www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Fibroblast growth factor 23
neutralizing antibody partially
rescues bone loss and increases
hematocrit in sickle cell disease
mice

Liping Xiao®", Wei He & Marja M. Hurley®™"

Fibroblast Growth Factor 23 (FGF23) is increased in serum of humanized Sickle Cell Disease (SCD) mice.
Since FGF23 is associated with impaired bone formation, we examined the effect of FGF23-neutralizing
antibody (FGF23Ab) on bone loss in SCD mice. Healthy control (Ctrl) and SCD 5-months-old female
mice were treated with FGF23Ab or isotype-specific IgG for 6 weeks. Significantly reduced hematocrit
in SCD mice was increased by FGF23Ab. MicroCT of SCD femurs revealed no significant reduction in
metaphyseal bone volume/total volume vs. Ctrl mice. However, histomorphometry of SCD femur
revealed significantly reduced mineral apposition rate, bone formation rate, inter-label thickness,

and osteoid surface, which were increased by FGF23Ab. Significantly increased osteoclast number/
bone perimeter in SCD mice was reduced by FGF23Ab. Bone marrow stromal cells (BMSC) cultured

in osteogenic media revealed significantly reduced mineralized nodules in SCD-IgG-BMSC that was
increased in SCD-FGF23Ab-BMSC. FGF23 and aKlotho protein was significantly increased in SCD-
IgG-BMSC and was not reduced by FGF23Ab. However, phosphorylated FGF Receptor-1, the receptor
through which FGF23 signals, was significantly reduced by FGF23Ab. The mineralization inhibitor
osteopontin was significantly increased in SCD-1gG-BMSC cultures and was reduced by FGF23Ab. We
conclude that FGF23Ab may be efficacious in improving some parameters of reduced bone formation in
female SCD mice.
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Sickle cell disease (SCD), the most common genetic hemoglobin disorder in humans, is an autosomal recessive
inherited disease in which hemoglobin S (HbS) predominates because of the substitution of the amino acid
glutamic acid with valine at position 6 of the beta-globin protein. The abnormal HbS polymerizes under
conditions of dehydration or acidosis, resulting in sickling of red blood cells (RBCs) that reduces their survival and
function. Complications include anemia, vaso-occlusion, and vasoconstriction!. SCD is associated with multi-
organ damage including damage in bone where osteoporosis and osteopenia are common bone complications'2.
Approximately 80% of adults with SCD have low bone mineral density (BMD), but the underlying etiology
linking SCD to reduced BMD is not fully defined in the absence of common risk factors such as age, gender,
and menopausal status?. Among the contributing causes of low bone mass in SCD are delayed constitutional
growth and maturation associated with insulin-like growth factor 1 (IGF1) deficiency, hypothyroidism, and
micronutrient deficiencies!.

Studies have shown that bone marrow expansion from chronic anemia and increased erythropoiesis,
impaired matrix mineralization from vitamin D deficiency, recurrent bone infarcts and vaso-occlusion, chronic
inflammation, and sedentary lifestyle due to pain all contribute to development of osteoporosis in SCD3->. Using
the humanized sickle cell disease mouse models®, we’~® and others!'®!! have shown significant impairment of
bone formation in SCD mice. However, the etiology is not fully defined.

Currently, there are no targeted therapies to prevent or treat compromised bone health in humans with
SCD, and there are no consensus guidelines for the use of well-established anti-osteoporotic therapies in SCD
patients® since potential adverse effects of these reagents limit their use in SCD patients. Furthermore, although
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two clinical trials using antiresorptive agents were initiated (NCT00639392 2008-2011 and NCT02972138¢c
2010-2017), one trial was withdrawn, and the second trial was published but did not report on the proposed
outcomes or report in clinical trials.gov on the efficacy of antiresorptive agents in bone loss in SCD subjects.

Fibroblast growth factor 23 (FGF23) is an endocrine hormone that is mainly produced by osteocytes
and osteoblasts (OB) in bone. FGF23 acts on the kidneys to regulate phosphate (Pi), vitamin D homeostasis,
and bone mineralization'>!®. FGF23 is upregulated in bone by a variety of factors including erythropoietin
(EPO)'-16, FGF23 levels in blood are increased in chronic kidney disease patients and in several inherited
hypophosphatemia rickets/osteomalacia disorders!”. Limited studies have reported increased serum FGF23 in
SCD subjects since the discovery of FGF23 in 2000'8-20, However, there are limited studies on the associations
of FGF23 and bone loss in SCD subjects?!. We previously published a significantly reduced bone mass in SCD
mice”’ was associated with reduced OB terminal differentiation marker gene expression. Our study®* and
other studies have shown that FGF23 is associated with impaired bone mineralization and bone formation?*-2°.
Of relevance, FGF23-neutralizing antibody has been utilized to increase bone formation in the Hyp mouse
model of the genetic disorder X-linked hypophosphatemia (XLH) with increased FGF23 production in bone
demonstrating improved histomorphometry measures of osteomalacia®.

