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Abstract

Spinal muscular atrophy is a neurodegenerative disease resulting from irreversible loss of anterior 

horn cells owing to biallelic deletions/mutations in the survival motor neuron (SMN) 1 gene. 

Gene replacement therapy using an adeno-associated virus vector containing the SMN gene was 

approved by the US Food and Drug Administration in May 2019. We report 2 cases of transient, 

drug-induced liver failure after this therapy.

Spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disease 

characterized by progressive muscle weakness and atrophy. SMA results from irreversible 

loss of anterior horn cells in the spinal cord secondary to dysfunction or loss of the survival 
motor neuron 1 (SMN1) gene and a critical deficiency of SMN protein needed for motor 

neuron development. The disease has an incidence of 1 in 10 000 live births and is the 

most common fatal genetic disease of infancy.1–4 SMA displays a range of phenotypic 

expression patterns that depend on copy numbers of SMN2, a paralogous gene to SMN1 
that also encodes for SMN protein, but produces functional protein at much lower levels. 

Children with SMA type 1 (SMA1), the most severe form of the disease, have hypotonia and 

severe weakness beginning in early infancy and do not achieve major developmental motor 

milestones.5,6 The majority of children with SMA1 require feeding and ventilatory support 

by 14 months of age and have a life expectancy of less than 2 years without intervention.5–9

Initial efforts to increase levels of SMN protein focused on improving the effectiveness of 

SMN2. In 2016, the US Food and Drug Administration approved nusinersen, an antisense 

oligonucleotide designed to bind the splicing silencer region on SMN2 pre-mRNA, to 
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increase SMN2 transcription and, in turn, translation of functional SMN protein. Delivery 

of this therapy requires repeated intrathecal injections.10 Subsequently, onasemnogene 

abeparvovec-xioi (also known as AVXS-101 in clinical trials) was developed as a 1-

time intravenous gene transfer therapy. It delivers a nonintegrating DNA-encoding, fully 

functional copy of SMN1 into motor neuron cells through the use of self-complementary 

adeno-associated viral vector (AAV) serotype 9 (AAV9) with a cytomegalovirus (CMV) 

enhancer/chicken-beta-actin hybrid promoter.11 In 15 children enrolled on the phase I trial 

of onasemnogene, there was marked improvement in overall survival, motor function, and 

achievement of motor milestones, compared with natural history controls.12 Elevated serum 

aminotransferase levels were described in 4 patients, but were reported to be clinically 

asymptomatic and reversed with oral steroids.12

Since its approval by the US Food and Drug Administration in May 2019, more than 

335 children have been treated with onasemnogene commercially or via a managed access 

program.13 Herein we report 2 cases of subacute pediatric acute liver failure (defined by 

international normalized ratio [INR] of ≥2.0 or INR of ≥1.5 with encephalopathy) within 

8 weeks of receiving AVXS-101.14,15 These cases raise a potential safety concern with 

this gene therapy and highlight important questions clinicians must anticipate and address 

about this gene therapy: Can it cause drug-induced liver failure? What is the mechanism 

of liver injury? How should children be screened before treatment to stratify their risk for 

developing liver injury? What medications might prevent or minimize liver injury before and 

after gene therapy?

Case 1

A 6-month-old ex-term male prenatally diagnosed with SMA1 (0 copies of SMN1, 2 

copies of SMN2) received 4 doses of nusinersen between the ages of 12 days and 3 

months. At 4 months of age after receiving AVXS-101 (33 mL of 1.1 × 1014 vector 

genomes/kg; 6.25 × 1014 Vg), he had an adverse event characterized by fever and vomiting, 

requiring hospitalization overnight. He presented 7 weeks after his AVXS-101 treatment 

with irritability, scleral icterus, and jaundice. He had been off steroids for approximately 

1 week at this presentation, having received 1 mg/kg/day of prednisolone 1 day before 

dosing and for 30 days after the onasemnogene infusion, followed by a 10-day gradual 

taper off steroids. Of note, his serum aminotransferase levels were elevated before receiving 

onasemnogene: aspartate aminotransferase (AST) 216 U/L, alanine aminotransferase (ALT) 

255 U/L, and gamma glutamyl transferase (GGT) 45 U/L. His total bilirubin before 

treatment was within normal limits. His creatinine kinase was 334 U/L before the infusion. 

An anti-AAV9 antibody titer before treatment was <1:25 (negative).

