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Background and purpose: At 12 months in the phase 2 TOPAZ study, treatment with apitegromab was associated with both an improved motor function in patients with Type 2 or 3 spinal muscular atrophy (SMA) and with a favorable safety profile. This manuscript reports the extended efficacy and safety in the nonambulatory group of the TOPAZ study at 36 months.

Methods: Patients who completed the primary study (NCT03921528) could enroll in an open-label extension, during which patients received apitegromab 20 mg/kg by intravenous infusion every 4 weeks. Patients were assessed periodically via the Hammersmith Functional Motor Scale–Expanded (HFMSE), Revised Upper Limb Module (RULM), World Health Organization (WHO) motor development milestones, Pediatric Evaluation of Disability Inventory Computer Adaptive Test (PEDI-CAT) Daily Activities and Mobility domains, and Patient-Reported Outcomes Measurement Information System (PROMIS) Fatigue questionnaire.

Results: Of the 58 patients enrolled in TOPAZ, 35 were nonambulatory (mean age 7.3 years). The mean change at 36 months in HFMSE score from baseline was +4.0 (standard deviation [SD]: 7.54), and + 2.4 (3.24) for RULM score (excluding n = 7 after scoliosis surgery). Caregiver-reported outcomes (PEDI-CAT and PROMIS Fatigue) showed improvements from baseline over 36 months. In addition, most patients (28/32) improved or maintained WHO motor milestones achieved at baseline. The most frequently reported treatment-emergent adverse events were pyrexia (48.6%), nasopharyngitis (45.7%), COVID-19 infection (40.0%), vomiting (40.0%), and upper respiratory tract infection (31.4%).

Conclusion: The benefit of apitegromab treatment observed at 12 months was sustained at 36 months with no new safety findings.
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Introduction

Spinal muscular atrophy (SMA) is a neuromuscular disease characterized by the loss of motor neurons in the spinal cord and brain stem that results in progressive muscle weakness and atrophy of voluntary muscles of the limbs and trunk (1, 2). Impairment of motor function, mobility, and daily activities is also experienced individually, as is fatigue (3). SMA is caused by bi-allelic loss-of-function mutations in the survival motor neuron 1 (SMN1) gene on chromosome 5 (5q-SMA) (4). SMN2, an SMN1 paralog, partially compensates for SMN protein deficiency. Variability in residual SMN2 copy number between individuals with SMA is an important factor in the substantial clinical heterogeneity seen across SMA phenotypes (1). Although the classification is being altered by the introduction of SMN-directed treatments, SMA is traditionally divided into groups based upon the age at first appearance of weakness and the ultimate functional deficits and maximum level of motor function achieved. Individuals with early-onset, Type 1 SMA (age at onset: birth–6 months) are not expected to reach the milestone of unsupported sitting; for those with Type 2 SMA (onset <18 months), the expected maximal motor milestone is to sit independently, and for those with Type 3 SMA (onset >18 months), it is the ability to walk independently. Untreated, these achieved milestones are often lost over time (3). Approximately 80% of patients living with SMA have Type 2 or 3 (5).

Available therapies for SMA that enhance SMN protein expression have led to dramatic improvement in functional outcome inversely proportionate to the magnitude of motor neuron depletion at the time of treatment (6–8). They do not, however, affect the muscle atrophy and weakness associated with the partial denervation accumulated before treatment (2, 3). Consequently, substantial unmet need remains for a therapeutic strategy that increases function of the residual innervated muscle fibers that persist within partially denervated muscle. Apitegromab (SRK-015) is an investigational, fully human, immunoglobulin G4 monoclonal antibody that inhibits activation of myostatin, which is a transforming growth factor β superfamily–signaling molecule that negatively regulates skeletal muscle growth and strength (9). Myostatin is initially expressed in a latent, inactive form that is activated by subsequent enzymatic and non-enzymatic cleavage to release the active protein (1). By selectively binding to both pro- and latent forms of myostatin, apitegromab inhibits these activation steps, and thus the release of the mature myostatin growth factor (9). Inactivation of myostatin in animal models and myostatin mutations reported in children are associated with increased skeletal muscle mass and strength with no observed health consequences (10–12).

