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ABSTRACT

Background: The lack of cystic fibrosis transmembrane conductance regulator (CFTR) function causes cys-
tic fibrosis (CF), predisposing to severe lung disease, reduced growth and osteopenia. Both reduced bone
content and strength are increasingly recognized in infants with CF before the onset of significant lung
disease, suggesting a developmental origin and a possible role in bone disease pathogenesis. The role
of CFTR in bone metabolism is unclear and studies on humans are not feasible. Deletion of CFTR in pigs
(CFTR /- pigs) displays at birth severe malformations similar to humans in the intestine, respiratory tract,
pancreas, liver, and male reproductive tract.

Methods: We compared bone parameters of CFTR /- male and female pigs with those of their wild-type
(WT) littermates at birth. Morphological and microstructural properties of femoral cortical and trabecular
bone were evaluated using micro-computed tomography (uCT), and their chemical compositions were
examined using Raman microspectroscopy.

Results: The integrity of the CFTR ~/~ bone was altered due to changes in its microstructure and chemical
composition in both sexes. Low cortical thickness and high cortical porosity were found in CFTR ~/~ pigs
compared to sex-matched WT littermates. Moreover, an increased chemical composition heterogeneity
associated with higher carbonate/phosphate ratio and higher mineral crystallinity was found in CFTR ~/~
trabecular bone, but not in CFTR ~/~ cortical bone.

Conclusions: The loss of CFTIR directly alters the bone composition and metabolism of newborn pigs.
Based on these findings, we speculate that bone defects in patients with CF could be a primary, rather
than a secondary consequence of inflammation and infection.

© 2019 The Author(s). Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

acterized by multiorgan deficiencies that begin early in life [1,2].
With the increasing life expectancy due to improvements in the

Cystic fibrosis (CF) disease, which is caused by mutations of treatment of the disease’s pulmonary and gastrointestinal disor-
the CF transmembrane conductance regulator (CFTR) gene, is char- ders, other CF complications and comorbidities have become more
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prevalent, such as diabetes and CF-related bone disease (CFBD)
with 55-65% of affected patients being older than 45 [3-5]. Indi-
viduals with CF have low bone mineral density (BMD) [6-8] and
increased fracture rate as early as adolescence, [9] which leads to
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excessive kyphosis, thus weakening the thoracic skeletal architec-
ture and resulting in an accelerated decline in lung function, inef-
fective cough and airway clearance [10-12].

The identification of bone composition and microarchitecture in
patients with CF is a major determinant of bone density and frac-
ture risk. Well done cross-sectional and longitudinal studies have
indicated diminished bone accrual during the skeletal formative
period of late childhood and adolescence [11,13,14]. A recent report
showed a 9-fold higher fracture rate in young German CF adults
compared to the age-matched reference population [15]. It is still
unknown if the smaller stature in CF patients is a direct cause of
loss of CFTR or a manifestation of nutritional deficiencies and in-
flammation [16]. Lower BMD gains were observed in infants with
CF as early as the age of 6 with normal nutritional status, suggest-
ing that CFBD may be due to a primary defect in bone metabolism
[17].

CFTR protein was first discovered as being expressed during
early development and was then identified in human bone cells
[18], so CFTR deficiency may impact fetal tissues during in utero
development. Cortical bone mass, comprising 85% of the skele-
ton, and bone microarchitecture are major determinants of bone
strength and fracture risk in humans [18]. Skeletal homeosta-
sis is maintained throughout life by the balance between bone-
forming osteoblasts (which derive from mesenchymal cells) and
bone-resorptive osteoclasts (which have hematopoietic origin) [19].
In patients with CF, we suggested a direct genetic component
of CFBD with an abnormal elevation in receptor activator of NF-
kB ligand (RANK-L) in osteoblasts bearing the F508del mutation
in Cftr [20]. We recently reported that the CFTR potentiator iva-
caftor improved BMD in G551D-bearing CF patients and argued
for a link between CFIR activity and the function of osteoblasts
[7] and osteoclasts precursors [21]. Several studies made on an-
imal models (rats, mice and pigs) with CF shortly after birth
revealed abnormalities in bone development [24-27] and tra-
cheal cartilage with early airflow obstruction [27-31], suggesting
the critical role of CFTR dysfunction. Several other species (fer-
ret [32], zebrafish [33]) were used for this investigation on CF
pathology.

