Fibroblast growth factor (FGF) 23 is secreted by mature osteocytes
and is one of the major regulators of serum phosphate levels. FGF23
consists of 251 amino acids constituting a 32 kDa protein with N-ter-
minal homology to other FGFs (Yamashita et al., 2000). Before secre-
tion, FGF23 is susceptible to proteolysis by the subtilisin-like proprotein
convertase FURIN. Proteolysis of FGF23 results in inactivated forms of
C-terminal and N-terminal FGF23, while intact FGF23 has biological
functions (Shimada et al., 2002; Tagliabracci et al., 2014). In the prox-
imal tubule, FGF23 suppresses the expression of the sodium-phosphate
cotransporter, which results in decreased phosphate absorption in the
kidney. Additionally, FGF23 has a suppressive effect on the expression of
la-hydroxylase and increases the expression of 24-hydroxylase in the
proximal tubule, which results in low levels of 1,25-dihydroxy vitamin D
(1,250H,D) (Shimada et al., 2004). Synergistically, oversecretion of

The most prevalent inherited form of FGF23-related hypo-
phosphatemic rickets/osteomalacia (FGF23rHR) is X-linked hypo-
phosphatemic rickets (XLH), and there are autosomal dominant and
recessive forms of FGF23rHR (Carpenter et al., 2011; Kinoshita and
Fukumoto, 2018). Raine syndrome, osteoglophonic dysplasia, Jansen
syndrome, parts of neurofibromatosis 1, biliary atresia, McCune-
Albright syndrome, and epidermal nevus syndrome were also reported
to cause FGF23rHR (Kinoshita et al., 2014; Kinoshita and Fukumoto,
2018; Sahoo et al., 2019). Tumor-induced osteomalacia (TIO) is the one
of the differential diagnoses for acquired forms of FGF23rHR. Some
injection forms of iron preparation were reported to develop FGF23rHR
(David et al., 2016; Schouten et al., 2009; Shimizu et al., 2009).
Recently, alcohol-induced FGF23rHR was introduced from our labora-
tory and is supposed to occur rarely in a particular population (Hidaka
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et al., 2021). FGF23rHR can be treated with more radical or effective
methods, such as resection of FGF23-producing tumors, cessation of the
drug or alcohol, and anti-FGF23 antibody burosumab, than the tradi-
tional therapy for hypophosphatamic rickets/osteomalacia with active
vitamin D and phosphate preparation (Briot et al., 2021; Imanishi et al.,
2021; Insogna et al., 2019; Insogna et al., 2018; Jan de Beur et al., 2021;
Portale et al., 2019). Thus, the differential diagnosis between FGF23rHR
and other chronic hypophosphatemic rickets/osteomalacia, including
Fanconi syndrome and vitamin D deficient or dependent rickets/osteo-
malacia, by measuring blood intact FGF23 levels is of clinical impor-
tance and incorporated into the guidelines in some countries, including
Japan and Belgium (Fukumoto et al., 2015; Laurent et al., 2021). Mea-
surement of blood intact FGF23 is also beneficial to precisely diagnose
the etiology of familial tumoral calcinosis with massive ectopic calcifi-
cations around large joints, the majority of which are caused by chronic
hyperphosphatemia due to the decreased action of FGF23, although the
prevalence of this condition with an autosomal recessive form is
extremely rare (Ito and Fukumoto, 2021).

There are two types of FGF23 measurement kits. The former is an N-
terminal or C-terminal FGF23 assay kit setting the epitopes on the same
sides to the physiological cleavage point, measuring the N-terminal or C-
terminal fragment in addition to full-length FGF23. The latter is a full-
length FGF23 assay with the epitopes on the opposite sides to the
breaking point, which only measures full-length FGF23. As mentioned
above, N-terminal and C-terminal fragments are inactive forms; there-
fore, the N-terminal and C-terminal FGF23 assay kits reflect the tran-
scriptional state of FGF23 mRNA, which is subject not only to serum
phosphate levels but also to inflammation, iron status, parathyroid
hormone, and the use of erythropoiesis stimulating agents (David et al.,
2016; Farrow et al., 2011; Flamme et al., 2017; Hanudel et al., 2019;
Imel et al., 2011; Ito et al., 2021a, 2015). In contrast, the measurements
by the full-length FGF23 assay are supposed to genuinely reflect the
activity of FGF23, rendering it the most ideal tool for the differential
diagnosis of chronic hypophosphatemic rickets/osteomalacia.

