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Neonatal bone marrow transplantation prevents bone pathology in
a mouse model of mucopolysaccharidosis type I
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Neonatal bone marrow transplantation (BMT) could offer a novel therapeutic opportunity
for genetic disorders by providing sustainable levels of the missing protein at birth, thus
¢ Allogeneic BMT into newborn | preventing tissue damage. We tested this concept in mucopolysaccharidosis type | (MPS IH;
MPS | mice allows high Hurler syndrome), a lysosomal storage disorder caused by deficiency of a-L-iduronidase.
donor-derived hematopoietic MPS IH is characterized by a broad spectrum of clinical manifestations, including severe pro-
engraftment and prevents gressive skeletal abnormalities. Although BMT increases the life span of patients with MPS IH,
bone deformities. musculoskeletal manifestations are only minimally responsive if the timing of BMT delays,
« Bones of transplanted MPS | suggesting already irreversible bone damage. In this study, we tested the hypothesis that
. . transplanting normal BM into newborn MPS | mice soon after birth can prevent skeletal
mice show significant d . - : . )
) . . ysplasia. We observed that neonatal BMT was effective at restoring a-L-iduronidase
mprovements at radlographlc, activity and clearing elevated glycosaminoglycans in blood and multiple organs. At 37
microcomputed tomography, weeks of age, we observed an almost complete normalization of all bone tissue parameters,
and histological analyses. using radiographic, microcomputed tomography, biochemical, and histological analyses.
Overall, the magnitude of improvements correlated with the extent of hematopoietic
engraftment. We conclude that BMT at a very early stage in life markedly reduces signs and symptoms of MPS | before they appear. (Blood.

2015;125(10):1662-1671)

Introduction

Bone marrow transplantation (BMT) is an efficacious therapeutic mo-
dality for a number of nonmalignant conditions, both acquired and
genetically determined. In the treatment of genetic disorders, the hema-
topoiesis transplanted from a healthy allogeneic donor can produce
the missing protein at levels sufficient to correct the underlying abnor-
malities. However, the current clinical experience is only partially
successful. One of the reasons for this could be the limited efficacy of
the protein provided through the hematopoietic cell secretome. Al-
ternatively, the time at which BMT is currently performed could be too
late to prevent organ damage.

This fundamental question is well exemplified by the case of
mucopolysaccharidosis type I-Hurler syndrome (MPS IH), alysosomal
storage disease in which allogeneic BMT, although considered first-
line treatment, has a limited effect on the skeletal abnormalities. In
patients with MPS IH, the intracellular accumulation of glycosamino-
glycans (GAGs), dermatan sulfate, and heparan sulfate (HS)
disrupts normal cell functions and gives rise to progressive multiorgan
morbidity, which is typical for the disease.' The array of musculoskel-
etal abnormalities seen in Hurler syndrome is known as dysostosis
multiplex,*® consisting of abnormally shaped vertebrae and ribs,

enlarged skull, spatulate ribs, hypoplastic epiphyses, thickened di-
aphyses, bullet-shaped metacarpals, hip dysplasia, genu valgum,
and spinal cord compression.” Unfortunately, despite successful
engraftment of normal donor hematopoietic stem cells that
ameliorate multiorgan morbidity, the musculoskeletal manifesta-
tions still deteriorate and affect the quality of life in most transplanted
patients with MPS IH.® This is presumably a result of the limited
penetration of the expressed a-L-iduronidase (IDUA) enzyme into
musculoskeletal tissues.* Although substantial clinical improve-
ments of joint mobility, coarse facial features, and claw hands were
reported after transplantation,® with age, clinical and radiographic
musculoskeletal abnormalities still developed. The incomplete
correction of the skeletal phenotype produced by BMT may also be
because bone abnormalities are irreversible at the time of the
transplant (median age at BMT, 16 months). However, during prenatal
and perinatal life, infants with Hurler syndrome have a nearly normal
skeletal development, probably because of placental protection.'®"!
Therefore, we hypothesize that the first months of life represent
the best window of opportunity for preventing bone deformities
in Hurler children. Consistent with this hypothesis, a retrospective
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analysis demonstrated a superior long-term clinical outcome of
Hurler patients when BMT was performed early in life.'? In the
same direction, recent implementation of newborn screening programs
for patients with MPS IH may offer an opportunity to consider BMT in
the first months of life.'*'?