The efficacy and safety of apitegromab at 12 months in patients with Type 2 or 3 SMA in the phase 2 TOPAZ study were previously reported (13). Treatment with apitegromab was associated with a favorable safety profile and improved motor function outcomes as assessed by two ordinal scales created to assess motor functions impaired by SMA—the Hammersmith Functional Motor Scale–Expanded (HFMSE) and the Revised Upper Limb Module (RULM). Here we report longer-term efficacy and safety results from 36 months of treatment with apitegromab in nonambulatory patients with SMA enrolled in the TOPAZ open-label extension study.



Materials and methods


Study design and patients

TOPAZ (NCT03921528) is a multicenter, phase 2, active treatment study evaluating the efficacy and safety of apitegromab in patients with Type 2 or 3 SMA at 16 study sites in the United States and Europe. The study protocol and amendments were approved by the Independent Ethics Committee or Institutional Review Board and have been previously published (13). The study was designed and monitored in compliance with the ethical principles of the International Council for Harmonisation on Good Clinical Practice and in accordance with the Declaration of Helsinki. Before any screening visit activities were conducted, written informed consent was obtained from adult patients; for patients who were legally a minor, written informed consent was obtained from their parent/legal guardian and the patient’s written or oral assent was obtained, if applicable, in accordance with the regulatory and legal requirements of the participating location.

Methodological details for the study have been previously described (13). In brief, the study consisted of the 12-month primary treatment period previously reported and 3 successive 12-month extension periods, for a total of 48 months of treatment. Eligible patients were diagnosed with Type 2 or 3 SMA with 5q-SMA genotyping before receiving approved therapy for SMA.

Patients were enrolled into one of three cohorts. Cohort 1 consisted of individuals aged 5–21 years who were ambulatory, and thus classified as having Type 3 SMA; approximately half of this group was receiving nusinersen therapy. Cohort 2 comprised individuals aged 5–21 years with Type 2 or, now, nonambulatory Type 3 SMA who had all initiated nusinersen therapy after reaching 5 years of age. Cohort 3 consisted of nonambulatory individuals aged 2 years or older with Type 2 SMA who had all initiated their nusinersen therapy before 5 years of age. All patients received apitegromab by intravenous infusion every 4 weeks. During the primary treatment period, patients in Cohorts 1 and 2 received open-label apitegromab 20 mg/kg, while patients in Cohort 3 were double-blind randomized to a low 2-mg/kg, or a high 20-mg/kg apitegromab dose. In the extension periods, patients who received apitegromab 20 mg/kg in the primary treatment period continued their dose; patients originally receiving the low 2-mg/kg dose transitioned to the high 20-mg/kg apitegromab dose. The analyses presented here focus on the efficacy and safety in those study patients with nonambulatory SMA who received apitegromab for 36 months as part of the TOPAZ study.



Efficacy outcomes

Motor function outcomes were assessed using the ordinal HFMSE (14, 15) and RULM (16) motor function scales created and validated for SMA studies. The RULM was used to assess patients aged ≥30 months at baseline (consistent with the RULM validation demographic). Investigators also assessed the attainment of six gross motor development milestones using World Health Organization (WHO) criteria: sitting without support, standing with assistance, hands-and-knees crawling, standing alone, walking with assistance, and walking alone (17).

Caregiver-reported outcomes on daily activities and mobility skills in a patient natural habitat were assessed using the Daily Activities and Mobility domains of the Pediatric Evaluation of Disability Inventory Computer Adaptive Test (PEDI-CAT) (18, 19). The PEDI-CAT was a caregiver-completed assessment. Fatigue was assessed using the Patient-Reported Outcomes Measurement Information System (PROMIS) Fatigue questionnaire (20). The PROMIS Fatigue questionnaire measures a range of symptoms from mild subjective feelings of tiredness to an overwhelming, debilitating, and sustained sense of exhaustion, with higher scores reflecting more fatigue. In this study, the PROMIS Fatigue questionnaire utilized a caregiver proxy for completion, as well as a patient self-report if the patient was ≥8 years of age. For uniformity, all data presented here were from a caregiver proxy.



Safety assessments

Safety assessments included the reporting of treatment-emergent adverse events (TEAEs), physical examinations, vital signs, clinical laboratory testing, 12-lead electrocardiograms, and anti-drug antibody testing.