To date, several full-length FGF23 measurement kits have been
introduced by reagent companies worldwide, including Human FGF-23
(Intact) ELISA (Quidel, San Diego, CA, USA) and LIAISON FGF23 TEST
(DiaSorin, Saluggia, Italy) (Jonsson et al., 2003; Souberbielle et al.,
2017). In 2002, we developed the KAINOS-FGF-23 ELISA Kit (KI)
(KAINOS, Tokyo, Japan) and, in 2019, completed the new development
of the automated chemiluminescent enzyme immunoassay (CLEIA);
Determinar CL FGF23 (CL) (Minaris Medical corporation, Tokyo, Japan)
independently (Ito et al., 2021b, 2005; Kato et al., 2021; Yamazaki et al.,
2002).

To date, we have reported the usefulness of KI in differentiating
FGF23-related hypophosphatemia from other causes of hypo-
phosphatemia, including Fanconi syndrome, vitamin D deficiency, and
renal tubular acidosis. Furthermore, the cutoff value of serum intact
FGF23 for the diagnosis of FGF23-related hypophosphatemia was re-
ported to be equal to or >30.0 pg/mL with concomitant chronic hypo-
phosphatemia using KI (Endo et al., 2015, 2008). We have recently
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introduced the novel automated analyzer of intact FGF23 (CL) invented
by Minaris Medical Corporation and its clinical performance of diag-
nosis on FGF23-related hypophosphatemia (Ito et al., 2021b; Kato et al.,
2021). CL got approval from the Ministry of Health, Labour, and Welfare
in Japan and is covered by the national health insurance. However, in
countries other than Japan, CL was not available and a 96-well plate-
based Medfrontier intact FGF23 assay kit (MED) with the antibodies
same as CL, was supplied. Table 1 shows the difference between KI, CL,
and MED. CL and MED adopted automated and manual assay systems
respectively with identical antibody sets. The main aim of this study
was, therefore, to confirm whether the clinical performance of MED
FGF23 was similar to CL FGF23 using the same samples in the previous
research (Kato et al., 2021).

2. Methods
2.1. Measurement of intact FGF23 levels

Intact FGF23 measurement was performed using MED as previously
reported. Briefly, MED uses two monoclonal antibodies that detect only
intact FGF23, assayed by CLEIA. Intact FGF23 was also measured among
the same sample sets by KI as previously reported (Shimizu et al., 2012).
When intact FGF23 levels of samples were lower than the limit of
detection (LOD) of KI (3.0 pg/mL) and MED (10.0 pg/mL), values were
replaced with LOD/2 (1.5 pg/mL for KI and 5.0 pg/mL for MED). Diluted
samples were remeasured when intact FGF23 levels were above the
detection range of both assays (800.0 pg/mL for KI and 3000.0 pg/mL
for MED).

2.2. Sample and clinical data collection from healthy controls

Healthy controls were recruited following the exclusion criteria: self-
reported comorbidities, including hypophosphatemic rickets/osteoma-
lacia, chronic kidney disease, metabolic bone diseases, malignant neo-
plasms, infectious diseases, and autoimmune diseases. The inclusion
criteria were serum phosphate and creatinine levels within the reference
range (serum phosphate: 2.5-4.5 mg/dL, serum creatinine: 0.61-1.04
mg/dL [men], 0.47-0.79 mg/dL [women]). After enrollment, serum
phosphate and creatinine levels were measured again, and participants
with serum phosphate and creatinine levels that were above or below
the reference range were excluded. A total of 425 adults were enrolled at
first, and 45 participants were excluded. Finally, 380 healthy individuals
were included in the present study. These 380 healthy individuals were
also included in the previous study (Kato et al., 2021). Serum phosphate
and creatinine levels of healthy individuals were measured by a 7170S
clinical analyzer (Hitachi High-Tech Corporation, Tokyo, Japan) using
the manufacturer's standard reagents. The estimated glomerular filtra-
tion rate (eGFR) was calculated from serum creatinine levels based on a
previously reported equation for Japanese individuals (Matsuo et al.,
2009).