While traditionally considered to be mainly produced by osteocytes within bone, research has shown that
erythroblasts, the precursor cells to red blood cells, can produce FGF23, particularly in situations of hypoxia
within the bone marrow and often triggered by the administration of granulocyte colony-stimulating factor
(G-CSF) which is used to mobilize hematopoietic stem cells. This FGF-23 production by erythroblasts plays a role
in facilitating the release of these stem cells from the bone marrow by suppressing their adhesion mechanisms?’.
Interestingly, Weidner et al. reported that increased FGF23 levels are linked to ineffective erythropoiesis and
impaired bone mineralization in myelodysplastic syndromes and is modulated by FGF23Ab%. Studies by
Roissant et al. reported that mice with chronic kidney disease (CKD) or pneumonia had increased serum FGF23,
and an FGF23 antibody prolonged survival®. Of note, the FGF23Ab used in the present study obtained from
Amgen was also used in these other preclinical mouse models of anemia, myelodysplastic syndromes?, and
CKD?. In addition, it should be noted that another FGF23Ab is FDA-approved for the treatment of phosphate
wasting and osteomalacia in human rickets and in humans with XLH*.

Since preclinical murine models of disorders with increased FGF23 discussed above reported efficacy of
FGF23Ab, and our previously published studies demonstrated increased serum FGF23 and impaired bone
formation in mandibular dento-alveolar?? and femoral bones®! of high molecular weight FGF2 transgenic mice
that could be rescued using an FGF23 neutralizing antibody (FGF23Ab)?2%!, we examined the effect of this
FGF23Ab on bone loss in female SCD mice.

Although curative therapy for SCD such as hematopoietic stem cell transplant is available, previous studies
have reported only a 15% bone-marrow-donor-to-bone-marrow-recipient match rate®2. Other recently FDA-
approved genetic therapies include Casgevy (exagamglogene Autotemcel) which increases fetal Hb* and
Lyfgenia (Lovotibeglogene autemcel)** which is a modified HbA™%; these are now available although Lyfgenia’s
associated malignancies have been reported®. The cost of these therapies in addition to limited accessibility
may prohibit their wide use in the short term, thus the need for other treatments for SCD bone loss remains an
unmet need.

Materials and methods
Experimental mice
Healthy control and Townes sickle cell disease female mice® on a mixed C57BL/6 and 129 genetic backgrounds
were purchased from The Jackson Laboratory (Stock number: 013071, Bar Harbor, Maine, USA) and housed
in the Center for Comparative Medicine at UConn Health for this study. All mice were fed with Envigo Teklad
Diet-2918, which contains 1% calcium, 0.7% total phosphate, and 1.5 IU D3/g of diet. Healthy Control and
SCD 5-months-old female mice were subcutaneously injected with FGF23Ab or isotype-specific IgG (10 mg/
kg, 2 days/week) for 6 weeks. Then mice were sacrificed with CO2 for sample collection. The control IgG or
a rat anti-rat FGF23Ab (clone 58.5) were a gift from Amgen, Inc. (Thousand Oaks, CA). All animal protocols
were approved by the UConn Health Institutional Animal Care and Use Committee. All experiments were
performed in accordance with relevant guidelines and regulations. Additionally, the studies complied with the
recommendations in the ARRIVE guidelines.

End points: Detailed information about methods, antibodies, ELISA kits, and primers is provided online in
the Supplementary Methods and Supplemental Tables 1 and 2.

Statistical analysis

Statistical analyses were done using SPSS and p values were calculated using a two-way ANOVA with Tukey’s
post hoc analysis. The results were considered significantly different at p <0.05. GraphPad Prism 10 software was
used to generate bar graphs showing individual values, with mean and standard error of the mean.

Results

Effect of FGF23Ab on blood hematocrit, serum erythropoietin, ferritin, intact and C-terminal
FGF23

Hematocrit was significantly decreased in SCD mice compared with healthy control (Ctrl) mice and was
significantly increased by FGF23Ab (Fig. 1A). Since erythropoietin (EPO) production by the kidney is increased
in response to hypoxia and anemia®®, we also measured serum levels of EPO. As shown in (Fig. 1B), EPO was
significantly increased in SCD-IgG and was further significantly increased in FGF23Ab-treated SCD mice.
Increased ferritin, a marker of excess iron or heightened inflammation, has been reported in SCD! and was also
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Fig. 1. Hematocrit, serum EPO, ferritin, iFGF23, cFGF23, and osteopontin from Ctrl and SCD female
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mice treated with IgG or FGF23Ab. Five-month-old Ctrl and SCD female mice were sq injected with IgG or
FGF23Ab 2 times per week for 6 weeks. (A) HCT, n=6-7 mice/group; (B) serum EPO, n=6-9 mice/group;
(C) serum Ferritin, n=5-9 mice/group; (D) serum cFGF23, n=6-9 mice/group; (E) serum iFGF23, n=6-9
mice/group; (F) serum Osteopontin, n=6-9 mice/group. Data are shown as individual values, with mean and