The anatomy and physiology of pigs are similar to that of hu-
mans [22]. The CFTR /= pig model develops both intestinal (meco-
nium ileus, microcolon) and lung pathology, lesions in smooth
muscle and cartilage rings resembling alterations observed in CF
patients [23]. This emphasizes that CF pigs mimic the human con-
dition to overcome several of the limitations found in CF mouse
models. We recently targeted the porcine CFIR gene and generated
CFIR ~/= pigs which also display at birth severe malformations in
the intestine, respiratory tract, pancreas, liver, and male reproduc-
tive tract [24,25]. These phenotypic abnormalities closely resemble
both the human CF pathology as well as alterations observed in
a previously published CF pig model generated by a different gene
targeting strategy [26]. This new model provided us with an oppor-
tunity to ask whether CFTR —/~ pigs (male and female) also man-
ifest a defective bone microarchitecture and chemical composition
at birth.

2. Methods
2.1. Animals

All experiments were conducted in accordance with the guide-
lines of the Institutional Animal Care and Use Committee at INRA.
The protocol was approved by the “Comité d’Ethique en Expéri-
mentation Animale Val de Loire” (n° 00028.01). CFTR */~ pigs were
produced by replacing the exon 1 of the CFTR gene by a STOP
box and a neo cassette using homologous recombination by BAC

vectors as previously described [25]. Single male and female
CFTR/~ transgenic pigs were moved to INRA, Nouzilly (France)
and mated to generate wild-type (WT), CFTR*/~ and CFTR/~ an-
imals. Piglets were euthanized with an iv. overdose of pento-
barbital (Dolethal, Vétoquinol, France). A total of 17 WT and 23
CFIR ~/~ newborn piglets from 8 different litters were used in our
experiments.

2.2. uCT evaluation

This study was conducted following the quantitative analysis
of bone by micro-computed tomography recommendations from
Campbell and Sophocleus [27]. We examined the pigs’ femoral cor-
tical and trabecular bones less than 24 h after birth using mi-
cro computed tomography (uCT, Skyscan 1076) scans with the fol-
lowing settings: tube voltage, 80 kV; tube current, 0.125 mA; and
voxel size, 17,9 x 17,9 x 17,9 um?3. Samples were isolated, fixed in
ethanol (70% in Dulbecco’s Phosphate Buffer Saline, Gibco), washed
then stored in same ethanol solution at 4 °C. For scanning, samples
were cleaned from surrounding soft tissue, rehydrated through an
overnight storage in saline medium, then scanned directly in that
solution. Three-dimensional (3D) images were rebuilt and analysed
using respectively the NRecon GPU version and CTAn (Bruker) soft-
ware programs. Bone mineral densities values were obtained us-
ing a standard regression line generated by converting the attenua-
tion coefficient from scans of hydroxyapatite standards with known
densities to mineral density (0.25 and 0.75 g.cm~3). After 3D re-
construction, bone volumes were segmented using a global thresh-
old of 0.373 g/cm3 which was set using the mean density leading
to the segment bone retrieved in scans after manual segmentation.
The whole femoral bone was first studied to avoid bias due to the
use of regions of interest. Common bone parameters were assessed
(Femoral Length, Tissue volume (TV), Bone volume (BV), Percent
bone volume (BV/TV), Tissue surface (TS), Bone surface (BS), Bone
surface density (BS/TV), and Bone Mineral Density (BMD).

Then a 3.4-mm-wide region of interest centered on the mid-
dle of the femur was analysed to complete the cortical bone study
(Fig. 1A, B). In cortical regions, we analysed the cortical total vol-
ume (Ct.TV), the cortical bone volume (Ct.BV), the bone volume
density (Ct.BV/Ct.TV), the cortical mineral density (Ct.BMD), the
cortical tissue surface (Ct.TS), the cortical bone surface (Ct.BS),
the cortical bone surface density (Ct.TS/TV), the cortical thickness
(Ct.Th), the cortical radius (Ct.Rd), and the ratio of cortical thick-
ness [ bone radius. The porosity of bones was assessed by calcu-
lating the porosity (defined as a connected assemblage of empty
(black) voxels that is fully surrounded on all sides by solid (white)
voxels) expressed as pores number, volume, surface and percent-
age of the volume of pores within the bone. X-rays 3D rebuilds
that highlighed porosities were calculated on the samples present-
ing median values in terms of volume of pores.

