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functional restoration of SBDS capabilities in vitro and ex vivo. Ataluren improved
80S ribosome assembly and total protein synthesis in SDS-derived cells, restored my-
elopoiesis in myeloid progenitors, improved neutrophil chemotaxis in vitro and re-
duced neutrophil dysplastic markers ex vivo. Ataluren also restored full-length SBDS
synthesis in primary osteoblasts, suggesting that its beneficial role may go beyond the
myeloid compartment. Altogether, our results strengthened the rationale for a Phase
I/1I clinical trial of ataluren in SDS patients who harbour the nonsense mutation.

ataluren, inherited bone marrow failure syndromes, myelodysplastic syndromes, Shwachman-
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INTRODUCTION

Shwachman-Diamond syndrome (SDS) is an inherited bone
marrow failure syndrome characterized by haematological
disorders, exocrine pancreatic insufficiency and bone ab-
normalities." In most cases, bone marrows of SDS patients
are hypocellular with impaired myeloid maturation, result-
ing in neutropenia.” Anaemia and thrombocytopenia are
less frequent.” Almost 15%-20% of patients develop myel-
odysplastic syndrome (MDS) and/or acute myeloid leukae-
mia (AML).* Increased cellular tumour antigen p53 levels
have been reported in SDS-derived bone marrow haemato-
poietic progenitor cells® and osteoblasts (OBs).® Mutations
in TP53 may represent maladaptive stress and is associated
with increased risk of leukaemic transformation. No phar-
macological therapy aimed at improving haematopoiesis
or reducing the MDS/AML risk in SDS patients has been
developed so far, and haematopoietic stem cell (HSC) trans-
plant remains the main option in these cases.

SDS is mostly caused by mutations in the Shwachman-
Bodian-Diamond syndrome (SBDS) gene,” which encodes
an assembly factor for the 80S eukaryotic ribosome.*’ Other
causative genes have been reported with phenotypes at least
partially overlapping SDS, also in combination with SBDS
mutations in some cases.'” More than half of SDS patients
harbour the nonsense mutation ¢.183-184TA>CT (K62X) in
one SBDS allele.”"!

A premature termination codon produces a truncated,
loss-of-function protein. Alternatively, no hypomorphic
protein is produced because the mRNA containing prema-
ture termination codons is generally removed by an endoge-
nous mechanism known as nonsense mediated decay."?

Translational readthrough-inducing drugs (TRIDs) are
arousing growing interest as promising approaches to sup-
press nonsense mutations in monogenic disorders." Among
TRIDs, ataluren (PTC124; PTC Therapeutics)'* was recently
approved for use in Duchenne muscular dystrophy (DMD)
in Europe.”” Of note, ataluren-mediated readthrough of a
premature termination codon that produces neomorphic
protein may be due to its inhibition of the release factor ac-
tivity during translation. Ataluren can bind two different
sites within the rRNA in the ribosome.'®"

In a pilot study, we found that ataluren can restore SBDS
synthesis in bone marrow haematopoietic progenitor cells

and mesenchymal stromal cells isolated from 13 patients
with SDS."® We provide here preclinical efficacy of ataluren
in restoring functional SBDS protein levels in several pri-
mary cell models and cell lines obtained from an enlarged
cohort of 29 patients carrying SBDS nonsense mutations. We
assessed the effect of ataluren in restoring the correct eu-
karyotic ribosome 80S maturation in SDS cells, improving
the myelopoiesis ex vivo in primary bone marrow mononu-
clear cells (BM-MNCs). Ataluren reduced dysplastic features
of neutrophils and improved their chemotaxis. Since SDS is
characterized also by extra-haematological disorders, such
as skeletal abnormalities, we found that ataluren restored
SBDS protein synthesis in primary OBs isolated from SDS
patients.

METHODS
Patient recruitment

We recruited 30 SDS patients from the Azienda Ospedaliera
Universitaria Integrata (AOUI), Verona (Italy) and the
Azienda Ospedaliero Universitaria Ospedali Riuniti
(AOUOR), Ancona (Italy). All recruited SDS patients have
biallelic mutations in SBDS (Table 1).