standard error of the mean.
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reported to inhibit calcification in human OB cultures in a dose-dependent manner®’. We therefore measured
its expression in serum of Ctrl and SCD mice. As shown in Fig. 1C, serum ferritin was significantly increased in
IgG-treated SCD mice but was not modulated by FGF23Ab. Since FGF23 can negatively regulate erythropoiesis,
we measured total FGF23 levels, including total c-terminal FGF23 level, and intact iFGF23. Compared with
IgG-treated Ctrl mice, serum c-FGF23 was significantly increased in SCD-IgG mice (Fig. 1D) but was not
significantly reduced by FGF23Ab. Serum iFGF23 (Fig. 1E) was not significantly increased in SCD-IgG mice
but was significantly increased by FGF23Ab in both Ctrl and SCD mice. Since Osteopontin was reported to
be regulated by FGF23 (35), we measured its serum levels. As shown in Fig. 1F, osteopontin was significantly
increased in SCD-IgG but was not significantly decreased by FGF23Ab.

Dual-energy X-ray absorptiometry (DXA) analysis of the effect of FGF23Ab on bone density
in SCD female mice

Bone mineral density (BMD) and bone mineral content (BMC) were assessed in femurs of Ctrl-IgG, Ctrl-
FGF23Ab, SCD-IgG and SCD-FGF23Ab mice. Compared with Ctrl-IgG, there was a significant reduction in
BMC (Table 1) in femurs of SCD-IgG mice that was not rescued by FGF23Ab. Femur BMD in SCD was also
significantly decreased (Table 1) and was not increased by FGF23Ab.

Effect of FGF23Ab on structural parameters of femur metaphysis and diaphyseal cortex in
SCD female mice

We examined the effects of FGF23Ab on bone micro-architecture in SCD mice by micro-computed tomography
(microCT). Quantitative microCT structural analysis of femur metaphyseal trabeculae (Table 1) revealed no
significant reduction in femur metaphyseal bone volume/total volume (BV/TV), trabecular number (Tb.N),
trabecular thickness (Tb.Th), or trabecular spacing (Tb.Sp) in SCD-IgG versus Ctrl-IgG mice. FGF23Ab
treatment did not alter these parameters in SCD mice.

The effect of FGF23Ab on diaphyseal cortex of SCD mice was also determined. Quantitative analysis (Table 1)
shows no significant differences in total area (Tt.Ar) between Ctrl-IgG and SCD-IgG; however, significantly
reduced cortical area (Ct.Ar), and cortical area/total area (Ct.Ar/Tt.Ar) and significantly increased marrow
area (Ma.Ar) and significantly decreased cortical thickness (Ct.Th) and BMD in SCD mice were not altered by
FGF23Ab treatment.

Effect of FGF23Ab on histomorphometric parameters of bone formation in SCD female mice
Dynamic bone histomorphometric analysis of femur metaphysis and representative images showed that there
was decreased double-labeling distance in SCD-IgG which was increased by FGF23Ab (Fig. 2A, SupFig. 1).
Quantitative analysis, as shown in Fig. 2B, of mineralized surface/bone surface (MS/BS) was markedly reduced
in SCD-IgG and was increased by FGF23Ab but not significantly. However, as shown in Figs. 2C-E, there was
significantly decreased mineral apposition rate (MAR), bone formation rate (BFR/BS), and inter-label thickness
(Ir.LTh) in the SCD-IgG group vs. the Ctrl-IgG group, and FGF23Ab significantly increased MAR, BFR/BS, and
Ir.L.Th in SCD. Static bone histomorphometry analysis showed that there was significantly decreased osteoblast
surface per bone surface (ObS/BS) and osteoid surface per bone surface (OS/BS) in the SCD-IgG group, and
FGF23Ab treatment significantly increased OS/BS in SCD mice (Fig. 2F and G, SupFig.2). FGF23Ab significantly
increased MAR (indicative of the individual activity of osteoblasts) and OS/BS, but not ObS/BS, suggesting
FGF23Ab treatment improved function of individual osteoblasts to synthesize and deposit organic bone matrix
(osteoid) proteins and initiate the mineralization of the matrix.

| curl-1g6 | Ctrl-FGF23Ab | SCD-1gG | SCD-FGF23Ab
DXA analysis of femur
BMC (g) 0.0274+0.0013 | 0.0279+0.0002 | 0.0237£0.0004 * | 0.0237+0.0010
BMD (mg/cmz) 76.17+2.24 73.28+1.68 68.37+£2.46% 64.49+1.87
MicroCT analysis of femoral metaphysis
BV/TV (%) 4.87£0.66 5.37+0.56 521+0.71 7.04+0.71
Tb.N (1/mm) 2.67+0.08 2.77+0.07 2.88+0.16 3.19+0.18
Tb.Th (um) 47.09+1.76 48.53+1.31 49.45+2.12 49.58+1.03
Tb.Sp (um) 374.70£11.20 | 360.22+9.09 352.40+23.07 321.28+22.39
MicroCT analysis of femoral cortical bone
Tt.Ar (mm?) 1.76 £0.07 1.80+0.02 1.92+0.06 1.94+0.05
Ct.Ar (mm?) 0.82+0.03 0.86+0.01 0.73+0.01* 0.74+0.02
Ct.Ar/Tt.Ar (%) 46.89+0.54 48.00+0.66 38.39+1.13% 38.04+0.64
Ma.Ar (mm?) 0.93+0.04 0.93+0.02 1.18+0.06* 1.20+0.03
Ct.Th (mm) 0.202+0.004 0.212+0.003° | 0.168+0.005 0.165+0.004
BMD (mg/ccm HA) | 1333+4 1347 +3b 1311427 1307 +6