A few studies have evaluated whether perinatal infusion of hema-
topoietic stem cells could ameliorate the most critical features in
MPS animal models.'®'® To date, neonatal BMT (nBMT) has never
been tested in MPS I mice. The mouse model of MPS I was produced
through the disruption of the IDUA gene'® and presents skeletal ab-
normalities similar to those seen in patients with MPS IH, providing
a valuable tool for the study of disease pathogenesis. MPS I mice de-
velop extensive dysostosis detectable using histopathologic, radio-
graphic, and microcomputed tomography (micro-CT) analyses at a
later stage of life.'®>! BMT has previously been tested in adult MPS I
mice preconditioned with irradiation, providing only a partial benefit
on skeletal abnormalities.??

In the present study, we have evaluated whether neonatal trans-
plantation of syngeneic BM from wild type (WT) donors could res-
cue the severe skeletal phenotype in the mouse model of MPS I, using
clinical, biochemical, radiographic, and pathological analyses.

Materials and methods

Mouse model

The MPS I mouse model (Idua~’~mice, C57BL/6 background)'® was pur-
chased from the Jackson Laboratory (Bar Harbor, ME). A breeding colony
was established from heterozygous mating pairs, and genotyping was per-
formed on tail clip DNA, as described.'® Pregnant dams obtained from the
colony (Charles River, Calco, Italy) were housed in the animal facility of the
University of Milano-Bicocca. Procedures involving animal handling and care
conform to institutional guidelines, in compliance with national laws and
policies.

BMT

nBMT was performed as reported.? Briefly, 1- to 2-day-old pups (Ly5.2
[CD45.2] MPS I or Ly5.2 WT mice) were treated with a single intraperitoneal
injection of busulfan (20 mg/kg; Busilvex, Pierre Fabre, Boulogne, France).
Eight- to 12-week-old C57BL/6-LyS5.1 (CD45.1) WT donor mice (Charles
River) were killed with CO,, and the BM was harvested by flushing femurs
and tibiae. Newborn mice were transplanted 24 hours after busulfan ad-
ministration by intravenous (via temporal vein) injection of 2 X 10° donor BM
cells. At 37 weeks of age, tissues from recipient killed mice were harvested
and preserved for analyses, as specified here and in the supplemental Methods
available on the Blood Web site.

IDUA and B-hexosaminidase activity assay

IDUA and B-hexosaminidase ((3-Hex) activities were measured fluoro-
metrically, as previously described.>**> See the supplemental Methods
for details.

Analysis of GAGs in tissues and plasma
GAGs were quantified as described.?*” See the supplemental Methods
for details.

Histopathology

For the evaluation of long bone morphology, the hind limbs were decalcified
in EDTA (Sigma-Aldrich) for 3 weeks and longitudinally embedded in paraffin.
Four pm sections were deparaffinized, rehydrated, and stained with hematoxylin/
eosin by standard procedures.
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For evaluation of growth plate by light microscopy, bone was decalcified
and toluidine blue-stained 0.5 wm sections were examined.

Statistical analysis

The distribution of continuous variables was contrasted in groups by the non-
parametric test on equality of the medians (Wilcoxon). All tests were at 5%
significance level and on a 2-sided alternative, with the exception of those on
the micro-CT data where a 1-sided alternative was considered. The relation
between engraftment and treatment in the MPS I BMT group was assessed
by Pearson’s correlation coefficient and relative P-value for absence of
correlation. See the supplemental Methods for details.