Human samples and cell cultures

Peripheral blood mononuclear cells (PBMCs) and BM-
MNCs were isolated by Ficoll-Paque Plus gradient cen-
trifugation (Sigma-Aldrich), following the manufacturer's
protocol. Primary human OB cultures were established
by means of a modified version of the Gehron Robey and
Termine procedure'® from bone remnants of BM biopsies
obtained from SDS patients. Trabecular bone specimens
of healthy donors were obtained from bone remnants of
hip prosthetic surgery. After incubation at 37°C for 30 min
with Joklik's modified MEM (Sigma-Aldrich) contain-
ing 0.5mg/mL type IV collagenase (Sigma-Aldrich), bone
pieces from each sample were cultured until confluence
in complete Iscove's Modified Dulbecco Medium (IMDM;
Sigma-Aldrich). Cells were used at the second passage to
reduce genotype changes. Human lymphoblastoid cell
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lines (LCLs) from both SDS patients and healthy donors
(Table S1) were obtained as previously described*’ and cul-
tured in complete RPMI-1640 (Sigma-Aldrich), whereas
HEK293T were grown in complete eagle's minimum es-
sential medium (Sigma-Aldrich).

Western blot

Total protein extracts were loaded in 12% sodium dode-
cyl sulphate-polyacrylamide (SDS-PAGE) gel (Bio-Rad).
Proteins were then transferred into nitrocellulose mem-
branes (Bio-Rad) and incubated with the proper primary
and secondary antibodies as previously reported'® and ex-
tensively described in Supplementary Methods.

Plasmid engineering, transfections and
immunofluorescence

Plasmid pcDNA3.1(+)-P2A-eGFP from GenScript Biotech
Corporation has been engineered to include SBDS wild-type
cDNA sequence followed by the self-cleavage P2A sequence
and the eGFP gene as positive control of the transfections
(Figure S1). The plasmid has then been mutagenized to in-
troduce the ¢.183_184TA>CT mutation in the SBDS cDNA
sequence (see Supplementary Methods). HEK293T cells
have been transfected with Polyplus jetOPTIMUS following
the manufacturer's indications. Fluorescence microscopy
was performed with an Olympus IX51 Inverted fluores-
cent microscope, equipped with U-RFL-T200 lamp and U-
TV0.5XC-3 CCD Camera (Olympus). Image analysis was
performed by analSYS~B 5.0 (Soft Imaging System).

Protein synthesis assay (SUnSET)

For measuring protein synthesis, LCL (UPN58) was treated
with DMSO (vehicle, 1:2000) or 2.5-5uM of ataluren for
24h. Subsequently, 1 pM puromycin was added to the me-
dium for 30 min. Cells were then lysed and western blot
was performed as described above. Additional information
about antibody dilution and data analysis is provided in the
Supplementary Methods.

Colony assays

BM-MNCs were plated in duplicate at a density of 1x10°/
mL in 30-mm Petri dishes containing 1 mL of StemMACS
HSC-CFU lite medium supplemented with 20ng/mL
granulocyte colony-stimulating factor (G-CSF; Filgrastim,
Hospira). For treatment, DMSO (vehicle, 1:4000) or 2.5 uM
of ataluren were added to the medium. Granulocyte-
macrophage colony-forming units (GM-CFU) and burst-
forming unit-erythroid (BFU-E) were counted every 7 days
using a SMZ1270 stereomicroscope (Nikon).

Polysome profile analysis

Polysome profiles were analysed as previously described.”"
Briefly, cell lysates were loaded on a 15%-50% continuous
sucrose gradient. Separation of cytoplasmic components was
achieved by ultracentrifugation, and polysome profiles were
monitored at 254nm using an ISCO gradient fractionator
system. Further details are provided in the Supplementary
Methods.

Chemotaxis-on-chip

Flow-free microfluidic devices are described properly in
Supplementary Methods.”” Briefly, freshly isolated BM-
MNC were preincubated with DMSO (vehicle, 1:2000)
or with 5pM of ataluren for 24h in complete IMDM
(ThermoFisher Scientific) supplemented with 20ng/mL
of G-CSF. The chemotaxis-on-chip assay was performed
injecting 1.5x10* BM-MNC-derived neutrophils in the
upper reservoir of the microfluidic device, meanwhile the
chemotactic stimuli [100 ng/mL of interleukin-8 (IL-8) and
1 uM of N-Formylmethionyl-leucyl-phenylalanine (fMLP);
PeproTech] were injected in the lower reservoir (Figure 4A).
Migration was recorded capturing images for 1h every
minute using bright field time-lapse microscopy. Data were
further analysed to quantitatively evaluate the movement
of cells by the forward migration index (FMI) and centre
of mass.

Neutrophil dysplastic marker evaluation

Isolated neutrophils were supplemented with 20 ng/mL of G-
CSF in the presence or absence of ataluren treatment, and
after 24h, dysplastic markers were evaluated using a flow
cytometer FACSCanto II (BD Biosciences). Further details
are provided in the Supplementary Methods.