Table 1
Characteristics of the previously reported KAINOS FGF-23 ELISA kit (KI), Determinar CL FGF23 (CL), and Medfrontier intact FGF23 assay (MED).
Name Modality of Antibody 1 Antibody 2 Procedure Reference
assay
KAINOS FGF-23 ELISA Biotin-conjugated mouse Peroxidase-conjugated mouse monoclonal anti-FGF23 antibody Manual Yamazaki
ELISA kit monoclonal anti-FGF23 et al., 2002
antibody
Determinar CL CLEIA Same as KAINOS FGF-23 Alkaline phosphatase-labeled mouse monoclonal anti-FGF23 antibody Automated  Ito et al.,
FGF23 ELISA kit (using the same mouse monoclonal anti-FGF23 antibody as antibody 2 in 2021b

KAINOS FGF-23 ELISA kit)

Medfrontier intact CLEIA
FGF23 assay

Same as KAINOS FGF-23
ELISA kit

Same as Determinar CL FGF23

Kato et al.,
2021
Manual

FGF, fibroblast growth factor; ELISA, enzyme-linked immunosorbent assay; CLEIA, chemiluminescent enzyme immunoassay.
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2.3. Sample and clinical data collection from patients with chronic
hypophosphatemia

A total of 22 patients with chronic hypophosphatemia with TIO,
XLH, or vitamin D-dependent rickets (VDDR) were included in this
study. Patients with chronic hypophosphatemia enrolled in the present
study were same as the subjects in the previous study (Kato et al., 2021).
Because samples were collected several times from patients with tumor-
induced osteomalacia (TIO) at systemic FGF23 venous sampling and
before and after the resection of the responsible tumors, a total of 200
samples were collected from patients with chronic hypophosphatemia.
Age, sex, clinical diagnosis, and laboratory data, including serum
phosphate, calcium, albumin, creatinine, alkaline phosphatase (ALP),
and eGFR of patients with chronic hypophosphatemia were retrospec-
tively collected from electronic health records in the hospital. Blood
chemistry tests, including serum phosphate, calcium, albumin, creati-
nine, and ALP, were analyzed with a LABOSPECT008 (Hitachi High-
Tech Corporation, Tokyo, Japan).

All procedures were performed in accordance with the ethical stan-
dards of the Declaration of Helsinki, and procedures for healthy in-
dividuals and patients with chronic hypophosphatemia were approved
by the institutional ethical board of Minaris Medical Co. Ltd. (Ref. 2016/
2#1 and 2016/2#4) and the University of Tokyo Hospital (Ref. 2879
and 2945), respectively. Informed consent was obtained from all indi-
vidual participants included in the study.

2.4. Statistical analysis

For the precision analysis, mean values, inter- and intra-assay vari-
ance (standard deviation [SD]), and coefficients of variation (CVs) were
calculated for each control level. For the linearity analysis of serially
diluted samples, the linearity relationship between the mean and the
target value was evaluated.

For the comparison between KI and MED, the Mann-Whitney U test
was chosen. To assess the correlation between KI and MED, linear
regression analysis was used. A p value < 0.05 was considered signifi-
cant. All analyses were performed using GraphPad Prism version 6.05
for Windows (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Assay performance

Three or five replicates of three levels of quality control samples were
assayed over three days to evaluate the intra-assay and interassay
imprecision of MED. The intra-assay SDs were 0.5, 11.5, and 108.1, and
the intra-assay CVs (%) of CL were 2.1, 1.9, and 3.5 for mean intact
FGF23 levels of 22.8, 548.5, and 3104.3 pg/mL, respectively. The cor-
responding interassay SDs were 1.0, 36.5, and 9.3, and the corre-
sponding interassay CVs (%) were 4.5, 6.4, and 0.3 Triplicate
measurements of seven samples were diluted fractionally to assess the
linearity of MED. Serially diluted samples with intact FGF23 levels
demonstrated almost complete linearity up to 268.1 pg/mL in MED
FGF23 (Fig. 1).

3.2. Intact FGF23 levels among healthy controls

Table 2A shows the age, sex, and biochemical data of 380 healthy
controls. The median MED FGF23 level among healthy individuals was
40.9 pg/mL. The reference range of MED FGF23 levels among healthy
controls was 18.6-59.8 pg/mL when calculated as the average + 2
standard deviations (SDs). A significant difference in MED FGF23 was
observed between males and females (female, 36.3 [IQR, 30.1-43.7];
male, 38.8 [IQR, 33.7-46.7]; p value = 0.001) but not between age
categories per 10 years old (p value = 0.76). When comparing intact
FGF23 levels assayed by KI and MED, there was a significant difference
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Fig. 1. Serial dilution samples measured with MED.
MED showed almost complete linearity up to 268.1 pg/mL.