Results
Donor hematopoietic engraftment in MPS | mice after nBMT

After conditioning with busulfan, 2- to 3-day-old WT CD45.2" and
MPS 1CD45.2" mice were transplanted with BM cells derived from
adult CD45.1" WT mice (Figure 1A). We compared the engraftment
levels of the transplanted groups, consisting of WT recipients (hereafter
named WT nBMT; n = 8 mice [3 males, 5 females]) and MPS 1
recipients (hereafter named MPS I nBMT; n = 14 mice [7 males, 7
females]). Quantification of CD45.1™ donor-derived cells in periph-
eral blood (PB) revealed no significant differences between the 2 groups
of mice at 4 weeks posttransplant (median WT nBMT, 54.72% [range,
22.18% to 87.23%] vs median MPS InBMT, 59.18% [range, 0.93% to
86.34%]; P = .609). Both transplanted groups maintained stable en-
graftment levels until euthanasia at 37 weeks of age (PB, median WT
nBMT 67.45% [range, 16.00% to 95.86%] vs median MPS I nBMT,
81.30% [range, 0.80% to 95.80%]; P = .714; spleen, median WT
nBMT, 83.95% [range, 53.30% to 97.50%] vs median MPS I nBMT,
64.10% [range, 1.37% to 98.30%]; P = .304) (Figure 1B). Among
transplanted mice, 13 (8 MPS I nBMT and 5 WT nBMT) of 22 mice
presented a high hematopoietic chimerism, defined as more than
50% donor CD45.1% cells in PB (median, 92.60%’ range, 54.70% to
95.86% CD45.17). Hence, we included this subgroup of highly
engrafted mice (hereafter named MPS I nBMT-hi) in all studies
reported. The remaining transplanted mice showed an engraftment
level of less than 50% of CD45.1" within PB cells (median, 16.00%;
range, 0.80% to 46.40% CD45.1+). In both WT nBMT and MPS 1
nBMT mice, similar engraftment levels were also observed in
hematopoietic organs, such as spleen and thymus (Figure 1C), in
which we could also appreciate a comparable presence of myeloid
(CD11b, Gr-1), B (CD45R), and T (CD3) lymphoid cells, indicating
multilineage donor-derived engraftment (Figure 1C).

At 37 weeks, the median body weight of nontransplanted MPS I
mice was similar to that of age-matched WT mice (median MPS I,
33.32 g [range, 18.70 to 37.90 g] vs median WT, 34.68 g [range,
21.84 to 36.46 g]; P = .534). Because of busulfan toxicity, the
body weight of transplanted MPS InBMT mice (median, 21.30 g;
range, 16.40 to 40.30 g) and WT nBMT mice (median, 23.55 g;
range, 16.77 to 34.35 g) was lower compared with nontransplanted
WT mice.

IDUA activity markedly increases in peripheral organs of nBMT
MPS | mice, resulting in reduction of GAG levels

The tissues (spleen, liver, heart, kidney, and lung) harvested from
MPS InBMT mice were evaluated for IDUA activity compared with
those from 37-week-old WT and untreated MPS I mice. All homog-
enates from MPS I mice had no IDUA activity, as shown in Figure 2A.
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Figure 1. Donor hematopoietic engraftment into
newborn transplanted MPS | mice. (A) Experimental
scheme. Newborn WT and MPS | (CD45.2) mice were
conditioned with busulfan (20 mg/kg) on day 1 to 2 after
birth and transplanted with 2 X 10° adult BM nucleated
cells (CD45.1) on the next day, as indicated. Groups
were WT untreated (WT), MPS | untreated (MPS 1),

I > MPS | mice transplanted with CD45.1 donor BM cells

1-2d 2-3d

Analytical studies (sacrifice):
1. Long-term engraftment
2. Biochemical assays (IDUA and B-hexo

activity, GAGs)

3. X-ray, micro-CT and histopathology

B peripheral blood
p=0.714

spleen
p=0.304

37 wk (MPS | nBMT), and WT mice transplanted with CD45.1
donor BM cells (WT nBMT). Chimerism was determined