Statistical analysis

Normal distribution was evaluated by the Shapiro-Wilk test
before performing parametric or non-parametric tests in each
experiment. Independent group determination was analysed
using two-tailed Student's t-test for paired or unpaired data. A
Pp<0.05 was considered statistically significant. The statistical
analysis was performed using Prism 7 (GraphPad).

RESULTS
Ataluren reduces p53 protein levels in SDS LCL
Ribosomal biogenesis is impaired in SDS-derived cells,

as characterized by reduced 80S ribosome assembly.®’
Consequently, the overall protein synthesis capability has
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been found severely reduced in SDS cells.”® In SDS, the ribo-
some assembly defect is due to the loss of SBDS protein syn-
thesis, impairing the molecular mechanism leading to the
release of EIF6.** We incubated LCL obtained from SDS pa-
tients harbouring the nonsense mutation ¢.183-184TA>CT
with ataluren to promote the expression of neomorphic
SBDS protein. First, we verified the capability of ataluren
to suppress the nonsense mutation in SBDS using two dif-
ferent techniques. Western blot analysis was performed in
LCLs derived from six patients (UPN24, UPN26, UPN58,
UPN75, UPN82 and UPN106) as previously reported,
whereas immunofluorescence was performed in HEK293T
cells transfected with a plasmid encoding the human SBDS
cDNA carrying the c.183-184TA>CT mutation with an
eGFP sequence in frame (Figure S1). Our results confirmed
that 2.5-5pM of ataluren can restore full-length SBDS pro-
tein synthesis in human cells by both immunofluorescence
(Figure 1A; Figure S2A) and western blot (Figure 1B,C;
Figure S2B). To exclude a potential out-of-target effect of
ataluren on splicing mutations, we incubated LCL obtained
from patient UPN51, homozygous for the ¢.258+2T>C SBDS
variant, with 2.5-5mM of ataluren for 24h. As expected,
ataluren cannot suppress splicing mutations (Figure S2C).
In addition, ataluren did not increase SBDS protein levels
in LCL obtained from healthy individuals (Figure S2D,E).
Interestingly, it was recently reported that ataluren may
promote nonsense-mutated dystrophin  mRNA expres-
sion in skin fibroblasts from patients with DMD by par-
tially restoring the nonsense mediated decay mechanism.*
Considering these findings, we investigated the capability
of ataluren to induce SBDS mRNA in SDS LCL. However,
ataluren treatment showed no effect in restoring SBDS tran-
scription (Figure S2F). As in other IBMFS,*® SDS is char-
acterized by elevated levels of p53 in haematopoietic and
non-haematopoietic cells.”® Here we show that p53 levels
are elevated in LCL obtained from six SDS patients (UPNG6,
UPN26, UPN43, UPN58, UPN82 and UPN106) with differ-
ent genotypes (Figure 1D,E; Figure S3A,B). Thus, we sought
to evaluate whether ataluren could reduce the amount of p53
in LCL. Upon ataluren-dependent restoration of SBDS pro-
tein synthesis, we observed a statistically significant reduc-
tion (~50%) of p53 levels upon ataluren treatment for 24h
at both the concentrations tested (Figure 1F,G; Figure S3C).

SDS LCL improves ribosome assembly and
increases the total cellular protein synthesis
after ataluren treatment

We next sought to evaluate the effect of ataluren on restor-
ing ribosome biogenesis in SDS-derived LCL from UPN24
and UPN58. Ataluren (5uM) treatment significantly im-
proved the eukaryotic 80S ribosome assembly (+49%) in
SDS LCL without affecting healthy controls (Figure 2A-D).
Performing SUnSET assays,” to evaluate the incorporation
of puromycin in new synthesized polypeptide chains, we
observed a reduction of the total protein synthesis in SDS
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LCL compared with healthy controls (Figure S4A). Then, we
sought to explore the effect of ataluren on the rescue of the
total protein synthesis in SDS LCL obtained from UPN24
and UPN58. Ataluren (5mM) significantly restored the
total protein synthesis (+165%) in SDS LCL (Figure 2E-
G). Ataluren did not improve the total protein synthesis in
healthy donor-derived LCL (Figure S4B,C).