Statistical analyses

Mean changes from baseline at 6, 12, 24, and 36 months were summarized for HFMSE total scores, RULM total scores, PEDI-CAT Daily Activities and Mobility domain scaled scores, and PROMIS Fatigue scores. An observed case analysis was used that included data from all nonambulatory patients (Cohorts 2 and 3) and was based on the available data for given timepoints. The analysis population included patients in Cohorts 2 and 3 receiving high-dose (20 mg/kg) apitegromab and patients in Cohort 3 receiving low-dose (2 mg/kg) apitegromab who transitioned to 20 mg/kg in the extension period. Motor function was also assessed separately in the subgroup of patients aged 2–12 years. Data that were obtained after scoliosis surgery were excluded for HFMSE and RULM because such surgery was known to be associated with a decline in motor milestone scores in the months following the surgery, thus confounding motor function assessment (21). Mean changes are presented with corresponding standard deviation (SD). Data on attainment of WHO gross motor development milestones are reported descriptively.




Results


Patients

Of 58 patients enrolled in the TOPAZ study, 23 ambulatory patients were allocated to Cohort 1, and 15 and 20 nonambulatory patients were allocated to Cohorts 2 and 3, respectively. Fifty-seven patients completed the primary treatment period and enrolled in the extension study; of these, 35 were nonambulatory and were the focus of the efficacy and safety data presented here. A study flow diagram is shown in Supplementary Figure S1.

Baseline patient characteristics for the TOPAZ nonambulatory population (Cohorts 2 and 3) are shown in Table 1. The mean age at baseline for the total nonambulatory population was 7.3 years (range: 2–19 years). Overall, 25 patients (71.4%) had a history of contractures, and 18 patients (51.4%) had a history of scoliosis. Most patients (77.1%) had three copies of SMN2. In the subgroup of 2–12-year-olds, the mean age was 5.5 years (range: 2–11 years; Supplementary Table 1).



TABLE 1 Baseline patient characteristics by cohort.
[image: Table1]



Efficacy outcomes

Motor function outcomes as assessed by HFMSE showed sustained improvements from baseline over 36 months in both the total nonambulatory population ages 2–21 years and the subgroup aged 2–12 years (Figure 1). Mean change (SD) from baseline in HFMSE total score at 36 months was +4.0 (7.54) in nonambulatory patients overall and + 4.8 (8.05) in the subgroup aged 2–12 years. Upper limb function as assessed by RULM showed sustained improvements from baseline over 36 months (Figure 2; Supplementary Figure S2). Mean change (SD) from baseline in RULM total score at 36 months was +2.4 (3.24) in nonambulatory patients overall and + 2.8 (3.20) in the subgroup aged 2–12 years. Both HFMSE and RULM analyses exclude data from seven patients due to scoliosis surgery.

[image: Figure 1]

FIGURE 1
 Mean change from baseline in motor function outcomes by HFMSE over 36 months [nonambulatory SMA, aged 2–21 years (A) and aged 2–12 years (B)]. Error bars represent standard error of means. This analysis population included patients receiving either low-dose (2 mg/kg) or high-dose (20 mg/kg) apitegromab (inclusive of patients in Cohort 3 who transitioned from 2 mg/kg to 20 mg/kg in Year 2). This analysis excludes data post scoliosis surgery from 7 patients. HFMSE, Hammersmith Functional Motor Scale–Expanded; SE, standard error; SMA, spinal muscular atrophy.


[image: Figure 2]

FIGURE 2
 Mean change from baseline in motor function outcomes by RULM (nonambulatory SMA, aged 2–21 years). Error bars represent standard error of means. This analysis population included patients receiving either low-dose (2 mg/kg) or high-dose (20 mg/kg) apitegromab (inclusive of patients in Cohort 3 who transitioned from 2 mg/kg to 20 mg/kg in Year 2). This analysis excludes data post scoliosis surgery from 6 patients. RULM, Revised Upper Limb Module; SE, standard error; SMA, spinal muscular atrophy.


Over 36 months, 88% (28/32) of patients with assessments at 36 months had improved or maintained WHO motor milestones that they had achieved at baseline. Excluding those who had scoliosis surgery, 93% (25/27) of patients improved or maintained baseline WHO motor milestones. Of 20 patients receiving nusinersen earlier than 5 years of age, 6 gained new WHO motor milestones, including 2 who were able to walk independently.