¢ at 4 weeks of age, and at 37 weeks of age, mice were
killed for detection of long-term engraftment, biochemical,
radiographic, and histological analyses. (B) Long-term
donor chimerism (engraftment of CD45.1" cells) was
determined using flow cytometry in PB and spleen at
37 weeks of age. Upper horizontal line of box represents
the 75th percentile, the lower horizontal line of box
represents the 25th percentile, the horizontal bar within
the box represents the median, the square within box
represents the mean, and vertical lines outside the box
represent the minimum and maximum. P value was
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MPS I nBMT-hi mice displayed partial restoration of IDUA activity
in all evaluated tissues, particularly high in spleen (70% of WT mice)
(Figure 2A). IDUA activity in liver and kidney in MPS I nBMT-hi
mice increased to up to 40% of values found in WT mice. IDUA
activity in the heart and the lung of MPS I nBMT-hi mice was 20% of
the enzyme activity in WT mice. Furthermore, we evaluated IDUA
activity levels in each organ compared with the percentage of donor
engraftment in PB for all MPS InBMT mice. Enzyme activity in all the
tissues, except the heart, significantly correlated with the levels of donor
cells in PB (supplemental Figure 1). In addition, the levels of the lyso-
somal enzyme {3-hexosaminidase, which results elevated in MPS I, were
significantly reduced in the same tissues after nBMT (Figure 2B).

To confirm these data, we also quantified GAG levels in spleen,
liver, heart, lung, and kidney from WT, MPS I, and MPS I nBMT-hi
mice (Figure 2C). MPS I mice exhibited higher levels of GAGs
storage in all organs, in comparison with WT mice (P < .0001 for all
organs). In addition, MPS InBMT-hi animals exhibited a statistically
significant reduction in GAGs storage material in the spleen, liver,

heart, kidney, and lung (MPS I nBMT-hi vs MPS [; P = .0003)
(Figure 2C). GAG levels in spleen, liver, and lung of MPS InBMT-hi
mice were normalized (MPS InBMT-hi vs WT, respectively, P = .30,
P = .68, and P = .30), suggesting that nBMT-hi completely corrected
an error of metabolism at these tissues.

Levels of plasma GAGs [ADiHS-0S, ADiHS-NS, ADi-6S, and
mono-sulfated-GalB 1-4GlcNAc(6S) (mono-sulfated keratan sulfate
[KS])] in untreated MPS I mice were significantly higher compared
with those in WT mice (P < .0006 for all GAGs) (Figure 2D). The
levels of these GAGs in MPS I nBMT-hi mice followed-up for 37
weeks were significantly reduced compared with untreated MPS 1
mice (MPS I nBMT-hi vs MPS [; P < .002) and were normalized in
mono-sulfated KS (MPS I nBMT-hi vs WT; P = .09). Elevation of
ADiHS-0S, ADiHS-NS, and ADi-6S derived from HS was a result of
primary storage substrate, whereas KS was elevated secondarily
because of the magnitude of skeletal dysplasia.

An important factor contributing to the reduction of GAG levels in
the examined organs and plasma was the magnitude of engraftment.
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Figure 2. Lysosomal IDUA enzyme activity, B-hexosaminidase enzyme activity, and GAG levels. (A) IDUA activity was measured in spleen, liver, heart, kidney, and
lung of WT (n = 9), MPS | (n = 8), and MPS | nBMT-hi mice (n = 7) at 37 weeks of life. (B) The B-hexosaminidase activity was measured in the same organs of WT (n = 9),
MPS | (n = 8), and MPS | nBMT-hi mice (n = 7) at 37 weeks of life. (C) At 37 weeks of age, the level of sulfated GAGs was determined, using the Blyscan assay in the
indicated organs of WT (n = 9), MPS | (n = 8), and MPS | nBMT-hi (n = 7). (D) At 37 weeks of age, the levels of ADIHS-0S, ADIHS-NS, ADi-6S, and mono-sulfated GalB 1-4GlcNAc
(6S) (mono-sulfated KS) were determined using liquid chromatography tandem mass spectrometry in the plasma of WT (n = 9), MPS | (n = 8), and MPS | nBMT-hi (n = 7). Median,
mean, and minimum/maximum values are shown. Statistical comparison between groups was performed using Wilcoxon nonparametric unpaired test, 2 sides.

We observed an inverse correlation between the extent of hematopoi-
etic chimerism and GAG levels (data not shown).