Table 1. DXA and MicroCT analysis of femur. Data are mean + SE, n=6-9 mice/group. a: Ctrl-IgG vs. SCD-
IgG p<0.05; b: Ctrl-IgG vs. Ctrl-FGF23Ab p <0.05; p values were calculated using a two-way ANOVA with
Tukey’s post hoc analysis.
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Fig. 2. Effect of FGF23Ab on bone histomorphometry parameters of femurs from Ctrl and SCD female mice.
(A) Representative image of calcein/xlylenol orange double labeling in femur. Analysis of (B) mineralization
surface/bone surface (MS/BS), (C) mineral apposition rate (MAR), (D) bone formation rate (BFR/BS), (E)
inter-label thickness (Ir.LTh), (F) osteoblast surface/bone surface (ObS/BS), (G) osteoid surface/bone surface
(OS/BS); n=6-9 mice/group. Data are shown as individual values, with mean and standard error of the mean.
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Effect of FGF23Ab on mineralized trabeculae and osteopontin (OPN) expression in SCD mice
We determined by histology the effect of FGF23Ab on mineralized femur trabeculae in SCD mice. As shown
in Fig. 3A and C, von Kossa staining of femurs from Ctrl and SCD female mice showed no differences in
mineralized trabeculae in Ctrl-IgG versus SCD-IgG mice; however, quantitative analysis showed that FGF23Ab
markedly increased trabeculae spicule number in SCD bone. IHC staining and quantification showed that OPN
staining intensity was markedly increased in osteoblast on the bone surface of SCD-IgG compared to Ctrl-IgG
group; this was significantly reduced by FGF23Ab (Fig. 3B, D).

Effect of FGF23Ab on histomorphometry parameters of osteoclast in femur of SCD mice

Since previous studies reported that decreased bone mass in SCD could be due in part to increased bone
resorption'?, we examined the effect of FGF23Ab on osteoclast parameters in femur metaphyseal bone from
Ctr]l and SCD mice. Representative images show more tartrate-resistant acid phosphatase (TRAP)-positive
osteoclasts (arrows) in the SCD-IgG group compared to Ctrl-IgG which was reduced by FGF23Ab treatment
(Fig. 4A, Sup. Figure 3). Static bone histomorphometry showed that osteoclast surface/bone surface (Oc.S/BS)
(Fig. 4B), osteoclast number/bone perimeter (N.Oc/B.Pm) (Fig. 4C), and osteoclasts number/total area (N.Oc/T.
Ar) (Fig. 4D) were significantly higher in SCD-IgG group vs. Ctrl-IgG. FGF23Ab significantly decreased N.Oc/B.
Pm in SCD-FGF23Ab group.

Effect of FGF23Ab on bone-related gene expression in SCD female mice

Since histomorphometry showed impaired bone formation parameters and bone resorption parameters in
SCD female mice, we examined the effect of FGF23Ab on osteoblast-, osteocyte-, and osteoclast-related gene
expression in whole tibias from Ctrl and SCD female mice. As shown in Supplemental Table 3, in SCD-IgG
versus Ctrl-IgG bones, mRNA for osteoblast-related gene Runx2 was significantly increased (p=0.017), and
Ocn was significantly decreased (p=0.011) in SCD-IgG but not modulated by FGF23Ab. Based on genotype and
treatment, there were no significant differences in Collal, tissue nonspecific alkaline phosphatase, or osteonectin
mRNA (data not shown). Mineralization-related genes Mepe (p=0.047) and Phex (p=0.028) was significantly
decreased and was not increased by FGF23Ab. Dmpl mRNA was decreased but not significantly in SCD-IgG.
Pyrophosphate-related gene Enppl was markedly but not significantly increased (p=0.097) and was markedly
reduced by FGF23Ab (p=0.059). Osteocyte-related genes E11/gp38 (p=0.029) and Opg mRNAs (p=0.01) were
significantly increased in SCD-IgG but were not reduced by FGF23Ab.

Also shown in Supplemental Table 3, we observed in SCD-IgG significantly reduced mRNAs for osteoclast
(OCL)-related-genes Trap (p=0.023) and Ctsk (p=0.051) relative to Ctrl-IgG. As shown in Supplemental
Table 3, Rankl/Opg ratio was similar among all 4 groups based on genotype and treatment. Other OCL genes
Nfatcl (p=0.077), Ppargclb (p=0.072), and Slc40al (p=0.058), and antioxidant-system-related gene Prxd2
(p=0.085) were markedly increased but were not modulated by FGF23Ab. The inflammatory- and hypoxia-
related gene Hifla was significantly increased (p =0.012) but was not reduced by FGF23Ab. Although Hif2a was
not significantly increased in SCD-IgG bones, its expression was significantly decreased by FGF23Ab (p=0.032).

