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To the editor

Spinal muscular atrophy (SMA) is the leading inherited cause of infant death.
However, the rapidly evolving landscape of therapeutic options is dramatically
changing the natural history of the disease. Nusinersen was the first drug approved
for the treatment of SMA, and it is now commercially available in many countries
worldwide. Very recently, the gene therapy onasemnogene abeparvovec-xioi has also
received approval from FDA for the treatment of patients younger than 2 years of
age. Nusinersen is administered intrathecally and consists of an antisense
oligonucleotide designed to modify pre-messenger RNA thus increasing the level of
SMN protein(1). A phase 3 randomized, double-blind, sham-controlled, clinical trial
in patients with SMA1, the most severe form of SMA, showed that patients treated
with nusinersen had a significant motor milestone response and a higher likelihood
of event-free survival? (i.e. free from tracheostomy or non-invasive permanent
ventilation). However, there is no information on the effects of the treatment on
respiratory function that strongly affects the prognosis in SMA1, as respiratory
problems are the major cause of hospitalization, morbidity and mortality. Ribcage
muscle weakness is a distinctive feature of SMA1 since infancy, while the diaphragm
is spared and leads the breathing function(3); and natural history studies(4, 5)
showed that the majority of surviving SMA1 children become ventilator dependent.
The assessment of respiratory function in infants is challenging because it usually
requires invasive and/or volitional tests(6). We have previously reported how feasible
and informative the non-invasive measurement of respiratory pattern during quiet
breathing by optoelectronic plethysmography can be, even in uncooperative infants.
We have characterized the specific ventilatory and thoraco-abdominal patterns
during quiet breathing of infants and children affected by the three forms of SMA.
Specifically, SMA1 patients were characterized by rapid and shallow breathing with

paradoxical thoraco-abdominal motion(3) and bell-shaped thorax(7). The study was
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carried out in 32 untreated SMA 1 patients, who might be considered a control group
of natural history patients. In the present study, respiratory function data from the
control group was compared with that of a new cohort of 27 SMA1 nusinersen treated
infants and children. For the very first time we were able to understand if and how
nusinersen impacts on the respiratory function in the most severe form of the

disease.

In order to better capture possible response to treatment, which has been reported
to be variable depending on different factors including age at treatment, disease
duration and severity, we decided to divide both the control and the treated SMA1
patients into the 3 subtypes, defined according to age of symptoms onset and clinical
presentation (symptoms in the first 2 weeks of life:1A; within the third month: 1B;

between 3 and 6 months: 1C)(8).

Regrouping our cohort of natural history according to the subtypes (17 A-B patients:
ABng and 15 C: Cyp), differences emerged in the ventilatory pattern (Figurel). While
total minute ventilation was similar, its two components, namely respiratory rate and
tidal volume differed, resulting in more severe rapid and shallow breathing index
(RSBi) in AByy (Tablel). In the treated group (15 A-B patients: ABg and 12 C: Crg),
respiratory rate still remained higher in the ABrg, but tidal volume, minute

ventilation and RSBi were similar between ABrr and Crr (Tablel).

In addition to motor function improvement, the most striking difference between the
groups emerged in the action of ribcage muscles, as indicated by the percentage

contribution of pulmonary ribcage to tidal volume (%AVgcp)(3) in Figurel.

In untreated patients, %AVgcp did not differ (p=0.952) between AByy and Cyy being
always negative, thus confirming the systematic presence of paradoxical inspiratory
inward thoracic motion. By contrast in the treated groups, ABrgr were similar to

natural history AB patients (p=0.664), while Crgr were characterized by the highest
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values of %AVgcp (p<0.001) that were always positive, thus demonstrating absence
of thoraco-abdominal breathing asynchrony. Importantly, Cix at baseline had clinical
severity similar to the correspondent untreated group, as their motor function,

assessed by the CHOP INTEND scale(9, 10), did not significantly differ (p=0.21).

Two important considerations emerged from these results: nusinersen had an
ameliorative effect also on the respiratory function of SMA1 infants and children;
however, disease subtype seems to play a crucial role in the response to the drug.
While respiratory pattern of treated SMA1 A-B patients did not significantly differ
from untreated patients, SMA 1C patients were the best responders in terms of
ventilatory and thoraco-abdominal patterns. Importantly, both age of starting and
treatment duration were similar between ABrg and Crg (Tablel) and therefore they
did not affect results. The disappearance of paradoxical ribcage motion indicated that
ribcage muscles became strong enough to counteract the negative pleural pressure
swings developed by the contraction of the diaphragm. The main consequences of
the improved action of respiratory muscles were the significantly reduced bell-
shaped chest index and daily hours of mechanical ventilation needed by Crig

compared to ABrg, whose values did not differ to natural history groups (Tablel).

This is the first evidence of the efficacy of nusinersen on respiratory function in SMA1
patients and it did not only consider the use (or not) of permanent ventilation as
respiratory outcome. However, the responsiveness to the drug was dramatically
different according to disease subtypes, with Crr being the best responders; ABrg
showed significant improvement in motor function but respiratory function almost
followed natural history pattern even after at least 1 year of treatment. With the
exception of one child undergoing tracheostomy after 18 months of treatment, none
of the other patients either increased number of hours of ventilation or became

ventilator-dependent. These findings should be confirmed in longitudinal studies
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tracking the effects of nusinersen with growth. Interestingly, SMN2 gene copy
number was significantly higher in the treated group (50% of Cg with 3 copies), thus
suggesting a possible role of this factor in influencing pharmacodynamics and thus
response to treatment, particularly considering respiratory function. However, this
finding needs further investigation, as the actual role of SMN2 gene copy number in

influencing clinical and motor response is still controversial(11, 12).