On examination, he was awake but irritable and displayed scleral icterus, jaundice, 

hypotonia, and head lag. He did not exhibit hepatosplenomegaly, ascites, or bruising. He 

was noted to be in acute liver failure with an INR of 5.3 (despite vitamin K administration) 

and elevated ALT of 2014 U/L, AST of 4447 U/L, total bilirubin of 7.6 mg/dL, direct 

bilirubin of 3.9 mg/dL, alkaline phosphatase of 1074 U/L, lactate dehydrogenase of 3226 

U/L, and GGT of 273 U/L. The glucose, albumin, and ammonia levels were normal at 71 

mg/dL, 3.7 g/dL, and 44 mmol/L, respectively. Plasma factor levels were consistent with 
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acute liver failure, with low factor V (47%) and VII (7%) levels, and a high factor VIII 

level (390%). Alpha fetoprotein was markedly elevated at >155 000 ng/mL. The creatinine 

kinase was only mildly elevated at 222 U/L. Evaluation for infection revealed norovirus 

in the stool; however, other testing for infectious diseases was negative, including blood 

and urine cultures, hepatitis A, B, and C serologies, and polymerase chain reaction-based 

testing for Epstein-Barr virus (EBV), CMV, herpes simplex virus (HSV), and adenovirus. 

His toxicology screen was negative. A thorough metabolic workup revealed an elevated 

lactate level of 4 mmol/L. Other testing that was normal included serum acylcarnitine, 

urine succinylacetone, alpha-1-antitrypsin level, serum amino acids, urine organic acids, 

oxysterols, congenital disorder of glycosylation testing, and phosphorylase kinase testing. 

Autoimmune testing was negative, including antinuclear, anti-liver-kidney microsome, and 

antiactin antibodies. Serum ferritin was elevated (1520 ng/mL) and triglycerides were 

normal (164 mg/dL). Imaging studies including an abdominal ultrasound examination with 

Doppler, brain magnetic resonance imaging, and a transthoracic echocardiogram, were 

normal. An electroencephalogram was normal.

The patient underwent laparoscopic liver biopsy the day after presentation. Pathologic 

analysis showed massive ballooning degeneration with drop-out of hepatocytes in zone 3, 

extensive inflammation in the periportal areas (composed mainly of CD8+ T cells, with 

some neutrophils, eosinophils, and plasma cells), a marked bile ductular reaction with 

neutrophilic periductular inflammation, and moderate periportal and marked central vein 

fibrosis (Figure 1). Electron microscopy did not reveal abnormal mitochondria or storage 

products. Respiratory chain enzyme analysis of the liver tissue showed a low activity of 

complex II; however, whether this was a primary deficiency or secondary to poor liver 

function could not be determined. Adenovirus, CMV, EBV, and HSV stains of hepatic 

tissue were negative. Whole genome sequencing was notable for an incidental finding in 

the sodium voltage-gated channel alpha subunit 5 (SCN5A) gene, but no pathogenic genetic 

variants associated with the patient phenotype were identified.

Given the active inflammation on liver biopsy and the acute liver failure presentation, 

intravenous methylprednisone was initiated at 20 mg/kg/day for 3 days followed by 

a 10-5-4-3-2-1 mg/kg/day taper on hospital days 4–9. The INR and aminotransferases 

improved and he was discharged home on hospital day 13 on 1 mg/kg/day of oral 

prednisolone. He was weaned slowly off prednisolone over the course of the year, in concert 

with normalization of his liver tests. He is now 20 months old and continues to make motor 

gains. A repeat liver biopsy performed 2 months after his episode of acute liver failure 

showed resolution of inflammation with persistence of the fibrosis to a similar degree as 

previously reported.

Case 2

A 20-month old ex term female, diagnosed with SMA1 (0 copies of SMN1, 2 copies of 

SMN2) at 1 month of age, who had received 8 doses of nusinersen from 6 weeks to 19 

months of age, presented with irritability and scleral icterus 8 weeks after receiving an 

AVXS-101 infusion (57.8 mL of 1.1 × 1014 vector genomes per kilogram of body weight; 

11.55 × 1014 Vg). Before receiving AVXS-101, her ALT, AST, GGT, and total bilirubin 
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levels were within normal limits and the anti-AAV9 antibody titer was negative. She had 

received prednisolone 2 mg/kg/day 1 day before AVXS-101, on the day of infusion, and 

for 2 days after the infusion, followed by 1 mg/kg/day until day 14 when her prednisolone 

was increased to 2 mg/kg/day owing to elevated transaminases (ALT 295 U/L, AST 207 