Effect of ataluren on myeloid differentiation and
neutrophil dysplasia in SDS BM-MNC

We analysed bone marrow aspirates obtained from 30 SDS
patients and 16 healthy donors (Table S2). Based on results
arisen from our pilot study,'® we performed haematopoietic
progenitor assays by incubating 2.5 uM of ataluren in freshly
isolated BM-MNC:s ex vivo for 21 days. CFU-GM and eryth-
roid colonies (BFU-E) were counted every 7days. We ob-
served that SDS haematopoietic progenitors produced 41% of
myeloid and 20% of erythroid colonies compared to healthy
donors (Figure 3A,B). Ataluren improved myeloid differen-
tiation in SDS BM-MNCs, resulting in a significant 1.5-fold
increase of CFU-GM after 14 days of incubation (Figure 3A).
No effect of ataluren was observed on erythroid differentia-
tion (Figure 3B). In addition, no significant effect of ataluren
on SBDS synthesis was observed on healthy donor-derived
BM-MNC at each time point. To verify that the improvement
of myeloid colonies was associated with increased synthesis
of SBDS, we checked SBDS protein levels on colonies isolated
after 21 days of ataluren treatment. Ataluren showed no effect
on SBDS synthesis in healthy donor-derived cells (Figure 3C),
whereas it restored full-length neomorphic SBDS protein
synthesis SDS cells (Figure 3D). Among all bone marrow
aspirates tested, five (16%) did not respond to ataluren. We
sought to investigate whether the increased myelopoiesis was
also associated with reduced expression of dysplastic mark-
ers in neutrophils. We incubated SDS BM-MNC displaying
higher levels of immature, dysplastic myelocytes in bone
marrow with 20ng/mL G-CSF in the presence of 5pM of
ataluren for 24h. Flow cytometry analysis was performed
for granulocytic differentiation based on CD45, CD13, CD16
and CD11b, as previously described.”® The analysis of the
combination of CD16 expression with the granulocytic—
monocytic lineage marker CD13 was used as a useful indica-
tor of granulocytic differentiation® (Figure 3E). We analysed
the expression of neutrophil dysplastic markers in BM-MNC
obtained from nine SDS patients. A marked reversion of dys-
plastic condition (measured as CD11b-positive cells within
the dysplastic myelocyte population) was observed in two
cases (UPN37 and UPN80) out of three (Table 2) showing
higher levels of dysplastic markers before treatment com-
pared to healthy donors (Table S3). In the other six samples,
which displayed lower levels of neutrophilic dysplastic mark-
ers, no significant effect of ataluren was observed (Table S4).
In addition, in our experimental conditions (24h), ataluren
did not promote neutrophil differentiation in BM-MNC in
vitro (Table 2; Table S4).
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FIGURE 1 Ataluren induces translational readthrough transfected HEK293T cells and in LCL carrying c.183-184TA>CT mutated SBDS, reducing
p53 levels. (A) HEK293T cells transfected with the pcDNA3.1(+)-C-eGFP plasmid carrying the SBDS wild-type (wt) cDNA and SBDS carrying the
¢.183-184TA>CT stop mutation (magnification 10x, images were acquired by Olympus IX51 Inverted fluorescent microscope equipped with Olympus U-
TV0.5XC-3 CCD Camera). The wt SBDS plasmid has been used as positive control. The green signal appears after transcription of the chimeric wtSBDS-
P2A-eGFP construct and the subsequent translation and cleavage of the two separated SBDS and eGFP proteins (Figure S1). The SBDS ¢.183-184TA>CT
mutated plasmid produces the green signal only in case of readthrough of the PTC, induced by ataluren. (B) Representative experiment conducted on
LCL generated from B cells of UPN58. Cells were incubated with ataluren 2.5-5pM or with DMSO (1:2000) as control, for 24h. SBDS protein levels

were detected by western blot analysis. (C) Scatter dot plots indicating the effect of ataluren on SBDS resynthesis in LCL obtained from UPN24, UPN26,
UPN58, UPN75, UPN82 and UPN106 after 24 h of treatment. Data are the mean+SEM of six independent experiments. Normal distribution was tested
by the Shapiro-Wilk test before running a two-tailed Student's ¢-test for paired data (*p <0.05; **p <0.01). (D) Representative experiment conducted on
LCL from UPN6, UPN43, UPN58, UPN82 and healthy donors (CTL1 and CTL2). Cells were grown in RPMI 1640 medium supplemented with 10% FBS
for 24h. Then, p53 protein levels were detected by western blot analysis (D) and densitometry analysis was carried out (E). Scatter dot plots represent the
mean+SEM of seven (n=7) experiments conducted on LCL derived from UPN6, UPN26, UPN43, UPN58, UPN82 and UPN106. (F) LCL obtained from
UPN26 was treated with 2.5-5puM of ataluren for 24 h (representative experiment). Protein levels of p53 and SBDS were detected by western blot analysis,
and densitometry analysis was performed (G). Scatter dot plots represent the mean + SEM of five independent experiments (n=>5) conducted in LCL from
UPN26, UPN58 and UPNS2 as described in (F). During western blot analyses, p-actin was quantified as loading control. Normal distribution was tested

by the Shapiro-Wilk test before running the two-tailed Student's ¢-test for paired data (*p <0.05). LCL, lymphoblastoid cell line; SBDS, Shwachman-