For the trabecular bone, Tb.BV, Tb.TV, Tb.BV/Tb.TV, Tb.TS, Tb.BS,
Tb.BS/Tb.TS trabecular number (Tb.N), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), trabecular pattern factor (Tb.Pf), and
Th.BMD were calculated while analysing a 2-mm-wide region of
interest located 1 mm under the growth plate (Fig. 1A, C). A total
of 23 newborn CFTR —/- piglets (14 males and 9 females) and 17
newborn WT piglets (8 males and 9 females) were subjected to
pCT scan.

2.3. Raman imaging spectroscopy

The composition and distribution of organic and inorganic
components of the cortical and trabecular bones were evaluated
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Fig. 1. Femoral bone regions of interest are: A) whole femoral bone, B) cortical bone was analyzed in a ROI centered on the femoral midshaft defined as the midpoint of the
femoral bone, C) trabecular bone was analyzed at the distal femoral metaphysis, starting 1 mm away from the growth plate.

using Raman imaging spectroscopy. Raman provides quantitative
information on the changes in the mineral and matrix composi-
tion as well as the nature and quantities of mineral constituents.
Raman spectroscopy was chosen over infrared spectroscopy in this
study as it has several inherent advantages such as minimal sam-
ple preparation, application to biological samples and potential in
vivo implementation [28].

Raman images were recorded using a LabRam Aramis spectrom-
eter (Horiba Scientific, Villeneuve d’Ascq, France) equipped with an
Olympus microscope (model BX41) and a 100x long-working dis-
tance objective (Olympus, NA 0.9) for sample excitation and scat-
tered light collection. The laser used for excitation was a diode
emitting a radiation at 785 nm, near infrared excitation source,
delivering around 13 mW to the sample. The Raman signal was
dispersed using a 1200 lines/mm grating. For each bone sample
(4 CFTR - and 3 WT piglets) subjected to Raman spectroscopy,
twenty images were recorded in both cortical and trabecular areas
of femurs. For each acquisition, the total exposure time was 60 s
using 2 accumulations of 30 s. For any region of each sample, 20
spectra were combined to obtain an average spectrum. These were
then averaged for all of the bones of each genotype to obtain an
overall average. The spectra wavenumbers were detected on the
fingerprint range (600-1800 cm~!). Before analysis, raw Raman
spectra need to be pre-processed. This was done with a home-
made software using the Matlab environment (The MathWorks,
Inc., Natick, Massachusetts). All spectra were first corrected for
instrument response, and smoothed with a Savistsky-Golay func-
tion (second order polynomial, 7-point window length) to reduce
noise. Afterwards, all spectra were baseline corrected with a poly-
nomial function (order 2) and were vector-normalized in order to
make the spectra comparable. An unsupervised processing method,
principal component analysis (PCA), was performed on the pre-
processed data to explore the spectral variability of the datasets.
This method allows spectral data reduction replacing original and
correlated variables by synthetic and uncorrelated variables called
principal components (PCs). These PCs contain the total informa-
tion and are arranged to explain the highest to lowest variance of
the dataset. The results are presented using the scores of the most

explained PCs. PC loadings are also useful to highlight the molec-
ular origins of the spectral variability specific to a dataset. In this
study, the mean spectrum of each group was subtracted from the
individual spectra of the same group in order to remove redundant
information, and PCA score plots were performed in the spectral
range 1100-800 cm~!.