U/L, and GGT 62 U/L). Despite the increased dose of prednisolone, her liver enzymes 

continued to rise. When she presented 8 weeks after infusion with irritability and icterus, her 

examination revealed mild hepatomegaly. She was noted to be in acute liver failure with an 

INR of 1.5 (despite vitamin K administration), stage 1–2 encephalopathy, ALT 1634 U/L, 

AST 1950 U/l, GGT 572 U/L, total bilirubin 3.5 mg/dL, direct bilirubin 2.5 mg/mL, alkaline 

phosphatase 437 U/L, and ammonia 103 mmol/L. The glucose and albumin were within 

normal limits at 118 mg/dL and 3.8 g/dL, respectively. A workup for infection was negative, 

including blood and urine cultures; hepatitis A, B, and C serologies; and polymerase chain 

reaction-based testing for EBV, CMV, HSV, and adenovirus. Metabolic work-up including 

acylcarnitine profile, serum amino acids, essential fatty acids, free and total carnitine, and 

alpha-1-antitrypsin (phenotype and level) were all within normal limits. Autoimmune testing 

including antinuclear, anti-liver-kidney microsome, antiactin, antineutrophil cytoplasmic, 

soluble liver, antihistone, and antitissue transglutaminase antibodies were all negative or 

normal. A transthoracic echocardiogram was normal.

The patient underwent an ultrasound-guided percutaneous liver biopsy the day after 

admission. Pathologic analysis revealed expanded portal triads and mild interface hepatitis 

composed mainly of neutrophils and CD8+ T cells, with occasional CD4+ T cells, CD20+ 

B cells, and eosinophils. Bile ducts had reactive changes with proliferation, confirmed 

by CK7 staining, with no acute cholangitis. The hepatic lobule had a lymphocytic 

infiltrate composed primarily of CD8+ T cells. Masson trichrome stain demonstrated mild 

portal fibrosis with occasional thin fibrous septae extending into the lobule with mild 

lobular pericellular fibrosis (Figure 2; available at www.jpeds.com). There was diffuse 

hepatocellular swelling involving the entire lobule with rare ballooning. EBV, CMV, HSV, 

adenovirus, and human herpes virus-6 staining was negative.

Given the acute inflammation on liver biopsy and liver failure, intravenous 

methylprednisolone was initiated at 20 mg/kg/day for 2 days, followed by 10 mg/kg/day 

for 3 days, and then a 3-day taper to 2 mg/kg/day, during which daily reductions in liver 

enzyme and INR levels were noted. She was discharged home on hospital day 8 on 2 

mg/kg/day of oral prednisolone, which was subsequently weaned off over the next 3.5 

months with sustained normalization of her AST, ALT, and GGT. She is now 29 months old 

and continues to make motor gains.

Discussion

Preclinical studies of SMN1 gene replacement therapy in primate models of SMA initially 

showed that the therapy was both safe and effective.16,17 However, a recent study of 

nonhuman primates and piglets who received an AAV vector expressing human SMN 

showed significant hepatotoxicity.18 All the nonhuman primates, but none of the piglets, 

developed aminotransferase elevations, and 1 nonhuman primate died from liver failure. 

The investigators theorized that the hepatotoxicity was secondary to a nonspecific systemic 
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hyperinflammatory reaction. In an open-label trial of 15 children with SMA, 4 of 15 patients 

displayed elevated serum aminotransferase levels without other liver enzyme abnormalities 

or clinical symptoms of liver dysfunction.12

We report here 2 cases of children who experienced liver failure within 2 months of 

onasemnogene treatment. Both children fulfilled common terminology criteria for adverse 

events grade 3 hepatic failure with mild encephalopathy (inconsolable crying, sleep reversal 

and/or inattention to task such as poor feeding) and elevations in ALT, AST, GGT, and 

INR.19,20 Both also fulfilled criteria for drug-induced liver injury using Hy’s law, whereby 

the drug causes (1) hepatocellular injury (ALT or AST ≥3-fold above the upper limit of 

normal), (2) elevated serum total bilirubin >2-fold the upper limit of normal, and (3) no 

known alternative cause of liver damage (such as viral hepatitis, ischemia or another drug 

capable of causing the observed injury).21,22 It is particularly concerning that both children 

had an INR of ≥1.5 despite vitamin K administration, suggesting synthetic liver dysfunction. 