The expression of genes involved in FGF23 regulation was also determined. As shown in Supplemental
Table 3, in SCD-IgG, there was no significant increase in Galnt3 mRNA (p=0.098). Galnt3 is the enzyme that
glycosylates FGF23 and protects it from cleavage or modulation by FGF23Ab. However, the mRNA for Fam20c
that promotes FGF23 proteolytic cleavage was significantly increased (p =0.04) in SCD-IgG and was significantly
decreased (p=0.029) by FGF23Ab. Furin mRNA was markedly increased (p=0.083) in SCD-IgG and was
significantly reduced (p=0.019) by FGF23Ab.

Effect of FGF23-blocking antibody on serum markers of bone homeostasis

Serum parameters are shown in Table 2. Serum calcium was significantly decreased in SCD-IgG (p=0.04) and
was increased but not significantly by FGF23Ab. Serum phosphate levels were similar in Ctrl and SCD mice
treated with IgG or FGF23Ab. Serum 25(OH)VitD, which is often decreased in SCD and can contribute to
impaired bone formation, was significantly increased in SCD-IgG (p=0.001) and was significantly reduced
by FGF23Ab (p=0.014). FGF23Ab significantly reduced 1,25(0OH)2VitD (p=0.031) and PTH (p=0.002) in
serum of Ctrl but not SCD mice. However, PTH was significantly reduced in SCD-IgG but was not significantly
increased by FGF23Ab. Serum bone formation marker osteocalcin was significantly reduced in SCD-IgG and
was not increased by FGF23Ab. However, PINP was similar in all groups based on genotype and treatment.
Serum bone resorption marker CTX-1 was similar in Ctrl-IgG and SCD-IgG mice but FGF2Ab treatment
significantly increased serum CTX-1 in SCD mice.

Effect of FGF23Ab on mineralized bone nodule formation in bone marrow stem cell (BMSC)
cultures from SCD female mice

We assessed whether bone nodule formation was decreased in BMSC cultures from SCD mice and whether
FGF23 blocking antibody could modulate bone nodule formation in vitro. As shown by representative Alizarin-
red staining for calcium (Fig. 5A) and quantitation of extracted Alizarin red (Fig. 5B), there were significantly
lower concentrations in SCD-IgG cultures that were significantly increased by FGF23Ab.

Since FGF23 signals via FGFRI, we measured FGF23 and phosphorylated FGF Receptor-1 protein
expression in 21-day BSMC cultures by Western blot. FGF23 protein and aKlotho (a co-receptor for FGF23)
protein were significantly increased in SCD-IgG BMSC cultures compared with Ctrl-IgG (Fig. 5C and D) but
was not significantly decreased by FGF23Ab. Phosphorylated FGFR1 was not significantly increased in SCD-
IgG BMSC cultures but was significantly reduced by FGF23Ab (Fig. 5E). Since our in vivo studies showed that
serum osteopontin was significantly increased in SCD-IgG (Fig. 1F) and osteopontin is associated with reduced
bone formation and increased bone resorption®®, we also measured its expression by western blot. As shown in
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Fig. 3. Effect of FGF23Ab on bone mineralization and OPN level of femurs from Ctrl and SCD female mice.
(A) Von Kossa staining and (C) quantification of femurs from Ctrl and SCD mice showed similar mineralized
trabeculae in Ctrl-IgG and SCD-IgG treated mice. There was a markedly increased bone spicule number in
SCD-FGF23Ab femurs. (B) OPN IHC staining and (D) quantification showed OPN intensity was significantly
increased in osteoblast (arrows) on the bone surface of SCD-IgG compared to Ctrl-IgG group, that was
partially rescued by FGF23Ab. Osteoblasts are identified as cuboidal cells that are located on the surface of
bones. n=6-9 mice/group. Data are shown as individual values, with mean and standard error of the mean.
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Fig. 4. Effect of FGF23Ab on TRAP staining and static histomorphometry of femurs from Ctrl and SCD
female mice. (A) Representative image of TRAP-stained femurs. Static bone histomorphometry analysis of
femur metaphysis, (B) osteoclast surface/bone surface (Oc.S/BS), (C) osteoclast number/bone perimeter
(N.Oc/Pm), (D) osteoclast number/total area (N.Oc/T.Ar). n=5-8 mice/group. Data are shown as individual
values, with mean and standard error of the mean.
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Ctrl-IgG Ctrl-FGF23Ab | SCD-IgG SCD-FGF23Ab
Calcium (mg/dL) 9.45+0.35 | 9.10+0.10 8.74+0.13% | 9.10£0.10
Phosphorus (mg/dL) 9.92+021 | 10.17+0.32 9.68+0.16 10.29+0.23
BUN (mg/dL) 189413 | 112%13 199+438 199+18
Creatinine (mg/dL) 0.23+0.02 | 0.31+0.02 0.27+0.02 0.25+00.01
25(0H)D (ng/mL) 41114294 |42.89+243 58.42+2.08% | 48.83+1.59°¢
1,25(0H)2D (pmol/L) | 115.00+15.83 | 69.25+11.12° | 113.67+19.72 | 89.11%11.69
PTH (pg/mL) 150.21+30.52 | 54774858 | 58.77+4.20° |78.63+13.98
Osteocalcin (ng/mL) | 57554651 |59.56+5.45 3745+3.71% | 34.36+1.76
PINP (ng/mL) 243842383 |26.81£1.99 20134242 | 22.03+2.17
CTX-1 (ng/mL) 9.85+0.97 |8.79+0.87 7.7240.49 13.20£1.29°¢