Bodian-Diamond syndrome; UPN, unique patient number.

Ataluren improves chemotaxis of neutrophils
differentiated from SDS BM-MNC in vitro

While SDS neutrophils express normal levels of fMLP re-
ceptors throughout the plasma membrane, these cells are
unable to orient in a spatial gradient of fMLP.>>*' Random
migration appears to be unaffected in SDS neutrophils, but
the specific directionality through the chemotactic gradient
due to fMLP is severely impaired.*" To perform single-cell
analysis of chemotaxis in SDS neutrophils, we developed
a microfluidic device based on lab-on-chip technology®
(Figure S5). FMI and centre of mass were then analysed.
Chemotaxis-on-Chip assays confirmed that SDS neutro-
phils have a significantly impaired chemotaxis, both in
terms of FMI and centre of mass, compared with healthy
donor cells (Figure 4). We found that ataluren can enhance
the fMLP/IL-8-dependent chemotaxis in SDS BM-MNC-
derived neutrophils in vitro, restoring the correct direction-
ality towards the chemotactic gradient without affecting
chemotaxis in healthy donor-derived cells (Figure 4A-D;
Videos S1-S9). In particular, in the presence of fMLP and
IL-8, ataluren (5pM) improved both the FMI (5.6-fold in-
crease, Figure 4B,C) and centre of mass (2.1-fold increase,
Figure 4D) in SDS BM-MNC-derived neutrophils obtained
from UPN26, UPN75, UPN80 and UPN147, compared with
DMSO-treated controls.

Ataluren restores SBDS protein expression in
primary OB

To evaluate the efficacy of ataluren in restoring SBDS pro-
tein synthesis in non-haematopoietic tissues, we treated pri-
mary OBs obtained from four SDS patients (UPN24, UPN26,
UPN72 and UPN106) with increasing doses of ataluren for a
period from 24 to 96 h (Figure 5A,B; Figure S6). Ataluren ef-
ficacy varied among different primary OB cultures, showing
restoration of synthesis of neomorphic SBDS in most sam-
ples tested. We observed that 10uM was the most effective
concentration of ataluren in OBs within the 96h, resulting

in a twofold increase of SBDS synthesis, whereas 5pM re-
sulted in a slightly increased (+32%) resynthesis of SBDS
(Figure 5C).

DISCUSSION

SDS is a ribosomopathy caused by the loss of synthesis of
a functional SBDS protein, which physically interacts with
EFLI to release EIF6 and facilitates 80S ribosome assembly.®’
The lack of expression of SBDS in SDS cells is mainly due
to two peculiar mutations: the splicing variant ¢.258+2T>C
in more than 90% of SDS patients, and the nonsense vari-
ant ¢.183-184TA>CT in ~55% of SDS patients.”'" Acting as
a TRID, ataluren is approved in Europe for the treatment of
DMD." Here we report that ataluren restores full-length,
neomorphic SBDS protein levels in haematopoietic-derived
cells (LCL) and non-haematopoietic (OB) tissues. Ataluren-
dependent synthesis of the neomorphic SBDS protein
rescued myeloid differentiation, corrected granulocytic dys-
plasia and neutrophil chemotaxis, and reduced the exagger-
ated p53 levels.