Caregiver-reported outcomes on daily activities as assessed by the caregiver-completed PEDI-CAT showed sustained improvement in daily activities over 36 months, with a change from baseline of 2.2 at Month 36 (Figure 3A). A positive change from baseline was also observed over 36 months in mobility domain scores, with a change from baseline of 1.0 observed at Month 36 (Figure 3B). Symptoms of fatigue as assessed by the PROMIS Fatigue questionnaire via caregiver proxy showed sustained improvements over the 36-month period, with the change from baseline at Month 36 being −4.6 compared to −2.4 at Month 12 (Figure 4). The changes over time in the PEDI-CAT and PROMIS Fatigue questionnaire caregiver-reported outcomes were consistent with changes over time in motor function measures (HFMSE and RULM; Figure 5).

[image: Figure 3]

FIGURE 3
 Mean change from baseline in PEDI-CAT daily activities (A) and mobility domain (B) nonambulatory SMA, aged 2–21 years. Error bars represent standard error of means. This analysis population included patients receiving either low-dose (2 mg/kg) or high-dose (20 mg/kg) apitegromab (inclusive of patients in Cohort 3 who transitioned from 2 mg/kg to 20 mg/kg in Year 2). PEDI-CAT, Pediatric Evaluation of Disability Inventory Computer Adaptive Test; SE, standard error; SMA, spinal muscular atrophy.
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FIGURE 4
 Mean change from baseline in PROMIS Fatigue questionnaire via caregiver proxy (nonambulatory SMA, aged 2–21 years). Error bars represent the standard error of means. This analysis population included nonambulatory patients from Cohorts 2 and 3, 2–21 years old receiving either low-dose (2 mg/kg) or high-dose (20 mg/kg) apitegromab (inclusive of patients in Cohort 3 who transitioned from 2 mg/kg to 20 mg/kg in Year 2). PROMIS, Patient-Reported Outcomes Measurement Information System; SE, standard error; SMA, spinal muscular atrophy.
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FIGURE 5
 Caregiver-reported outcomes and motor function measures over 36 months (nonambulatory SMA, aged 2–21 years). Of note: Correlation tests were not performed. Post scoliosis surgery data were excluded for HFMSE and RULM. HFMSE, Hammersmith Functional Motor Scale–Expanded; PEDI-CAT, Pediatric Evaluation of Disability Inventory Computer Adaptive Test; PROMIS, Patient-Reported Outcomes Measurement Information System; RULM, Revised Upper Limb Module; SE, standard error; SMA, spinal muscular atrophy.




Safety

The safety profile observed for the nonambulatory patients was consistent with that of the overall study population (13). Of nonambulatory patients who received apitegromab for 36 months, 35 patients (100%) experienced at least one TEAE (Table 2; Supplementary Table 2). All drug-related TEAEs were mild to moderate in severity. There was no reported serious study drug–related TEAEs. The most frequently reported TEAEs were pyrexia (48.6%), nasopharyngitis (45.7%), COVID-19 infection (40.0%), vomiting (40.0%), and upper respiratory tract infection (31.4%). Fourteen patients (40.0%) experienced at least one serious TEAE. No serious TEAEs were considered related to the study drug. No deaths or suspected unexpected serious adverse reactions or hypersensitivity reactions to apitegromab were reported and no patients displayed positive titers for apitegromab antibodies.



TABLE 2 Safety summary over 36 months.
[image: Table2]




Discussion

We previously reported the substantial functional gains observed in individuals with Type 2 or 3 SMA receiving apitegromab in the primary 12-month treatment period of the TOPAZ study (13). This analysis of the long-term efficacy in the extension phase of TOPAZ, as assessed by ordinal outcome measures, HFMSE and RULM, and patient-reported measures, showed maintenance and continued improvement of meaningful motor function gains at 36 months.