Bone is composed of ~65 wt% mineral-non-stoichiometric hy-
droxyapatite (Ca;g(PO4)s(OH),), 10 wt% water, and 25 wt% organ-
ics. Organics mainly include type I collagen (~22.5 wt%), non-
collagenous proteins (2.5-3.75 wt%), and lipids (1-10 wt%) [29]. In
our Raman study, the intensities of the following vibration peaks
were measured: phosphate v1 at ~958 cm-1 (PO43~ symmetric
stretching), carbonate v1 at ~1071 cm~! (CO32~ symmetric stretch-
ing), CH, wagging at ~1450 cm~! (C-H bending), amide I around
1667 cm-1 (mainly C=0 stretching of the peptide bonds), amide
Il at ~1243 cm~! (in-phase combination of the N-H bending and
C-N stretching). The width of phosphate v1 at ~958 cm~! was
also measured for both cortical and trabecular bones. Three bone
compositional parameters were examined: i/ the mineral-to-matrix
ratio estimated using the integrated intensities under the base-
lined peak from 915 to 1215 cm~! over the amide I area (1596-
1720 cm1), ii/ the carbonate-to-phosphate ratio calculated from
the ratio of integrated intensities 850-895 cm~1/915-1215 cm™!,
and iii/ the mineral crystallinity determined by the inverse of the
phosphate 958 cm~! bandwidth. It was reported by a number of
researchers that the bandwidth of the PO43~v; peak decreases
as the mineral crystallinity improves (increase in the crystal size
and/or atomic ordering) [30].

2.4. Statistical analyses

The effect of genotype was statistically assessed. Morpholog-
ical measures of CFTR /= and WT bones were compared us-
ing the Wilcoxon signed rank test (paired samples) where pigs
were compared to their siblings. Measurements obtained from the
Raman analysis were evaluated using analysis of variance (one-
way nested ANOVA). P-values smaller than 0.05 were considered
significant.
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Table 1
Piglet characteristics and macrostructural indexes.

Body Weight Femur Length Femur Volume Femur Bone Volume % Bone Volume
n (kg - mean £ SD) (mm - mean &+ SD) (cm3 - mean &+ SD) (cm3 - mean &+ SD)  (mean £ SD)
Whole Bone

WT
Male 8 1.098 + 0.186 40.56 + 2.38 1.94 + 0.40 1.03 £ 0.29 53.32 + 6.04
Female 9 1.182 £ 0.293 41.23 £ 2.91* 2.11 £ 0.46# 1.15 £ 0.29§ 54.34 + 4.90u
CFTR-/-
Male 14  1.185 + 0339 40.52 + 434 1.92 + 048 0.98 £+ 0.22 51.35 + 7.24
Female 9 1.170 £ 0.281 39.50 + 2.10* 1.86 £ 0.51# 0.95 + 0.348 50.49 + 6.41 1

Wilcoxon signed rank tests; *, #, §, u means statistically different (respectively p =0,029, p= 0,040, p=0,010 and p=0,048).

3. Results
3.1. Femoral bone volume was reduced in CFTR KO piglets

At birth, the whole-body weight of 23 CFIR /- and 17
WT newborn pigs was similar whatever the sex and genotype
(Table 1). To determine whether CFTR played a role in bone
mass, we first compared femur length and femoral volume of
WT and CFTR ~/~ pigs (Table 1). Both femur length and femoral
volume were significantly reduced in CFTR ~/~ female pigs com-
pared to their respective WT littermates (39.50 mm + 2.10 vs
4123 mm + 2.91 and 1.86 + 0.51 cm? vs 2.11 + 0.46 cm?3, respec-
tively).

CFIR ~/~ female pigs had significantly reduced femoral bone
volume in comparison to WT female pigs (reduced 17%, p < 0.05).
Femoral bone volume was also reduced in male CFTR ~/~ pigs, but

CFTR

this did not reach statistical significance. Since the percentage of
bone volume (femur bone volume |/ femur volume) was still re-
duced in CFTR-/- pigs, the reduction of femoral bone volume ob-
served in CFIR -/- pigs could not be explained only by the shorter
length and/or circumference of the femur (Table 1).

3.2. Cortical bone mass was reduced and intracortical porosity
enhanced in CFTR KO piglets

Comparisons of cortical bone representative 3-D images be-
tween WT and CFTR ~/~ pigs were obtained as shown in the Figs.
1A, B and depicted in Fig. 2A. The cortical mineral density and
cortical thickness/radius were lower in CFTR - male and female
pigs compared to sex-matched WT littermates (Fig. 2B, C). We
next assessed whether the loss of CFTR affected the cortical poros-
ity, via uCT-based analyses. Views of representative 3D images of
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Fig. 2. Representative 3-D images of femoral cortical bone (A), cortical mineral density (B), and cortical thickness (C) of WT and CFTR ~/~ pigs.