Impaired liver synthetic function signifies severe drug-induced liver injury, which carries a 

10%−50% risk of eventual transplantation and/or death.21,23

These 2 cases of liver failure after gene therapy for SMA raise concerns about how 

this gene therapy might induce hepatocyte damage. A seemingly implausible explanation 

would be hepatitis from AAV infection alone, because wild-type AAV infection in 

humans, although common, is not associated with any known illness.24 Furthermore, 

the onasemnogene AAV9 vector is inactive, and no pathogenicity in humans has been 

previously described with other various AAV vectors.25 That said, biodistribution analyses 

performed on postmortem samples obtained from patients that had previously received 

onasemnogene therapy confirmed the known strong AAV9 tropism for the liver, with the 

highest concentrations of vector DNA found in the liver specimens of the deceased.26 

This liver tropism, accompanied by a compensatory immune response to the viral vector 

capsid or the transgene housed within, is a feasible mechanism by which liver injury may 

be preferentially triggered with systemically administered, AAV9-facilitated gene therapy. 

Regarding inducible immune responses to AAV-facilitated gene therapy, prior exposure to 

wild-type AAV prompts antigen-specific responses that can effectively neutralize the viral 

vector, and thus inhibit long-term transgene expression.27 As a surrogate measure of past 

serotype-specific AAV exposure, individuals who are to receive onasemnogene therapy 

undergo testing for the presence of circulating anti-AAV9 antibodies, which was reported as 

negative (<1:25) for the 2 children discussed in this report.

Wild-type AAV and recombinant AAV vectors (as employed by onasemnogene) can 

activate pattern recognition receptors of the innate immune system, in which the best 

characterized pattern recognition receptor-AAV interaction has been with the engagement 

of Toll-like receptor 9 (TLR9).28 Activation of TLR9 results in downstream nuclear 

factor-κB and interferon regulatory factor signaling that ultimately promotes production 

of proinflammatory cytokines, such as Interleukin-6 and tumor necrosis factor-α, as well 

as type I interferons. The initial result of this signaling cascade is a mixed inflammatory 

infiltrate of neutrophils, macrophages, and natural killer cells that can later stimulate CD8+ 

T-cell recognition of the viral capsid that was used to introduce the transgene.29 Importantly, 

TLR9 signaling can be further enhanced by tissue injury, in which DNA extrava-sated from 
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the nucleus of a host cell acts as a damageassociated molecular pattern. AAV vector-based 

gene therapies for other diseases have shown that AAV vectors can induce cytotoxic CD8+ 

T cell response to the viral capsid (eg, hemophilia) or can activate the innate immune 

response via the double-stranded RNA transduction pathway.11,30–39 The time course and 

hepatic inflammatory infiltrate noted in both cases presented here would favor an AAV 

vector-induced immune response as the etiology of their liver injury.

Alternatively, or in parallel, the introduction of a transgene that then produces a protein to 

which the host immune system is na€ıve may result in immunogenicity to the transgene 

protein as if it were a foreign antigen. This phenomenon is referred to as cross-reactive 

immunologic material-negative status.40 Although cross-reactive immunologic material-

negative status is an important feature for various disease states with null mutations, patients 

with SMA are exposed to at least some degree of SMN protein through their copy/copies of 

SMN2.37,41,42 Therefore, a complete cross-reactive immunologic material-negative status is 

unlikely to be present in the majority of patients with SMA.

Because elevated aminotransferase levels were seen in preclinical trials and in view of 

these 2 cases of acute liver failure after gene therapy, all future candidate children 

considering therapy should undergo pretreatment screening for liver disease, in addition 

to the AAV9 antibody testing currently recommended for previous exposure to wild-type 

adenovirus. Initial liver test screening should include ALT, AST, GGT, total and direct 

bilirubin, and INR. Assessment of GGT is important to help differentiate whether the 

elevated aminotransferase levels are liver (elevated GGT) or muscle (normal GGT) in origin. 

INR testing is necessary to rule out liver failure. If the liver tests are elevated, then a 

workup for preexisting chronic liver disease should be performed by a hepatologist before 

the initiation of gene therapy. This treatment would include alpha-1-antitrypsin level and 

phenotype, autoantibodies for children >6 months of age (antinuclear, antiactin, anti-liver-

kidney microsomal antibody), hepatitis B surface antigen, hepatitis C antibody, and a liver 

ultrasound examination to screen for anatomic abnormalities and fatty liver disease (Figure 

3, A). Both patients with SMA as well as mouse models of SMA have shown an increased 

susceptibility to dyslipidemia, fatty acid metabolism defects, and associated fatty liver 

disease.43–46 These could predispose the patient to liver injury after gene therapy. Review 

of the literature did not reveal any cases of liver failure caused by nusinersen; however, it 

is possible that the combination of therapies resulted in liver injury and further research is 

needed to better understand how each therapy alone, and in combination, affects the liver.