Greater improvement in motor function was also observed in the subgroup of patients aged 2–12 years that defines the population being evaluated in the ongoing pivotal phase 3 SAPPHIRE study (NCT05156320). Importantly, of the 20 Cohort 3 patients who had first received SMN-expression–enhancing nusinersen therapy at an age earlier than 5 years, 6 gained new WHO motor milestones, including 2 who were able to walk independently. Although all patients in this open-label study received nusinersen, this improvement stands above reported outcomes in the steady maintenance phase of nusinersen treatment when observed gains generally plateau (22).

Understanding an individual’s everyday experience of function (e.g., home or school setting) is important to contextualizing the impact of therapies for SMA. The PEDI-CAT Daily Activities and Mobility domains are valid, discriminative, and feasible performance-based caregiver-reported outcome measures in SMA (23). Both PEDI-CAT domains improved over 36 months. The daily activities domain predominantly assesses upper limb function (e.g., getting dressed, keeping clean, eating/mealtime, home tasks). Consistent with improvements in RULM, improvements on PEDI-CAT daily activities domains were maintained over 36 months with apitegromab treatment. In this nonambulatory population, despite the mobility domain primarily assessing ambulation (standing, walking, running), it is noteworthy that the scaled scores remained improved from baseline over 36 months.

In addition to impairments in motor function and muscle strength, perceived fatigue is a commonly reported symptom in patients living with SMA (24) and is a critical domain contributing to health-related quality of life (25). In a prospective longitudinal monocentric observational cohort study in adults receiving nusinersen, 75% of participants reported abnormal levels of fatigue at baseline, and before SMN-enhancing therapy, 53% stated that fatigue was one of their most disabling symptoms (26). At the time of TOPAZ study initiation, the PROMIS Fatigue measure was selected to assess the severity and impact of physical and cognitive fatigue. Sustained improvement from baseline over 36 months was observed in the caregiver proxy PROMIS Fatigue questionnaire. Studies with a larger patient population are warranted to further correlate caregiver-reported outcomes with functional outcomes.

The introduction of three SMN-expression–enhancing therapies (nusinersen, risdiplam, and onasemnogene abeparvovec) has remarkably changed the course of SMA in recent years. The effect of these therapies is related to the age at time of treatment and the degree of ongoing degeneration prior to therapy initiation; yet to be known is any potential longer-term limitation of treatment durability. However, for the present and foreseeable future, there remains substantial unmet medical need related to existing denervation muscle atrophy (3, 27). A therapy targeting an increase of muscle strength of remaining innervated muscle fibers is ideally suited to address this need, restoring motor function, fatigue, and overall quality of life (28). CURE SMA recently published the results of two large-scale surveys, assessing disease characteristics, healthcare, and burden of disease from individuals with SMA and their caregivers. In this real-world study, 50–81% of individuals with SMA had received at least 1 dose of nusinersen, yet less than half of those with SMA Type 2 or 3 were able to sit unsupported (SMA Type 2) or walk independently (SMA Type 3) (29). Despite 1 year of nusinersen therapy in a prospective longitudinal cohort study, general fatigue and physical fatigue tended to decrease, while mental fatigue and reduced motivation increased during treatment (26). Moreover, after 26 months of treatment with nusinersen in patients aged 6 months or older, despite a significant increase in HFMSE scores, PEDI-CAT mobility and daily activities domain scores did not significantly change over time (30). Conversely in the TOPAZ study, PEDI-CAT and PROMIS Fatigue questionnaire caregiver-reported outcomes improved over the course of 36 months; these changes were consistent with changes observed over time in motor function measures (HFMSE and RULM).

No new safety findings were identified with 36 months of apitegromab treatment, reinforcing a favorable longer-term safety profile. TEAEs were mild to moderate in severity and generally consistent with the underlying SMA patient population. The favorable safety profile of apitegromab is consistent with the specific and selective nature of its mechanism of action. The upstream targeting of the pro- and latent forms of myostatin in the skeletal muscle and the highly selective nature of the action has the potential to avoid undesirable off-target effects.

A key limitation of the current study is that the TOPAZ extension did not include a placebo or nusinersen monotherapy as a comparator. Also, additional variables may account for improvements in motor function, such as improvements from development or contribution of treatment with nusinersen. Patients enrolled in the TOPAZ study had received nusinersen for a mean of approximately 2 years, well into the steady maintenance phase of the nusinersen treatment, thus making it easier to isolate the effect of apitegromab. The lack of a clear correlation between HFMSE score and duration of prior nusinersen exposure also suggests that the improvement in motor function in the TOPAZ study is likely attributed to apitegromab. An additional point to consider is the clear dose relationship seen in the primary analysis of the TOPAZ results, with greater improvement in motor function seen with the 20-mg/kg apitegromab group than with the 2-mg/kg apitegromab group (13).