Table 2
Clinical data of healthy controls and patients with chronic hypophosphatemia.

(A) Healthy controls RI, adult Total (n = 380)
Sex, female (%) 182 (48)

Age, years 54 (37-67)
Serum phosphate (mg/dL) 2.5-4.5 3.4 (3.1-3.7)
eGFR (mL/min/1.73 m?) >60 83.9 (75.4-97.0)

(B) Patients with chronic hypophosphatemia RI, adults Total (n = 22)
Sex, female (%) 8 (36)
Age, years 52 (14-82)
Disease category
TIO, n (%) 18 (82)
XLH, n (%) 3(13)
VDDR, n (%) 1(5)
Treatment
Inorganic phosphate or active vitamin D, n (%) 21 (95)
Calcium lactate hydrate, n (%) 1(5)
Serum albumin-adjusted Ca (mg/dL) 8.8-10.1 8.7 (8.1-9.9)
Serum phosphate (mg/dL) 2.5-4.5 2.0 (1.0-3.2)
eGFR (mL/min/1.73 mz) >60 97 (29-193)
ALP (IU/L) 38-113 177 (76-782)

RI, reference interval; eGFR, estimated glomerular filtration rate; TIO, tumor-
induced osteomalacia; XLH. X-linked hypophosphatemia; VDDR, vitamin D-
dependent rickets; Ca, calcium; ALP, alkaline phosphatase.

Values are described as the median (range).

(KIFGF23,40.9 [IQR, 31.1-50.6]; MED FGF23, 38.0 [IQR, 31.5-45.7]; p
value = 0.02). The correlation between KI FGF23 (x) and MED FGF23
(y) was interpreted as a slope of 0.55 with a y-intercept of 16.4 with
moderate linearity (R? = 0.59) (Fig. 2A).

3.3. Intact FGF23 levels among patients with chronic hypophosphatemia

A total of 200 samples were collected from 22 patients with chronic
hypophosphatemia, which consisted of 18 patients with TIO, three pa-
tients with X-linked hypophosphatemic rickets (XLH), and one patient
with Fanconi syndrome. A total of 186 preoperative samples and 10
postoperative samples were included in the total of 196 samples
collected from a patient with TIO. The description of the clinical data of
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Fig. 2. Correlation between KI FGF23 and MED FGF23 among healthy controls (A) and patients with chronic hypophosphatemia (B).

each patient is listed in Table 2B. Similar to the measurement of intact
FGF23 levels among healthy controls, intact FGF23 levels among pa-
tients with chronic hypophosphatemia showed higher intact FGF23
levels with KI than with MED (KI FGF23, 172.5 [IQR, 115.8-290.7];
MED FGF23, 130.2 [IQR, 93.6-247.0]; p value = 0.003). The linear
regression analysis showed that the correlation between KI FGF23 and
MED FGF23 was interpreted as a slope of 0.83 with a y-intercept of 0.53,
which showed good linearity (R? = 0.99) (Fi g. 2B).

3.4. Evaluation of diagnostic criteria of MED FGF23 level

The diagnostic criteria for FGF23-related hypophosphatemia were
reported to be 30.0 pg/mL when measured by KI (Endo et al., 2008).
Regarding the correlations between KI FGF23 and MED FGF23 among
patients with chronic hypophosphatemia, the diagnostic criteria of 30.0
pg/mL in KI FGF23 were interpreted as 25.5 pg/mL in MED FGF23. The
specificity and the sensitivity of the newly calculated criteria in MED
FGF23 were 100 % (Fig. 3).

4. Discussion

In the present study, using the novel CLEIA FGF23 kit (MED), assay
performance and clinical performance were analyzed. When we
compared the two different measurement kits for intact FGF23, KI, and

MED; significantly lower levels of MED FGF23 relative to KI FGF23 were
observed.