Table 2. Serum bone markers. Data are mean + SE, n=6-9 mice/group. a: Ctrl-IgG vs. SCD-IgG p <0.05; b:
Ctrl-IgG vs. Ctrl-FGF23Ab p <0.05; c: SCD-IgG vs. SCD-FGF23Ab p <0.05. p values were calculated using a
two-way ANOVA with Tukey’s post hoc analysis.

Fig. 5F osteopontin protein was significantly increased in SCD-IgG BMSC cultures compared with Ctrl-IgG, and
FGF23Ab significantly reduced osteopontin in SCD-BMSC cultures.

Discussion

In this study, we utilized the humanized SCD mouse that phenocopies human SCD, including systemic organ
damage due to vaso-occlusion and hemolytic anemia. We used this mouse to characterize the effect of FGF23-
neutralizing antibody on bone loss we previously reported in female SCD mice’. Since FGF23 is associated
with impaired bone formation, we measured both iFGF23 and cFGF23 (total FGF23) in serum. Serum cFGF23
was significantly higher in SCD mice which was not altered by FGF23Ab treatment. After the treatment with
FGF23Ab, the iFGF23 levels were increased in both Ctrl and SCD mice. However, interpretation of serum
iFGF23 levels in the presence of FGF23Ab treatment is difficult since the markedly increased levels most likely
reflects cross-reactivity with FGF23Ab in the assay. We previously reported decreased bone mass in both male
and female SCD mice”’; however, in this study we focused on female mice, which is a limitation of this study.

We confirmed anemia in SCD mice by demonstrating a significant reduction in HCT. Anemia in SCD is
multi-factorial, and includes hemolysis, ineffective erythropoiesis, insufficient EPO responsiveness, and low
oxygen affinity’>*". We observed significantly increased serum EPO, the major hormone produced by the
kidneys in response to anemia, which stimulates the bone marrow to produce erythroid cells. Studies have
reported that although circulating EPO is elevated in SCD, the amount is often relatively low for the degree of
anemia*! . Of relevance, it has been reported that high FGF23 levels inhibit renal EPO production in wild type
mice and serum EPO concentrations*"*, and FGF23-blocking peptide increases serum EPO concentrations®!.
Given these reports of FGF23 modulation of EPO and our observation of significantly increased serum FGF23
in SCD-IgG mice, we posited that increased FGF23 could dampen EPO production by the kidney. In support
of this possibility, we observed a further significant increase in serum EPO in SCD mice treated with FGF23Ab
consistent with FGF23 being an inhibitor of EPO production by the kidney*!. Since FGF23 is known to negatively
affect erythropoiesis*' and thus may further contribute to anemia in SCD, we speculate that the significantly
increased HCT observed in SCD mice treated with FGF23Ab relieves its block on kidney production of EPO,
resulting in significantly increased serum EPO thereby increasing erythropoiesis*!.

Another common finding in SCD is iron overload®, and since iron decreases mineralization by iron-induced
upregulation of ferritin®’, we measured its expression in serum of Ctrl and SCD mice. We observed significant
increase in serum ferritin in SCD-IgG which was not reduced in SCD-FGF23-Ab mice.

As shown in in Table 2, serum PTH was lower in the SCD-IgG than Control-IgG mice. However, their serum
1,25(0OH)2D levels are essentially the same. These data are noteworthy since high ferritin level can indirectly lead
to an increase in 1-alpha hydroxylase activity, the enzyme responsible for activating vitamin D, by potentially
influencing the body’s need for calcium and thereby stimulating PTH secretion, which in turn activates 1-alpha
hydroxylase in the kidneys. Essentially, when iron stores are high, the body may signal a need for more calcium
absorption, leading to increased vitamin D activation through 1-alpha hydroxylase. However, FGF23 acts on
the receptor complex in the parathyroid glands to decrease parathyroid hormone gene expression and PTH
secretion®.