Correction of skeleton deformities in MPS | mice after nBMT

Marked skeletal deformities in the MPS I mouse model began at 16 to
24 weeks of age and included craniofacial abnormalities and thick-
ening of the zygomatic arches and the long bones.'® At 37 weeks, the
MPS I mice manifested an evident skeletal dysplasia. At this age,

untreated MPS I mice had a short, broad face (Figure 3A). In contrast,
the facial morphology of the MPS I nBMT-hi mice was overall nor-
mal and was similar to that of WT siblings (Figure 3A). Mice with
lower engraftment presented an intermediate phenotype (data not
shown). In agreement with the macroscopic features, radiograph
analysis demonstrated that the width of the skull and the zygomatic
arches was significantly higher in MPS I mice in comparison with
WT mice, whereas a significant reduction in both parameters was

20z aunr | uo 3sanb Aq jpd'z991/0vEESEL/Z991/0L/ST | /Pd-BJo1E/POO|q AU SUOKEDIgNdYSE//:d]lY WOl papeojumog



1666  PIEVANI et al

A

WT

WT
nBMT

MPS |

MPS |
nBMT-hi

160

Value Relative to WT
100 120 140

80

60

100 120 140

80

BLOOD, 5 MARCH 2015 - VOLUME 125, NUMBER 10

WT MPS| WT MPSI
nBMT nBMT-hi

B skull width zygomatic arch width
*kk *kk
——
i -
= == |
=g — ]
oF
[4)] - 1 d
2o ' i
m© O | !
3= -
m -
(] g
% 8 — 3. &N
> —
*% *
] L E————
WT MPSI WT MPSI WT MPSI WT MPSI
nBMT nBMT-hi nBMT nBMT-hi
n=8 n=8 n=7
femur width humerus width
*kk Fedkk
o i 2
' g —
- == - ol
: o
P N J
—] 8| ==
3 =
1 .
o
* % *kk
e B .
tibia width radius ulna width
* Kk * %k
- o
: S
T T
= =
__ =}
| &1 -— 1
——
— 3 )
. B —_—
*kk *kk

WT MPS| WT MPSI

nBMT nBMT-hi

Figure 3. nBMT prevents bone defects in MPS | mice. (A) Skull morphology (on the left) and radiographs (on the right) of 37-week-old WT, MPS |, WT nBMT, and MPS |
nBMT-hi mice. Signs of skull abnormalities include blunted snouts with a loss of the fine taper to the face. (B) Measurements of maximum skull width and zygomatic arch width. All
measures were performed on radiographic images of WT (n = 8; 4 males and 4 females), MPS | (n = 8; 4 males and 4 females), WT nBMT (n = 8; 5 males and 3 females), and
MPS | nBMT-hi mice (n = 7; 4 males and 3 females), as shown on the right side of each chart. The median values relative to WT mice and minimum/maximum values are shown.
*P < .05; **P < .01; **P < .001 with Wilcoxon nonparametric unpaired test, 2 sides. (C) Representative examples of femur radiographs of WT, MPS |, WT nBMT, and MPS |
nBMT-hi mice. (D) Measurements of femur, humerus, tibia, and radius-ulna thicknesses. The pictures on the right side of each graph indicate how measures were calculated. The
median values relative to WT mice and minimum/maximum values are shown. *P < .05; **P < .01; ***P < .001 with Wilcoxon nonparametric unpaired test, 2 sides.

observed in MPS I nBMT-hi mice (skull width, P = .0014; zygomatic
arch width, P = .0003; vs untreated MPS I mice) (Figure 3A-B). In
addition, radiographs of MPS I mice showed that long bones of the
fore- and hind-limbs were thickened and sclerotic, whereas these
features were consistently reduced in MPS I nBMT-hi mice, as

shown in Figure 3C. As expected, the width of the humerus, radius/
ulna, femur, and tibia of MPS I mice was also significantly larger than in
WT littermates (Figure 3D). For MPS I nBMT-hi mice, the width of long
bones, including the humerus (P = .0014 vs untreated MPS I mice), the
radius/ulna (P = .0003 vs untreated MPS I mice), the femur (P = .0003
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vs untreated MPS I mice), and the tibia (P = .0003 vs untreated MPS I
mice) was significantly decreased compared with untreated MPS I mice
(Figure 3D). Improvement of bone measurements evaluated in MPS 1
nBMT mice was proportional to the percentage of donor engraftment
(Figure 4).