470 J. Braux, M.-L. Jourdain and C. Guillaume et al./Journal of Cystic Fibrosis 19 (2020) 466-475

—
]
’

p=0.01929

p =0.0047

e B g

0

=
.

Number of pores (Nx1000)
oo

) " ) ¥
held o held o
,.\b ) A )
W W

Males Females

(9]

1.6 1

p=0.034 p =0.0003
1.4 4

1.2 A

0.8
0.6
0.4

Total Volume of pores (mm?)

0.2 1

Py 0 o ¥

5° a0 o
AN @) P W

N

Males Females

Fig. 3. Representative 3-D images of femoral cortical bone (A), number of pores (B) and total volume of pores (C) of WT and CFTR ~/~ pigs.

cortical bone sections from CFTR </~ and WT pigs were arranged
with the cortical porosity distribution area highlighted in red
(Fig. 3A, see video in supplementary data). We observed increases
in both number and total volume of pores in CFTR ~~ pigs com-
pared to sex-matched WT littermates (Fig. 3B, C). Averages of 14%
and 32% rise, respectively in male and female cortical porosities,
were assessed in CFTR ~/~ pigs compared to their WT littermates.

3.3. Loss of CFTR did not reduce trabecular bone mass

Comparisons of trabecular bone parameters between groups
based on gender were reported in Fig. 4A-H. Views of represen-
tative 3D images of trabecular bone sections from CFTR ~/~ and
WT pigs were obtained as shown in the Fig. 1A-C and depicted
in Fig. 4A. As observed in cortical bone, the trabecular BMD was
lower in CFTR ~- male and female pigs compared to sex-matched
WT littermates (Fig. 4B). However, trabecular bone volume was
similar and even slightly increased in CFTR ~~ male pigs com-
pared to sex-matched WT littermates (Fig. 4C). The increased tra-
becular bone volume in CFTR —/~ femurs was due to significant
contributions:increased trabecular thickness and trabecular num-
ber (Fig. 4D, E).

We noticed a reduced trabecular pattern factor (Tb.Pf) (that
meant more connected trabecular lattices) in CFTR ~/ male pigs
compared to WT littermates (Fig. 4F). If no difference could be re-
vealed in the repartition of the trabecular thickness, a shift was
highlighted in the repartition of trabecular separation (Fig. 4G,
H). More precisely, a shift was observed in the distributions of
the means of Trabecular Separation Ranges. Wild type samples

tended to present less low trabecular separation distances (infe-
rior to 268.5 pm) and more wide trabecular separation distances
(more than 268.5 pm).

3.4. Both mineral-to-matrix ratio and mineral crystallinity had
increased in trabecular bone but not in cortical bone of CFTR KO
piglets

After determining through ©CT scans that cortical and trabecu-
lar microstructures were altered in CFTR ~/- pigs compared to sex-
matched WT littermates, Raman spectroscopic measurements were
performed to analyze the chemical composition of the cortical and
trabecular bone of CFTR ~/~ pigs compared to WT. A typical Ra-
man spectrum for cortical bone is shown in Fig. 5A. The profile of
spectra from CFTR /= and WT pigs was very similar in the whole
spectral range.

Nevertheless, an unsupervised principle component analysis
(PCA) was used and allowed to classify the spectra according to
the piglets’ two genotypes. PCA score plot of the cortical bone Ra-
man spectra is shown (Fig. 5B). The two first principal components,
PC1 (79.8%) and PC2 (9.4%) carrying the highest explained variance,
were used to separate the two genotypes in spectral range 800-
1100 cm~!. We observed that CFTR ~/~ pigs exhibited more het-
erogeneity compared to WT. In each group, the number of female
and male piglets was equivalent. The separation of two groups
was based on the piglets’ genotype and not on their gender (data
not shown). To explain that discrimination between CFTR ~/~ and
WT pigs, the loadings (PCs) were used, and showed differences in
mineral components of cortical bone mainly associated to PO,3~
(Fig. 5C).
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color in this figure legend, the reader is referred to the web version of this article.)