In preclinical trials of onasemnogene, elevated aminotrans-ferases improved with steroid 

therapy.12 As a result, the package insert for onasemnogene recommends that prednisolone 

(1 mg/kg/day) should be given in the 24 hours before infusion and should be continued 

for 30 days after infusion. If liver tests are normal at that time, then steroids can be 

tapered over the next 28 days, for a total of 2 months of steroid therapy26 (Figure 3, B). 

However, in both cases described in this report, the children developed liver failure between 

3 and 8 weeks after onasemnogene therapy, despite receiving steroids before and after 

infusion. Both children were treated on a managed access program (before current steroid 

recommendations were in place), and the first child had a steroid taper that was faster 

than currently recommended. Therefore, it is necessary to monitor liver tests frequently in 
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the first 2 months after onasemnogene therapy (ie, every 1–2 weeks) and escalate therapy 

as needed for severe hepatitis or acute liver failure. Management may include increasing 

the dosing of corticosteroids (ie, initial intravenous doses of 10–20 mg/kg/day) for a few 

days. If there is no response to high-dose corticosteroids, then consideration should be 

given to an immunosuppressant that is T-cell targeted (eg, tacrolimus, sirolimus, everolimus, 

or antithymocyte globulin), based on the observation that the liver histology shows a 

predominant CD8+ T-cell-mediated pathology. Alternatively, given that proinflammatory 

cytokines and type I interferon production induced by TLR9 engagement may be implicated 

in the pathogenesis of liver injury in AAV9-facilitated gene therapy, treatment with anti-

IL-6, antitumor necrosis factor-α, or janus kinase inhibition may prove beneficial; however, 

such warrants further investigation. Conversely, pre-onasemnogene treatment with a TLR9 

inhibitor and/or B-cell depletion could be appropriate mechanisms by which deleterious 

innate and humoral immune responses might be prevented.

Gene therapy using an AAV vector is not unique to SMA. This vector has been used for 

hemophilia, inherited blindness, and other neurologic diseases, and in the near future will 

be used for several muscular dystrophies.30,47–53 Although these treatments are exciting 

and life altering, we must continue to focus on safety and analyze all reports of adverse 

events, even after drugs come to market. Further work is needed to understand better the 

immune response in the setting of intravenous AAV vector gene therapy and to learn how to 

optimally prevent liver injury.
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Glossary

AAV Adeno-associated viral vector

ALT Alanine aminotransferase

AST Aspartate aminotransferase

CMV Cytomegalovirus

EBV Epstein-Barr virus

GGT Gamma glutamyl transferase

HSV Herpes simplex virus

INR International normalized ratio

SMA Spinal muscular atrophy

SMA1 SMA type 1
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SMN Survival motor neuron

TLR9 Toll-like receptor 9
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Figure 1. 
Case 1 liver histology at diagnosis of liver failure. A, Extensive ballooning degeneration of 

hepatocytes, most prominent in zone 3 (around central veins) (stain: hematoxylin and eosin; 

original magnification × 40). B, Mixed portal and parenchymal inflammation including 

neutrophils, eosinophils, lymphocytes, and rare plasma cells. A prominent ductular reaction 

is also seen (stain: hematoxylin and eosin; original magnification × 200). C, Abundant CD8+ 

lymphocytes present within the portal tracts (CD8 immunohistochemistry-brown stain; 

original magnification × 200). D, Moderate amounts of portal, perisinusoidal, and central 

fibrosis with occasional portal-central bridging (stain: trichrome; original magnification × 

40).
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Figure 2. 
Case 2 liver histology at diagnosis of liver failure. A, Low-power view of extensive 

ballooning degeneration of hepatocytes and portal tract infiltrates (stain: hematoxylin and 

eosin; original magnification × 100). B, Mixed portal, and C, paren chymal inflammation 

including neutrophils, lymphocytes, and macrophages (stain: hematoxylin and eosin; 

original magnification × 200). D, Cytokeratin 7 immunohistochemistry (brown stain; 

original magnification × 100) highlighting bile ductular reaction. E, Moderate amounts of 

portal and central fibrosis with occasional portal-central bridging (stain: trichrome; original 

magnification × 100).
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Figure 3. 
Proposed algorithm for evaluation and treatment of liver disease in association with 

onasemnogene. A, Pregene therapy evaluation for existing chronic liver disease or 

predisposition to liver disease. B, Post gene therapy monitoring for liver damage and 

treatment recommendations if liver damage occurs. Ab, antibody; PT, prothrombin time.
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