FGF23 also acts on its receptor complex Klotho-FGFRIc in the kidney to repress renal phosphorus
reabsorption and suppress the renal synthesis of 1,25(OH)2D*. We reported in this study that serum Pi level
is normal in SCD at 6 months of age, but there is significantly increased urine Pi/urine creatinine. Higher
serum FGF23 levels in SCD mice observed in this study may lead to decreased PTH and therefore decreased
serum calcium in SCD mice. Low serum levels of PTH and high serum FGF23 in the SCD group decreases
the stimulatory action of PTH on 1 alpha hydroxylase. However, in a hypocalcemic animal, activity of the
la-hydroxylase is markedly elevated®”. These counter-regulatory mechanisms may explain the observation that
serum 1,25(OH)2D levels are essentially the same in SCD-IgG and Control-IgG mice.

Studies have shown that several factors are involved in bone metabolism alteration in patients with
hemoglobinopathies such as SCD**. Among them are bone marrow hyperplasia and increased bone turnover.
Bone metabolism reflects an imbalance between bone deposition and bone resorption by osteoblasts and
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Fig. 5. Effect of FGF23Ab on mineralized nodule formation in cultured BMSCs from Ctrl and SCD female
mice. Analysis of bone nodule formation and FGF23, pFGFR1 and OPN protein expression in BMSCs from
Ctrl and SCD mice. BMSCs from both genotypes were cultured with IgG or FGF23Ab under osteogenic
condition for 3 weeks. (A) Representative image of Alizarin Red-staining on 3-weeks culture. (B) Alizarin Red
concentration was quantified after solubilization of the staining dye. Western blot and analysis of protein for
(C) FGF23, (D) aKlotho, (E) pFGFR1, and (F) Osteopontin; n =3 wells/group. Data are shown as individual
values, with mean and standard error of the mean.
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osteoclasts that can result in bone diseases, such as osteoporosis45. Thus, we examined the changes in bone
parameters as determined by DXA, microCT, and dynamic and static histomorphometry. DXA analysis
confirmed significantly decreased BMD and BMC in SCD female mice as we previously reported” but there
was no effect of FGF23Ab treatment to modulate these parameters. The microCT studies did not demonstrate
significant differences in femur metaphyseal structural parameters by genotype or treatment. However, von
Kossa staining showed markedly increased bone spicule number in the SCD femur after FGF23Ab treatment.
This difference between histology and microCT can arise due to several factors: (1) Histomorphometry typically
analyzes 2D sections, which may not fully represent 3D bone architecture, whereas uCT provides volumetric
data. (2) Thresholding differences: uCT relies on grayscale intensity thresholds to differentiate bone from soft
tissue, which may not perfectly match the bone regions identified in histology. MicroCT analysis of femur
diaphyseal cortical parameters revealed significantly decreased Ct.Ar, Ct.Ar/Tt.Ar, Ct.Th, and BMD, as well
as significantly increased Ma.Ar, all consistent with our previous findings in SCD female mice’, but these
abnormalities were not modulated by FGF23Ab treatment. However, importantly, dynamic histomorphometry
revealed that FGF23Ab treatment of SCD mice significantly increased MAR, BFR/BS, and Ir.L. Th in femurs from
SCD mice. We observed that FGF23Ab treatment increased BFR by histomorphometry but did not increase BV/
TV by microCT in SCD mice. The possible reason is that BFR by histomorphometry measures ongoing bone
formation, while BV/TV by microCT reflects accumulated bone mass over time. MicroCT may not detect early
or subtle changes that were detected by histomorphometry. Thus, based on the dynamic histomorphometry
results, it is possible that longer FGF23Ab treatment may lead to improvement at the structure level.

It should also be noted that the FGF23Ab used in this study was previously used by Shaloub et al.* to
investigate the effect of FGF23 neutralization on chronic kidney disease-mineral and bone disorder (CKD-
MBD), secondary hyperparathyroidism (HPT), and associated comorbidities in a rat model of CKD-MBD. For
these studies, CKD-MBD rats were fed a high-phosphate diet and were treated with low (3 mg/kg) or high doses
(10 mg/kg) of FGF23-Ab or an isotype control antibody 3 times/week for 6 weeks. The authors reported that
neutralization of FGF23 led to sustained reductions in secondary HPT, and normalization of bone markers such
as cancellous bone volume, trabecular number, osteoblast surface, osteoid surface, and bone-formation rate.
In addition, they observed dose-dependent increases in serum phosphate and aortic calcification associated
with increased risk of mortality in CKD-MBD rats treated with the higher dose of FGF23-Ab. There are several
notable differences in our study design using the same antibody in Ctrl and SCD mice. Specifically, we used mice
while the previous study used rats. In addition, unlike the rat study, mice were not in chronic renal failure as
reflected by the normal blood urea nitrogen (BUN) and creatinine. Further, mice were not on a high phosphate
diet, did not exhibit HPT, and the frequency of the administration of the FGF23Ab was less.