Comparison of untreated WT mice with transplanted WT nBMT
mice showed a significant decrease in all the analyzed bone mea-
surements of treated mice (WT vs WT nBMT; P < .05 for all
bones). This finding agrees with the fact that busulfan toxicity
per se causes reduction in bone dimensions of treated mice.?®
Therefore, to separate the adverse effect of busulfan treatment
from the therapeutic effect of BMT on MPS I, we studied the
interaction between treatment and disease, using an analysis of
variance regression model on the 4 groups (WT, MPS I, WT nBMT,
and MPS I nBMT-hi), considering the presence/absence of disease
and the presence/absence of treatment and their interaction. Results
of analysis of variance models are represented in supplemental
Table 1, where B1 is the change in the average of the parameter
resulting from disease, 32 is the nBMT effect on WT mice, and 32+
is the nBMT effect on MPS I mice. The analysis of vy reveals the
differential effect of treatment on MPS I attributable to BMT only.
A significant interaction was found in the measures of all bones ex-
amined (skull width, P = .0008; zygomatic arch width, P < .00001;
femur width, P = .0005; humerus width, P < .00001; tibia width,
P = .014; and radius/ulna width, P = .0054). The groups of WT
nBMT and MPS I nBMT-hi provided comparable values.

To investigate the effect of nBMT on the skeletal phenotype of
MPS I mice, micro-CT scan was performed on the right femur of
untreated WT and MPS I mice compared with MPS I nBMT-hi mice.
To avoid sex biases, the femurs were analyzed only in the male mice.
Micro-CT reconstructions of the 2- and 3-dimensional architecture
of femurs from 37-week-old MPS I mice indicated that skeletal
abnormalities in both the cortical and trabecular bone (Figure 5A)
were consistent with the data described previously in MPS [ and other
MPS mouse models.>' In particular, the trabecular density was ex-
ceptionally higher in the affected bones compared with the WT
samples. In contrast to WT mice, the cortical bone of MPS I mice was
abnormally thick and irregular in structure (Figure 5A).

Quantitative analyses demonstrated that several cortical and tra-
becular bone morphometric parameters were significantly altered in
the affected MPS I mice in comparison with those in WT siblings.
Consistent with the high donor engraftment level, these parameters
showed a 40% to 80% improvement in MPS I nBMT-hi with respect
to untransplanted MPS I mice, approaching the values observed in
WT mice (Figure 5B). Quantitative analysis demonstrated a signif-
icant increase in bone mineral volume in untreated MPS I mice in
comparison with WT mice (median, 21.88% vs 10.73%, respectively)
(Figure 5B). A decrease in bone mineral volume, although not signi-
ficant, was observed in MPS I nBMT-hi mice (median, 7.58%) com-
pared with untreated MPS I animals. Trabecular separation was
significantly reduced in MPS I untreated mice in comparison with
WT animals (median, 0.18 mm in MPS I vs 0.25 mm in WT). How-
ever, BMT treatment significantly increased trabecular separation
in MPS I nBMT-hi mice (median, 0.26 mm) toward WT mice. In
addition, trabecular number significantly increased in untreated
MPS I mice in comparison with WT mice (median, 3.97/mm vs
2.04/mm, respectively), whereas a significant decrease in trabecular
number was observed in treated MPS I nBMT-hi mice (median,
1.52/mm) with respect to WT animals. Trabecular thickness of
untreated MPS I mice was unchanged from WT (P = .2) (data not
shown) and was not affected by BMT. Cortical thickness increased in
untreated MPS I mice in comparison with WT mice (median, 0.25 vs
0.15 mm, respectively) and decreased to normal levels after BMT in
MPS I nBMT-hi mice (0.19 mm). Further parameters in which
a significant improvement in MPS I nBMT-hi mice was detected
are reported in supplemental Table 2.