A typical Raman spectrum for trabecular bone is shown in
Fig. 6A. The spectral profiles between CFTR ~/~ and WT pigs mainly
showed differences in the regions of amide IIl and CO3%~ bands.
PCA score plots were performed on spectra extracted from trabec-
ular bone in two genotypes. The first two principal components
PC1 and PC2 respectively carried 55.3% and 18.7% of total variance
(Fig. 6B). The score plots showed a separation of CFTR =/~ and WT

pigs according to the PC1 in the spectral range 800-1100 cm™!,
as well as differences in mineral components associated to CO3%~
(type-B carbonate) and phosphate groups (PO43) (Fig. 6C).

In addition to this multivariate processing by PCA, spectral
data were submitted to ratiometric analyses. The mean val-
ues in the phosphate v1/amide I ratio, type-B carbonate/ phos-
phate vlratio, and 1/PO43~ were calculated in both cortical and
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Fig. 6. Typical Raman spectrum of trabecular bone from the WT (red line) and CFIR
-/~ (blue line) pigs. Major bone mineral and matrix band positions and associated
spectral regions are marked (A). PCA score plot (PC1 vs PC2) with WT (red points)
and CFTR /- (blue points) pigs (B). Loadings of PC1 (orange curve) and PC2 (brown
curve) (C). PCA and loadings were calculated in the spectral range 800-1100 cm~'.
Each symbol/color couple represents an independent animal.

trabecular bones for each genotype (Table 2). A marked increase in
the mineral/matrix ratio, the type-B carbonate substitution and the
mineral crystallinity were observed in trabecular bone of CFIR ~/~
pigs compared to WT, but not found in cortical bone.

Table 2

4. Discussion

Cortical bone composition and density are key determinants of
bone strength and fracture risk in humans [18]. Recent studies re-
ported an elevated fracture rate in CF patients [5,12,31] in rela-
tion with macroscopic bone architecture [32], and others described
deficits in trabecular and cortical bone as well as strength in pre-
pubertal children, adolescents and adults with CF [8,33-35]. Peo-
ple with CF have several risk factors to develop low bone mass
and density including chronic lung inflammation, pancreatic in-
sufficiency, malnutrition, delayed puberty, glucocorticoid use, and
possibly CFTR dysfunction itself [3,11]. Therefore, it is necessary to
discriminate between the clinical disease’s multiple contributions
and the intrinsic defect due to CFTR deficiency. At birth, lungs of CF
pigs lack inflammation, but with time, they spontaneously develop
infection, inflammation and remodeling [36]. To address the con-
sequence of CFTR deficiency on bone microarchitecture, we com-
pared bone parameters of CFTR ~/~ pigs to WT littermates at birth.
Our data prove that CFIR is fundamental to maintain the correct
chemical composition and microarchitecture of bone.

Several hypotheses emerged from our study regarding the func-
tion of CFTR in the bone metabolism. Our data demonstrate that
a defective bone health is readily apparent in CFTR —/- pigs at
birth. The length and bone volume of their femurs were reduced
compared to WT pigs in females. Interestingly, Rogan et al. also
demonstrated that CF piglets had reduced humeral length and
bone mineral content [37]. In our study, we evidenced an altered
bone microarchitecture in CFTR ~/~ pigs. Our pCT analysis of the
bone architecture and mineral density reveals that CFTR deficiency
alters cortical bone structure and reduces cortical and trabecular
BMD. Low cortical thickness and high cortical porosity were found
in CFTR ~/- pigs. In contrast, trabecular bone volume was not al-
tered in these pigs. In our study, we evaluated averages of 14% and
32% rise in porosity of CFTR ~~ male and female pigs compared
to sex-matched WT littermates. Elevated porosity is well known to
diminish bone resistance against fracture by increasing the veloc-
ity of crack propagation [38,39]. The identification of mechanisms
leading to enhanced porosity is likely to improve our understand-
ing of the pathogenesis of CFBD.

Prior investigations have revealed that bone cortical thinning
and increased porosity occur when the rate of bone remodel-
ing is modified [40]. A possible altered bone remodeling of the
CFIR ~/ pigs is suggested by changes in the bones’ chemical com-
position. Our Raman analysis of the CFTR ~/~ femurs indicated
that, compared with WT pigs’, their cortical bone was different
in mineral components associated to CO32~ (type-B carbonate),
and their trabecular bone was different in mineral components
associated to CO32~ (type-B carbonate) and phosphate groups
(PO43-). In addition, at the trabecular level, carbonate substitutes
for phosphate ions in bone (type-B carbonate) demonstrated that
the phosphate environment of the mineral was distorted with an
increased mineral/matrix ratio and elevated mineral crystallinity
in CFTR 7/~ trabecular bone, all indicative of disrupted bone
remodeling.