Ataluren in vitro efficacy may vary depending on the
type of tissue tested® and on the specific PTC sequence
(UGA >UAG >UAA).* We have previously hypothesized
that proliferating tissues, or metabolic active cells, may be
easily targeted by ataluren, since we observed that ataluren-
induced readthrough cannot be observed in primary
PBMCs unless they are preincubated with phytohaemag-
glutinin in order to induce lymphocyte proliferation.'® The
presence of a unique PTC sequence (UGA) and the target
tissue (proliferating haematopoietic progenitor/precursor
cells) in SDS patients might constitute major strengths for
the clinical use of ataluren in SDS. Ataluren can induce
near-cognate insertion at the PTC, favouring a subset of
tRNAs which lead to the incorporation of specific amino
acids. In particular, Gln, Lys and Tyr are inserted at UAA
stop codon, whereas Trp, Arg and Cys are inserted at UGA
stop codon.’*** Thus, in SDS, we would predict the inser-
tion of Trp, Arg and Cys in place of Lys at position 62 of the
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FIGURE 2 Ataluren improves 80S ribosome assembly and whole protein synthesis in SDS LCL. (A-C) Representative polysome profiles of LCL
obtained from healthy donor [CTL8 (A)], UPN58 (B) and UPN24 (C) were evaluated in the absence (DMSO, 1:2000) or presence of 5puM of ataluren

for 24 h, by sucrose density gradient separation. (D) The ratio of peak areas:total areas of fractions 40S, 60S and 80S was calculated in six independent
experiments (UPN58 n =2, UPN24 n=4) as performed in (B, C). (E, F) Puromycin incorporation during protein synthesis was evaluated by SUnSET assay
in LCL from UPN58 and UPN24 (representative experiments). (G) Scatter dot plots represent the mean + SEM of six independent experiments conducted
in LCL from UPN58 (n=4) and UPN24 (n=2). Ponceau staining was used to evaluate the loading control. Normal distribution was tested by the
Shapiro-Wilk test before running the two-tailed Student's ¢-test for paired data (*p <0.05; **p <0.01, ns =non-significant). LCL, lymphoblastoid cell line;
SBDS, Shwachman-Bodian-Diamond syndrome; SDS, Shwachman-Diamond syndrome; UPN, unique patient number.
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FIGURE 3  Ataluren improves myelopoiesis ex vivo in BM-MNC isolated from SDS patients. (A, B) BM-MNCs isolated from bone marrow aspirates
of SDS patients and healthy controls (as specified in Table $2) were seeded at a density of 1x 10° cells/mL in 3-cm Petri dishes containing StemMACS Lite
medium supplemented with 20 ng/mL of G-CSF and incubated in the absence (DMSO, 1:4000) or in the presence of 2.5uM of ataluren for 21 days at 37°C.
CFU-GM (A) and BFU-E (B) were counted every 7 days. Histograms represent the mean +SEM of 32 bone marrow biopsies (1 =32) isolated from 21 SDS
patients. Normal distribution was tested by the Shapiro-Wilk test before running the two-tailed Student's t-test for paired data (**p <0.01; ***p <0.001;
#%p <0.0001). (C) Representative western blot analysis of SBDS carried out in myeloid colonies obtained from HD13 and HD14 after 21 days of
incubation in the absence (DMSO, 1:4000) or in the presence of 2.5 uM of ataluren as indicated in (A, B). Protein extracts obtained from CTL5 LCL were
used as internal control of SBDS protein levels. (D) Representative western blot analysis of SBDS carried out in myeloid colonies obtained from UPN74
after 21 days of incubation in the absence (DMSO, 1:4000) or in the presence of 2.5 uM of ataluren as indicated in (A, B). (E) Freshly isolated bone marrow
sample from UPN37 was depleted by red blood cells using osmotic lysis, and then incubated with or without (DMSO, 1:2000) 5pM of ataluren for 24h

in IMDM supplemented with 10% FBS and 20ng/mL G-CSF. Levels of CD11b, CD16, CD13 and CD45 were evaluated by flow cytometry (representative
experiment). Flow cytometry analysis using the quadruple immunostaining for the granulocytic differentiation based on CD45, CD13, CD16 and CD11b
was then performed. The analysis of the combination of CD16 expression with the granulocytic-monocytic lineage marker CD13 was used as a useful
indicator of granulocytic differentiation. The percentage of each gated population is indicated within the plots. BEU-E, burst forming unit-erythroid;
BM-MNC, bone marrow mononuclear cell; GM-CFU, granulocyte-macrophage colony-forming units; G-CSF, granulocyte colony-stimulating factor;
IMDM, Iscove's Modified Dulbecco Medium; SDS, Shwachman-Diamond syndrome; SBDS, Shwachman-Bodian-Diamond syndrome; UPN, unique
patient number.
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TABLE 2 Neutrophil dysplasia assessment before and after in vitro ataluren treatment.