10007

1004

Since the measurement of intact FGF23 was first introduced and is
now available by the KI kit for research use (Shimada et al., 2002), other
types of measurement kits have become available, including MED and
CL, both of which adopted the same antibody set. In a previous report,
the reference range of CL among healthy controls was reported to be
16.1-49.3 pg/mL, which was similar to that of MED (18.6-59.8 pg/mL)
calculated in the current study (Kato et al., 2021). On the other hand, KI
was reported to yield higher levels of intact FGF23 than CL (Kato et al.,
2021), which was compatible with the present study showing the sig-
nificant difference between the intact FGF23 values measured by KI and
MED. In the linear regression analysis using samples from patients with
chronic hypophosphatemia, MED showed an approximately 20 %
reduced value of intact FGF23 when compared to KI. This correlation
was reminiscent of a previous study showing that CL FGF23 was
approximately 25 % lower than KL FGF23 (Kato et al., 2021). Consid-
ering the previous and present data, the discrepancy between KI FGF23
and MED FGF23 was similar to the difference between KI FGF23 and CL
FGF23.

The intact FGF23 measurement was reported to be useful among
patients with chronic hypophosphatemia (Endo et al., 2015, 2008;
Fukumoto et al., 2015; Laurent et al., 2021). Previous studies with KI
suggested that intact FGF23 levels of 30.0 pg/mL and more could
discriminate patients with FGF23-rHR from other causes of chronic
hypophosphatemia, such as VDDR and Fanconi syndrome (Endo et al.,
2008). Because these previous studies adopted KI for intact FGF23
measurement, diagnostic criteria should be shifted when MED FGF23

Fig. 3. Comparison of previously reported cutoff
values and newly calculated values to differentiate
FGF23-related hypophosphatemia (preoperative TIO
and XLH) from non-FGF23-related hypophosphatemia
(postoperative TIO and vitamin D-deficient rickets).

Both the specificity and sensitivity of MED FGF23
were at 100 % when the cutoff level was set to either

30.0 pg/mL  30.0 pg/mL (previously reported cutoff value, solid

Log MED FGF23 (pg/mL)

1 T T

line) or 25.5 pg/mL (newly calculated cutoff value,

25.5 pg/mL
IS dotted line).

TIO
postoperative samples
(n=10)

TIO XLH
preoperative samples (n=3)
(n=186)

Disease category

VDDR
(n=1)
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was used for the differential diagnosis of chronic hypophosphatemic
rickets/osteomalacia. However, our data revealed that MED yielded
100 % sensitivity and specificity for the diagnosis of FGF23-rHR
regardless of the cutoff values set at a previously reported value (30.0
pg/mL) or the newly calculated value (25.5 pg/mL), suggesting that it
might not be necessary to change the diagnostic criteria for MED FGF23
as we reported in the previous study with CL (Kato et al., 2021).

Furthermore, measurement of intact FGF23 was also reported to be
useful to predict mortality among patients with chronic kidney disease
(Gutiérrez et al., 2008; Isakova et al., 2018, 2011; Mehta et al., 2016).
Because intact FGF23 levels among patients with chronic kidney dis-
eases were sometimes extremely high (>1000.0 pg/mL), sample dilu-
tion was regularly needed. Considering that the upper detection limit of
MED (3000.0 pg/mL) was higher than that of KI (800.0 pg/mL), MED
would be more convenient for researchers interested in the association
of intact FGF23 and mortality or other clinical outcomes in patients with
chronic kidney disease.

There are several limitations to our study. First, because most sam-
ples were obtained from patients with TIO preoperatively and post-
operatively, we might not accurately assess the cutoff value for
differentiating causes of chronic hypophosphatemia: FGF23- or non-
FGF23-related. However, the correlation between KI and MED should
be fully evaluated because samples collected from patients with chronic
hypophosphatemia ranged from 5.0 to 601.6 pg/mL. Second, enrollment
of healthy controls with several criteria could not completely exclude
patients with conditions in which intact FGF23 was elevated because the
one adopted in the exclusion criteria was “self-reported hypo-
phosphatemic rickets/osteomalcia.”

In conclusion, the present study revealed the clinical performance of
MED, such as the reference value, the diagnostic ability for FGF23-
related hypophosphatemia, and the deviation from the former assay
(KI), was almost equal to that of CL. As the clinical utility of CL has
already been established, MED could be used in a clinical setting with
sufficient reliability.
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