Histopathologic evaluation of long bones from MPS I and treated
MPS I nBMT-hi mice confirmed the micro-CT findings. Hematox-
ylin and eosin-stained sections of long bones showed increased
number and vacuolization (likely reflecting the lysosomal storage) of
osteocytes in the cortical bone of MPS I mice. Both these features
were reduced in cortical bone osteocytes of MPS I nBMT-hi mice
(Figure 5C). In addition, the analysis of the femurs has shown an evident
improvement in chondrocyte orientation and growth plate organization
in MPS I nBMT-hi mice compared with untreated MPS I mice, in which
we could observe a disorganization of the growth plate (Figure SD).
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Figure 5. nBMT enhances cortical and trabecular bone architecture in MPS | mice. Micro-CT evaluation of femurs from 37-week-old male WT (n = 3), MPS | (n = 3), and
MPS | nBMT-hi (n = 5) mice. (A) Representative 2D and 3D reconstructed images of trabecular bone and of midshaft cortical bone (transaxial section). (B) Bone mineral
volume (BV/TV), trabecular separation (Tb. Sp.), trabecular number (Tb. N.), and cortical bone thickness (Cort. Thick.) were measured using Skyscan CT-analyzer software
and the data presented as dot plot. *P < .05 with Wilcoxon nonparametric unpaired test, 1 side. (C) Representative pictures of the femur cortical bones of MPS | and MPS |
nBMT-hi mice (hematoxylin and eosin staining), as indicated. The inner surface of the cortex is on the left. Magnifications, X20 and x40. (D) Representative pictures of the
proximal tibia and distal femoral growth plate of MPS |, WT nBMT, and MPS | nBMT-hi mice (Toluidine blue stain, x<40).

Discussion

The relevance of hematopoietic stem cell transplantation with either
BM or umbilical cord blood? in the treatment of MPS IH is well
established, together with enzyme replacement therapy. However,
both approaches do not provide complete resolution in the clinical
history of skeletal dysplasia, one of the most severe complication of

this disease. The most recent international retrospective studies on
patients with MPS IH transplanted in European and American centers
have demonstrated that the decrease of the age at hematopoietic stem
cell transplantation through earlier diagnosis and the achievement of
complete donor chimerism can favorably affect patient outcomes after
hematopoietic stem cell transplantation.®'?

We demonstrated that robust hematopoietic repopulation of MPS I
mice in the neonatal period results in the restoration of IDUA enzyme
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activity, the clearance of GAGs storage, and significant pathological
and structural improvement of the bones, with normalization of the
skeletal phenotype.

The more than 50% replacement of the hematopoiesis resulted in
ameasurable increase in IDUA activity and a consequent decrease in
B-hexosaminidase activity in visceral organs, especially in the spleen,
showing a correlation between engraftment levels and enzyme activity
with clearance of GAGs from blood and tissues. We found that even if
IDUA activity in all tissues was only partially restored by nBMT, GAG
levels in the majority of the tissues investigated were completely nor-
malized, suggesting that if BMT in MPS I mice is conducted in neo-
nates, in contrast to adults,”> subnormal levels of enzyme activity are
sufficient to normalize GAGs storage and minimize the skeletal phe-
notype. The progressive skeletal dysplasia remains unsolved after BMT
on patients with MPS . Likewise, BMT ameliorates, but does not
prevent, cardiac, skeletal, corneal, or neurologic disease in small and
large animal models of MPS 1. In these studies, animals were trans-
planted after the neonatal period, and in some of them, engraftment
levels were suboptimal.*>*'>* MPS VII mice treated with BMT in
neonatal life showed pathological and clinical improvements by
clearing lysosomal storage in bones, joints, and visceral organs, even
though engraftment achieved was low (15% to 20%).'%!” To achieve
a more complete donor-derived engraftment, we decided to use a
busulfan-mediated preconditioning regimen, which was previously
reported to result in high levels of hematopoietic engraftment after
nBMT, and a complete hepatic correction in the erythropoietic
protoporphyria mouse model.?® Different from BMT in patients with
MPS IH, in whom a significant amount of primary and secondary
graft rejection has been observed,'**> we here demonstrate that more
than 50% of transplanted MPS I mice developed complete, lifelong
chimerism, similar to their WT counterparts. No significant acute
toxicity was observed in transplanted mice. Spleen, PB, and thymus
cells of nBMT MPS I mice were repopulated with committed lym-
phoid and myeloid populations similar to the transplanted WT mice.
These findings demonstrate that the combination of a myeloreductive
preconditioning regimen with busulfan and subsequent BMT in new-
born mice is effective, creating a good model for the study of neonatal
cell therapy in MPS I and other MPS mouse models.