Although nusinersen has opened up scenarios of motivated hope, our data further
highlighted that adequate supportive care should remain imperative for SMA1
infants and children, particularly subtypes 1A-B, but also 1C. Albeit an increasing
number of patients can now benefit from the approved treatments or from other
drugs under clinical development, in many cases SMA still remains a severe
neuromuscular disorder in which respiratory and bulbar involvement is required to
be properly managed according to the standard of care recommendations
for SMA(13). Finally, the different effect of systemic versus intrathecally delivered

drugs on respiratory function in SMA1 patients could be tested in the near future.

The study was approved by the Research Ethics Board of the Carlo Besta
Neurological Research Institute (registration number: CE: 20/2014) and all parents

signed a written informed consent.

Some of the results of this study have been previously reported in the form of an
abstract and they will be presented as poster presentation at the 24" International
Annual Congress of the World Muscle Society (Copenhagen, 15-5% October 2019,

(14)).
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Figure legend

Figure 1

Median (symbols) and interquartile range (whiskers) of age (x-axis) and percentage
contribution of pulmonary ribcage to tidal volume (y-axis) in SMA1 subtypes A-B
(light grey), C (black) natural history children (square), and children treated with
Nusinersen (circle).

Negative values indicate the presence of paradoxical inspiratory inward motion of the

pulmonary ribcage.
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Natural Hystory group Nusinersen group Sul;\t-;;pes Subéype
subtypes A-B subtype C P- subtypes A-B subtype C p-value p-value
value p-value
ABy vs NH vs
median  25,.c  75pc | median  25,cc  75perc ABém median  25,.c  75pc | median  25,cc  75pem Ce |NHVSTR| “pp
US Cyy
age (months) 72 ( 59 - 119 )| 128 ( 80 - 345 )| 0.036| 21.0 ( 161 - 40.0 )| 297 ( 170 - 394 )| 0.720 | <0.001 | 0.866
weight (kg) 74 (7.0 - 88 ) 82 ( 68 - 103 )| 0.354 87 ( 7.5 - 105 )| 107 ( 9.8 - 119 )| 0128 | 0089 | 0.048
bell'Shapedf:::; 0.73 ( 0.70 - 0.75 )| 0.72 ( 068 - 077 )| 0.841| 075 ( 074 - 079 )| 0.81 ( 078 - 0.87 )| 0.016 | 0067 | 0.007
SMN2 copies (n°) 20 ( 20 -20 ) 20 ( 20 -20 )| o166 20 ( 20 - 20 ) 25 ( 20 -30 )| 0028 | 0950 | 0.021
age of starting _ -
treatment (monthe)| ™% n.a. 51 ( 3.4 - 108 ) 86 ( 7.4 - 135 )| 0172
treatment duration| n.a. 157 ( 125 - 23.7 )| 124 ( 88 - 23.0 )| 0479
(months)
CHOP INTEND before
starting the n.a. n.a. 16.0 ( 8.0 - 21.0 ) 33.0 ( 26.8 - 35.8 )| <0.001
treatment (/64)
CHOP INTEND (/64)| 21.0 ( 140 - 28.0 )| 260 ( 195 - 335 )| 0340 | 27.00 ( 195 - 375 )| 440 ( 408 - 50.5 )| <0.001| 0.188 | <0.001
M.V. (daily hours) [ 20.0 ( 12,0 - 200 )| 120 ( 105 - 200 )| 0208 | 11.0 ( 80 - 135 ) 45 ( 00 - 80 )| 0.001 | 0.014 | <o0.001
respiratory rate | oo 565 . go9 )| 481 ( 354 - 633 )|0.005| 458 ( 395 - 62.6 )| 331 ( 279 - 416 )| 0.022 | 0.002 | 0072
(breath/min)
tidal volume (mL/Kg) 56 ( 43 - 68 ) 67 ( 6.1 -85 )|o0.018 79 (63 - 93 ) 87 ( 7.9 - 103 )| 0086 | 0.015 | 0.040
minute ventilation | .., ;33,3 . 4135 )| 333.0 ( 2952 - 387.0 )| 0.209 | 343.1 ( 3045 - 5189 )| 3206 ( 2969 - 381.3 )| 0.46 0.584 0.69
(mL/kg*min)
RSBi (kg/mL*min)| 11.1 ( 9.2 - 18.7 ) 75 ( 4.0 - 104 )| 0.006 60 ( 43 - 76 ) 37 ( 30 - 56 )| 0105 | <0.001| 0071
Table 1

CHOP INTEND: Children’s Hospital of Philadelphia Infant Test for Neuromuscular Disorders scale; M.V.: mechanical ventilation; n.a.: not applicable; RSBi: rapid
and shallow breathing index, AByy: subtypes A-B natural history group; Cyu: subtype C natural history group; ABrr: subtypes A-B treated group; Crr: subtype C
treated group. The computation bell-shaped chest index was previously described(7).

According to normality and equal variance tests, p-value resulted from one-way analysis of variance (data normally distributed) or Kruskal-Wallis one-way analysis

of variance on ranks test (data not normally distributed) with subtypes as independent variables. Significance was set to 0.05 (SigmaStat 3.5, Systat Software, Inc.,
San Jose, CA, US.

Copyright © 2019 by the American Thoracic Society



AV p (% tidal volume)

AJRCCM Articlesin Press. Published on 21-August-2019 as 10.1164/rccm.201906-1175LE

20 A

10 A

-10 -

-20 A

paradoxical

1— e

motion

o

0.0

T T T T T T 1

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
age (years)

Figure 1

154x121mm (300 x 300 DPI)

Copyright © 2019 by the American Thoracic Society

Page 10 of 10