The Phosphate v1/Amide I Ratio, Type-B Carbonate/Phosphate v1ratio and 1v/PO43" in Trabecular

and Cortical Bone in CFTR 7~ and WT Pigs.

Trabecular bone

Cortical bone

Genotype WT CFTR - WT CFTR- WT

v1P043 [amide | 26.57 + 8.33* 0.22 + 0.04 0.044 + 0.009 0.061 + 0.045
(CO3% [u1P0,4*) 21.40 + 9.33* 0.20 £+ 0.01 0.205 + 0.031 0.205 + 0.031
1/v1P0,43 (x 1013) 0.957 + 0.336* 0.625 + 0.208 0.600 + 0.295 0.608 + 0.283

Values are mean + SEM. n=4
* significantly different to WT (p < 0.01).
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Our study supplements the multiple studies on CF mice and
rats, which have identified reductions in cortical bone mass at-
tributed to the loss of CFTR [41-44]. Our laboratory [45] and others
[46,47] previously issued studies suggesting evidence of direct de-
pendence on bone growth due to CFTR, we indeed reported that
interventions to improve CFIR function in the F508del-CFTR mouse
[48] and in CF patients bearing the G551D-mutation in CFIR re-
sulted in enhanced bone density [7].

4.1. Limitations

Our data bears advantages and limitations. First, we used an an-
imal model that was described to recapitulate human CF. Second,
we hypothesized that a pig’s bone was more similar to that of a
human’s than a mouse’s [50]. Third, we were capable of eliminat-
ing secondary consequences of the disease by studying newborn
pigs. As we did not address the role of bone CFIR, we were not
able to exclude the possibility that CFTR gene in bone cells con-
tributed to the phenotypes we observed.

We do not yet have a mechanism identified for the low cor-
tical bone thickness and enhanced cortical porosity in CFTR ~/~
pigs at birth, but we suspect the phenotype may be dependent
upon the altered osteoblastic activity and differentiation. Genetic
studies confirmed that activating the canonical WNT signaling in-
creased bone formation in mice by promoting osteoblast differ-
entiation and indirectly inhibiting bone resorption, thus reduc-
ing osteoclastogenesis mainly by osteoprotegerin (OPG) regulation
[19,49]. CFTR was shown to positively regulate WNT/B-catenin
pathway in multiple cell types [51,52]. A decrease in canonical
WNT signaling was reported in CFTR ~/~ rat osteoblasts [46], as
well as a decreased WNT/B-catenin in F508del-CFTR mice sig-
naling mediated reduced osteoblast differentiation and function
[53]. A direct effect of canonical WNT signaling of osteoblasts on
osteoclastogenesis was proposed, as mice lacking WNT16 in os-
teoblasts were characterized by a reduced cortical thickness and
high cortical bone porosity while their trabecular bone remained
unaffected [54].

In F508del-CFTR human osteoblasts, we recently reported an
overexpression of receptor activator of nuclear factor kappa-B lig-
and (RANKL) and high membranous RANKL localization coupled
with a reduced OPG production which could be reversed with
CFTR activators [20]. That situation may reduce bone formation and
worsen bone resorption through the activation of osteoclasts lead-
ing to low cortical bone mass in people with CF. Further molecular
studies are needed to determine which of the signaling pathways
may have contributed to the low cortical bone mass and high bone
cortical porosity

5. Conclusion

We provide evidence that loss of CFIR alters bone chemical
composition and microarchitecture in pigs at birth. This might in-
dicate that bone defects in people with cystic fibrosis are likely
primary, regardless of significant clinical confounders such as in-
flammation and infection from the start of life. The lower cortical
bone mass in our study’s CFTR ~/~ pigs and present in children and
adolescents with CF [8] suggests that the use of CFTR potentiators
and correctors might benefit people with CF bone disease as far as
their skeletal health is concerned.
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