Results of the TOPAZ study at 36 months reinforce the longer-term benefit of apitegromab treatment in patients with SMA, with continued and sustained improvement across both clinical and caregiver-reported outcomes as well as a longer-term favorable safety profile. Moreover, the data highlight the therapeutic potential of apitegromab to address persistent weakness and fatigue in individuals with nonambulatory SMA, enabling patients to potentially improve their motor function and be able to maintain these improvements. These findings support further development of apitegromab in nonambulatory SMA. The ongoing phase 3 SAPPHIRE trial will further assess the efficacy and safety of apitegromab in individuals with Type 2 and nonambulatory Type 3 SMA receiving SMN-dependent therapy (either nusinersen or risdiplam) (31).
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Cohort 2 (n=15) Cohort 3 (n=20) Total nonambulatory

population (N =35)

Age at informed consent, years, mean (min, max) 117(8,19) 40(2,6) 73(2,19)
Age at symptom onset, years, mean (min, max) 1.35(05,2.0) 095 (05,3.5) 1.12(05,3.5)
Sex, n (%)

Female 8(53.3) 8(40.0) 16(45.7)
Male 7(46.7) 12(60.0) 19(543)
Race, n (%)

Asian 2(133) 1(5.0) 3(86)
Black o African American 1(67) 160) 2(57)
White or Other 12(80.0) 18 (90.0) 30(85.7)

SMA history, n (%)

Contractures 13(86.7) 12(60.0) 25(71.4)
Scoliosis 11(73.3) 7(35.0) 18(51.4)
SMN therapy duration, months, mean (min, max) 242(118,39.3) 240(97,342) 241(9.7,39.3)

SMN2 copy number, 1 (%)

2 0(0.0) 2(10.0) 2(57)

3 11(73.3) 16 (80.0) 27(77.1)
4 2(13.3) 160) 3(86)
No response 2(13.3) 160) 3(86)
HEMSE score, mean (min, max) 227(13,39) 248(12,44) 239(12,44)
RULM score, mean (min, max) 266(19,34) 238 (15,34)" 25.1(15,34)

‘Data are for 1= 19 patients.
HEMSE, Hammersmith Functional Motor Scale-Expanded; max, maximum; min, minimum; RULM, Revised Upper Limb Module; SMA, spinal muscular atrophy; SMN, survival motor
neuron.
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Apitegromab Apitegromab tal nonambulatory

10 20 mg/kg (n=25) population (N = 35)
Any TEAE**, n (%) 10 (100.0) 25(100.0) 35 (100.0)
Any serious TEAE, n (%) 5(50.0) 9(36.0) 14 (40.0)

Any TEAE leading to study drug discontinuation, r (%) 0(0.0) 0(0.0) 0(0.0)

Any TEAE leading to death, n (%) 0(0.0) 0(0.0) 0(0.0)

TEAES in > 25% of the total nonambulatory population, 1 (%)

Pyrexia 4(400) 13(520) 17(486)
Nasopharyngitis 5(50.0) 11 (44.0) 16 (45.7)
COVID-19 6(60.0) 8(32.0) 14(40.0)
Vomiting 5(500) 9(36.0) 14 (40.0)
Upper respiratory tract infection 3(30.0) 8(320) 11(31.4)
Cough 4(40.0) 7(280) 11(31.4)
Nausea 5(500) 6(24.0) 11(314)
Headache 4(400) 7(28.0) 11314
Scoliosis 1(10.0) 9(36.0) 10(28.6)
Rash 2(200) 7(28.0) 9(25.7)

“Transitioned to 20 mg/kg in Year 2. **Defined as adverse events that sart after the first dose of study drug or sart prior to the administration of study drug and worsen in severity/grade or
relationship to investigational medication after the administration of study drug. COVID- 19, Coronavirus disease 2019; TEAE, treatment-emergent adverse event.
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