Static histomorphometry showed that Oc.S/BS, N.Oc/B.Pm, and N.Oc/T.Ar were significantly higher in the
SCD-IgG group vs. the Ctrl-IgG group. FGF23Ab significantly decreased N.Oc/B.Pm in the SCD-FGF23Ab
group, which is contradictory to serum CTX1 data showing a significant increase in serum CTX1 levels in
FGF23Ab-treated SCD mice. Since serum CTX1 levels have a circadian rhythm which is mainly modulated
by food intake, it is recommended that blood samples for CTX1 must be collected consistently in the morning
hours in the fasted state?. Since fasting can increase the risk of a sickle cell crisis due to potential dehydration,
in this study the mice were not fasted. This may explain the inconsistence between N.Oc/B.Pm and serum CTX1
levels.

Since our dynamic histomorphometry studies supported impaired bone formation as the major cause of bone
abnormality in SCD mice, to further explore the role of osteoblast dysfunction, we conducted in vitro studies
demonstrating impaired SCD-BMSC mineralized nodule formation that was rescued by FGF23Ab supporting
either a direct?®?* or indirect® inhibitory effect of FGF23 on mineralized bone nodule formation. In support
of other inhibitors of mineralization in SCD, we observed significantly increased serum levels of matrix protein
osteopontin, which is produced by several tissues including bone™. Studies have demonstrated that osteopontin
inhibits the proliferation and differentiation of OBs and inhibits mineral deposition in bone®*->2 and is associated
with osteoporosis in humans®. Of relevance, a recent study by Batte et al. reported on significantly increased
serum osteopontin in SCD pa'[ients21 associated with mineral bone disorder. Thus, we determined, in addition
to increased serum levels, whether local production of osteopontin was increased in OBs on the bone surface
or cultured BMSCs from SCD mice. Since we observed a significant increase in osteopontin protein in OBs on
the bone surface and in SCD-IgG BMSC cultures, and this protein was significantly decreased by FGF23Ab
treatment, we propose that increased local osteoblast production of osteopontin may contribute to impaired
bone formation and mineralization in SCD mice.

We observed that FGF23Ab decreased osteopontin in osteoblasts of bone but not in serum of SCD mice.
This discrepancy could reflect differences between local and systemic effects. Possible reasons might be (1) If the
treatment directly targets the local bone, changes may appear more prominently in that area, whereas systemic
effects may take longer to exhibit differences; (2) The serum detection might not be sensitive enough to capture
subtle changes in localized regions, whereas local bone measurements are more precise in identifying these
differences. This suggests that the treatment may primarily act locally or that the systemic effects may take longer
to manifest.

Based on the results from the current study and our previous publication®?, we believe FGF23Ab can exert its
effects on bone in SCD mice through multiple mechanisms. The in vitro study showing FGF23Ab significantly
increased bone nodule formation in SCD BMSC culture suggests FGF23Ab can directly affect osteoblast activity.
In addition to reduction of the increased matrix inhibitory protein osteopontin by FGF23Ab treatment in SCD
mice in vivo and in vitro, our in vivo study showed that FGF23Ab also ameliorates abnormal renal phosphate
handling in SCD mice®* indicating that FGF23Ab can also modulate sickle cell bone loss indirectly via regulating
renal phosphate wasting. In SCD, chronic anemia leads to increased erythropoiesis, expanding the bone marrow
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Fig. 6. Schematic model depicting how FGF23Ab ameliorate impaired bone formation in SCD mice. In SCD
mice, EPO production in the kidneys is increased in response to anemia. High level of EPO circulates to bone
to stimulate FGF23 over production that results in impaired bone formation. FGF23Ab ameliorate impaired
bone formation in SCD mice by inhibiting FGF23/pFGFR1/OPN pathway.

cavity at the expense of trabecular bone. However, FGF23Ab treatment of SCD mice increased HCT levels,
which in turn could improve bone formation by creating a more favorable bone formation niche.

The findings from this study have significant translational potential, as the use of FGF23Ab treatment
in the SCD mouse model shows promising results in both increasing hematocrit levels and enhancing bone
formation. By targeting FGF23, a key regulator of phosphate metabolism, this approach addresses not only the
hematological aspects of SCD but also the associated bone pathology, which is often exacerbated by chronic
anemia. The ability to improve both bone formation and hematocrit levels opens new therapeutic avenues for
managing osteoporosis and bone deformities in SCD patients. Furthermore, this strategy could be translated to
other conditions where both hematopoiesis and bone health are compromised, providing a potential dual-target
therapy with broader clinical implications.

In summary, we suggest that FGF23-neutralizing antibody may be efficacious in treating impaired bone
formation in SCD based on improvements in osteoblast activity due to improved hematocrit and correction of
anemia, which results in the increased bone dynamic histomorphometric parameters observed in FGF23Ab-
treated SCD mice and the significant reduction in matrix inhibitory protein osteopontin observed in FGF23Ab-
treated BMSC cultures (Fig. 6). Since no effective therapy for SCD bone disease is currently available®, these
results may inform future studies of FGF23Ab as a therapeutic target for SCD.

Data availability

Data is provided within the manuscript or supplementary information files. All datasets generated during and/
or analyzed during the current study are not publicly available but are available from the corresponding author
on reasonable request. The reagents used in this study, Control IgG and a rat anti-rat FGF23Ab (clone 58.5) were
a gift from Amgen Inc., Thousand Oaks, CA).
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