UPN Promyelo (%) Myelo (%) Metamyelo (%)
37 6.0 3.7 10.7 10.0 2.5 4.1
58 0.62 0.8 8.54 10.02 1.24 1.09
80 2.43 1.67 22.86 21.2 3.6 3.17
Ataluren = + = + = +

Dysplastic population CD13*/CD16~ (%)

Granulo (%) CD11b~ CD11b"

7.5 9.7 96.6 42.6 2.7 54.7
19.65 19.78 83.74 84.31 11.50 10.79
15.24 13.84 84.92 8.51 9.78 84.92
- + - + - +

Note: Neutrophil maturation stages were evaluated by flow cytometry analysis as already well established.”® Gating strategy is depicted in Figure 3D. The analysis of the
combination of CD16 expression with the granulocytic-monocytic lineage marker CD13 was employed as a useful indicator of granulocytic differentiation. Dysplastic condition
was measured as CD11b-negative cells within the CD13* CD16" population. Patients showing neutrophil dysplastic features (UPN37, UPN58 and UPN80) before and after
ataluren ex vivo treatment are reported. Values relative to healthy donors are showed in Table S3. Patients responding to ataluren treatment ex vivo are marked in bold.

Abbreviation: UPN, unique patient number.

nascent SBDS polypeptide chain. However, a limitation of
this study is that a formal proof that a functional neomor-
phic SBDS protein is synthesized upon ataluren treatment
has not been provided. Importantly, neomorphic proteins
induced by ataluren treatment generally retain substantial
function, regardless the different amino acids substitu-
tion.”* Thus, the rescued expression of SBDS full-length
protein, albeit neomorphic, should be followed by improved
ribosome biogenesis and increased global protein synthe-
sis capability. According to this assumption, ataluren-
mediated rescue of SBDS synthesis led to a twofold increase
in 80S mature ribosome amount in LCL obtained from SDS
patients. This reflected a twofold increase in total protein
synthesis capability, approximating normal levels.

Not all patients with SDS develop clinically important
neutropenia or MDS/AML. A notable feature of both neu-
tropenia and exocrine pancreatic insufficiency is their fluc-
tuating severity. However, some do require G-CSF treatment
(e.g. filgrastim). Here we analysed 30 bone marrow aspirates
collected from a cohort of SDS patients carrying the c.183-
184TA>CT nonsense mutation. Considering the rareness of
SDS and the specific genotype selected for this study, this
should be considered one of the most comprehensive stud-
ies on SDS human specimens conducted so far. CFU-GM
were significantly improved in BM-MNCs upon treatment
with ataluren for 7 (+53%), 14 (+88%) and 21 days (+73%).
Although SDS patients carried the same nonsense muta-
tion in SBDS, therefore harbouring the same stop codon se-
quence, we found five non-responding cases (16%). This was

not surprising, because other investigations on DMD*® and
cystic fibrosis® had reported that ataluren's efficacy can vary
even in patients carrying the same genotype. The mech-
anism underlying the lack of efficacy of ataluren in these
cases remains unclear.”>**

No effect on erythropoiesis was observed upon ataluren
treatment. Although SBDS expression is important for early
erythroid differentiation,”® both SBDS mRNA and protein
levels rapidly decrease during erythroid maturation. After
5days of in vitro differentiation, SBDS transcript was de-
creased by almost 80% in primary HSC CD133" cells. The
same study showed that SBDS protein levels were almost
undetectable after 4 days of in vitro differentiation in K562
cell line.”® This suggests that in our experimental conditions
(from 7 to 21 days of incubation), a clear effect on erythroid
maturation may not be expected.

SBDS protein appears to be essential for the survival of
granulocyte precursor cells in vitro.”> We did not observe a
significant increase in neutrophil maturation upon 24-h ata-
luren treatment, but we reported an almost complete rever-
sion of dysplastic condition of SDS neutrophils in two out of
three bone marrow aspirates which showed higher number
of dysplastic neutrophils before treatment. Together with the
reduced levels of p53 with ataluren treatment in vitro, these
findings raise the issue of ataluren potential role in reducing
the risk of leukaemic evolution. However, the small sample
size decreases the power in this study.