We focused on the skeletal abnormalities that develop in MPS I mice
and evaluated the effect of nBMT on these aberrations at 37 weeks of
age. First, MPS I and WT mice grew normally after transplantation, with
the exception of decreased body weight and size secondary to busulfan
treatment.?® At the time of euthanasia (37 weeks old), reconstitution of
normal hematopoiesis in MPS I mice was associated with a consistent
amelioration of bone pathology, as revealed by radiographic skeletal
examination. We found that nBMT reduced bone thickening in the skull,
zygomatic arches, and long bone segments. As busulfan treatment per se
causes areduction in bone dimension, we also analyzed the radiographic
measurements with a statistical model that separates the therapeutic
effects of BMT on MPS I bones from the adverse effect of busulfan treat-
ment on bones of transplanted MPS I or WT mice. This demonstrated
a therapeutic effect on MPS I mice exclusively attributable to nBMT.

We also measured several 2- and 3-dimensional architectural
parameters of the femurs, such as trabecular number and separation,
cortical thickness, and bone mineral volume by micro-CT. This re-
vealed significant differences between untreated and nBMT MPS I
mice. All examined nBMT MPS I mice displayed bone parameter
values comparable to those of WT mice, confirming that nBMT mice
had significant improvements in skeletal phenotype approaching
complete normalization of each parameter tested. Histologically, in
MPS 1 cortical bone, osteocytes were increased and contained
vacuoles, likely reflecting GAGs storage, as also observed in other
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studies.*® Histological amelioration of these features was consistently
observed in femurs of all nBMT mice, with a definite reduction in
both hyperosteocytosis and lysosomal vacuolization in the cortical
bone and an evident improvement in the growth plate organization,
confirming that the perinatal treatment of the disease can positively
affect the skeletal phenotype in MPS L.

It is noteworthy that KS level was normalized after nBMT in
MPS I mice. Elevation of KS in MPS I is probably a secondary
consequence resulting from the skeletal dysplasia, possibly be re-
leased from cartilage damaged by accumulated GAGs and subsequent
inflammation.””*® Therefore, we also evaluated KS levels in the blood
as a biomarker of MPS with skeletal dysplasia. Normalization of blood
KS level strongly supports the notion that nBMT corrects the
pathological and clinical bone lesions in nBMT MPS I mice.

Taken together, radiologic, histopathologic, and biochemical
findings demonstrated thatnBMT can prevent progression of the skel-
etal phenotype in MPS I mice. Previous works in MPS I animal models
and patients have shown improvements in bone and/or joint disease after
early initiation of intravenous enzyme replacement therapy.*® Further-
more, gene therapy at birth in MPS I and MPS VII mice and dogs also
resulted in significant benefits on the phenotypic manifestations of the
disease, including skeletal anomalies.*>** Until now, only a few reports
described the skeletal outcome of nBMT in mouse models with MPS.

Our findings demonstrate that nBMT prevents some of the rel-
evant abnormalities of the skeletal pathology in the MPS I mouse
model. Moreover, improvements in bone parameters correlated with
highlevels of BM-derived cell engraftment in multiple hematopoietic
compartments, suggesting that the early and complete restoration of
normal hematopoiesis can have a significant effect on the bone
development of newborn MPS I'mice. Overall, our study supports the
notion that hematopoietic transplantation from a healthy donor can
be an effective strategy to restore the missing or defective protein
underlying the genetic disorder. However, the clinical efficacy is
strictly dependent on providing the missing protein at a very early
stage, before symptoms become apparent.

This is a proof-of-concept study that advocates nBMT as a highly
effective therapeutic approach for Hurler syndrome, demonstrating
that an early treatment may further affect the clinical outcome of these
patients and strongly supporting the importance of the implementation
of newborn screening procedures to allow an early diagnosis and im-
mediate treatment of affected children.

In particular, unrelated umbilical cord blood may be particularly
fascinating, as it would allow a rapid transplantation immediately af-
ter the newborn screening. Moreover, cord blood from unrelated donors
appears to be an excellent source of hematopoietic stem cells for trans-
plantation in patients with Hurler syndrome, resulting in full-donor
chimerism and normal enzyme levels in almost all the transplanted
patients.'>2°

Future clinical trials are needed to confirm our findings in patients.
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