SDS-derived neutrophils display a chemotaxis defect
due to the altered F-actin polymerization.® Neutrophil

FIGURE 4

Chemotaxis-on-Chip assay reveals that ataluren improves chemotaxis in SDS BM-MNC differentiated into neutrophils. BM-MNCs were

isolated from bone marrow aspirates of four SDS patients (UPN26, UPN75, UPN80 and UPN147) and incubated in IMDM supplemented with 20 ng/
mL G-CSF in the absence (DMSO, 1:2000) or in the presence of 5 uM of ataluren for 24 h to stimulate neutrophil differentiation. Neutrophil maturation
marker CD66b was evaluated by flow cytometry before testing chemotaxis. Single-cell analysis of chemotaxis was performed on AVI video generated
by capturing one image every minute for 60 min in time-lapse through a CCD camera connected to the microscope. Untreated BM-MNC-derived
neutrophils were exposed to IL-8 and fMLP chemical gradient (positive control) or tested in the absence of chemotactic stimuli (negative control) to
normalize random movements of the cells, regardless of chemotaxis. (A) Representative analysis of manual cell tracking conducted with Image]J software
in BM-MNC isolated from SDS patients (UPN80 and UPN147) and healthy donor HD15 and differentiated into neutrophils as described above, in the
absence (DMSO, 1:2000) or in the presence of 5pM of ataluren treatment. Each dot and line represent a single-cell analysis of cell movement under
chemical gradient sustained by IL-8 and fMLP. (B) Forward migration index as calculated for each bone marrow sample tested. (C) Scatter dot plots are
mean+SEM independent experiments as depicted in (B). Normal distribution was tested by the Shapiro-Wilk test before running a two-tailed Student's
t-test (****p <0.0001). (D) The centre of mass has been calculated for each bone marrow sample tested under the same conditions indicated in (A). BM-
MNC, bone marrow mononuclear cell; G-CSF, granulocyte colony-stimulating factor; IMDM, Iscove's Modified Dulbecco Medium; SDS, Shwachman-

Diamond syndrome; UPN, unique patient number.
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FIGURE 5 Ataluren restores SBDS protein synthesis in primary osteoblasts isolated from SDS patients. Primary OBs were isolated from bone
biopsies obtained from four SDS patients (UPN24, UPN26, UPN72 and UPN106) and healthy donors (HD1, HD2 and HD3). Cells (p1) were incubated

in the absence (DMSO, 1:2000) or in the presence of 5-10 pM of ataluren for 24-96 h. Proteins were extracted in RIPA lysis buffer and western blot was
performed to evaluate SBDS and f-actin levels. (A) Representative experiment conducted on OBs isolated from UPN106 at 24 h. (B) Representative
experiment conducted on OBs isolated from UPN26 at 24 h. (C) Scatter dot plots indicating the maximal efficacy of ataluren treatment on SBDS
resynthesis in OBs within the 96 h of treatment. Data are the mean+SEM of 3-5 independent experiments. Normal distribution was tested by the
Shapiro-Wilk test before running a two-tailed Student's ¢-test (*p <0.05; **p <0.01). OB, osteoblast; SBDS, Shwachman-Bodian-Diamond syndrome; SDS,

Shwachman-Diamond syndrome; UPN, unique patient number.

chemotaxis impairment in SDS is not affected by the abnor-
mal expression of chemokine receptors, nor by disruption of
their signalling pathways, but mostly due to the inefficient
orientation capability of neutrophil towards the chemotactic
chemical gradient.”® To properly evaluate neutrophil orien-
tation capability under a chemotactic gradient, we sought to
design a microfluidic device able to detect single-cell move-
ment in real time due to chemotactic stimuli. Although other
chemotaxis-on-chip assays based on mechanical flow are
already commercially available, our device is optimized to
work in flow-free conditions. Here we showed that ataluren
treatment improved chemotaxis in BM-MNCs differenti-
ated into neutrophils, increasing the FMI, which indicate the
range of motion of cells towards the chemotactic chemical
gradient, and the body mass centre, which measures the total
movement of the cells in a two-dimensional environment.
According to observations published by Stepanovic et al.,*'
our data confirm that untreated SDS neutrophils do not have
impaired recognition of chemotactic factors, but they move
randomly, independently from the chemoattractant chemi-
cal gradient. Interestingly, ataluren was able to improve the
directionality of movement of SDS BM-MNC-derived neu-
trophils towards the chemotactic stimuli. Thus, ataluren may
benefit those SDS patients with host defence deficiencies.’
Although OBs respond to higher doses of ataluren
compared to haematopoietic cells, ataluren-dependent

improvement of SBDS levels in mesenchymal cells from bone
matrix may further justify the clinical development of this
drug. Since both dysregulation of TP53 and stroma*®*! may
contribute to leukaemogenesis in SDS, ataluren might also
reduce the risk of leukaemic progression in SDS patients.
Overall, our study suggests that ataluren can be a promising
personalized medicine approach for SDS patients carrying
nonsense mutations. Preclinical results support a Phase I/II
clinical trial of ataluren in SDS patients who harbour a non-

sense mutation.
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