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Abstract

Purpose of Review Recombinant adeno-associated virus (rAAV) is the commonest viral vector used in gene therapies. With
the increase in the number of such therapies being employed in human clinical trials and approved clinical use, the associated
adverse events are increasingly observed. Hepatotoxicity is the most common adverse event.

Recent Findings Although mild in most, hepatotoxicity may affect gene therapy efficacy, lead to acute liver failure, death
and persisting hepatitis necessitating prolonged use of immunosuppressants. There has been an increase in the referrals of
such cases to hepatologists.

Summary There is a lack of good quality evidence on the use of reactive immunosuppressants. There is a need to devise
empiric protocols to diagnose and treat hepatotoxicity based on the side-effect profile of individual gene therapy, the present
understanding of immunological basis of hepatotoxicity, the experience with various immunosuppressants in other disorders
and the unique challenges and requirements of gene therapy.

Keywords Recombinant adeno-associated virus - Gene therapy - Hepatotoxicity - Multidisciplinary approach -
Hepatology - Reactive immunosuppression - Tacrolimus - Methylprednisolone - Steroids - Prednisolone - Mycophenolate
mofetil - Sirolimus - Immune response

Abbreviations MMF Mycophenolate mofetil

CK Creatinine kinase Nab Neutralising antibodies

CpG Cytosine—guanine dinucleotide PIS Prophylactic immunosuppression
EMA European Medicines Agency RIS Reactive immunosuppression

GGT Gamma glutamyl transpeptidase rAAV Recombinant adeno-associated virus
GT Gene therapy SMA Spinal muscular atrophy

TLR-2 Toll-like receptor-2
TLR-9 Toll-like receptor-9

Key Points USFDA  United States Food and Drugs Administration
e Paediatric hepatologists are increasingly asked to manage ULN Upper limit of normal

hepatotoxicity related to recombinant adeno-associated virus XLMTM  X-linked myotubular myopathy

gene therapy.

e Hepatoxicity in recombinant adeno-associated virus gene
therapy is an immunological phenomenon while pre-existing liver
disease appears to worsen the injury. Introduction
e There is a need for empiric protocols for prophylactic and
reactive immunosuppression, early recognition of at-risk

individuals and better understanding of the long-term effects of Gene therapies using viral vectors are increasingly being used to

hepatotoxicity and immunosuppression. treat monogenic genetic defects. Recombinant adeno-associated
virus (rAAV) is the commonest vector being used to deliver
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clinical hepatologists, we and others note the increase in refer-
rals to our services with the increased clinical use of approved
medications [7ee]. There is a need for clarity on available
options for patients unresponsive to steroids or in those requir-
ing longer term and high dose steroids. This review summarises
the approved rAAV-vector based gene therapies available that
are associated with hepatotoxicity, proposed mechanisms of
liver injury, challenges in management with pragmatic recom-
mendations into the use of various immunosuppressive agents.

rAAV Vector and GT

In vivo gene therapy is aimed at delivering genetic material
into the target tissues as opposed to ex vivo therapy where
the target tissue is taken from the patient, genetically modi-
fied and the tissue delivered back into the patient. Viral
vectors are the main mode of gene delivery for in vivo ther-
apy. rAAV has become well established as the main viral
vector for in-vivo therapy in comparison to retroviral and
lentiviral vectors [8]. The clinical preference for rAAV in
GT stems from its (i) broad tropism, (ii) lack of established
pathogenicity, (iii) the rarity of integration of viral genome
into the host genome, (iv) presumed low immunogenicity
relative to other vectors and (v) the ease of production.
Although AAV is considered to cause asymptomatic infec-
tions, a few recent reports suggest its possible role in the
causation of indeterminate acute liver failure [9, 10]. A
number of GT products with rAAV have received approval
or conditional approval for clinical use from the United
States Food and Drugs Administration and European Medi-
cines Agency (Table 1).

A preliminary understanding of adeno-associated
virus (AAV) structure helps understand rAAV vectors
and their immunogenicity. AAV is a non-enveloped sin-
gle-stranded DNA parvovirus. It is a dependovirus that
depends on helper virus such as adenovirus for replica-
tion. The viral capsid consists of 3 proteins viral proteins
(VPI1, VP2 and VP3). Each virion is composed of 60

VP subunits with 9 variable regions in each subunit.
The variable regions in the capsid determine the tro-
pism of the virus to organs and thereby its transduction
efficiency and the specificity of neutralising antibod-
ies (Nab). The virus has a wide host range and tropism
towards various tissues including the skeletal muscle,
cardiac muscle, eyes, lungs, liver and central nervous
system. The tropism may vary between different species
[17]. Thirteen well-studied natural serotypes are known
to exist with numerous variants [17]. Depending on the
tissues targeted, various serotypes including serotypes
from rhesus (rh) monkeys and mutants have been used
to create rAAV in clinical trials (AAV1, AAV2, AAVS,
AAV6, AAVS, AAV9, AAVrh10, mutants—AAV2.5,
AAV Spark100, AAV.7m8 and AAVtYF). The AAV
genome is composed of two inverted terminal repeats
(ITR) flanking the rep and cap genes. The rep gene aids
in genome replication and virion assembly while the cap
gene produces the capsids. While the ITRs are neces-
sary for propagation and transduction, the bulk of the
AAV genome (cap and rep) can be replaced to create a
rAAV. The rep and cap genes are replaced by a promoter,
transgene and a poly-A tail. This replacement results in
rAAV which can infect and transduce but not lead to
replication or capsid production. Innovations in engi-
neering the AAV cassette and AAV capsid, production
and purification of rAAV and use of small molecules and
peptides have improved the specificity and efficiency
of transduction enable delivery of large transgenes and
decrease immunogenicity.

The rAAV when delivered as GT enters the cell by
endocytosis after binding to receptors and co-receptors
on the cell surface. It enters the nucleus and releases the
genome. Single-stranded DNA is converted to a double
stranded DNA followed by transcription and translation
of the transgene. This initial step may not be required if
a self-complementary DNA has been used. The virion
released from endosomes may be ubiquitinated in the cell
and targeted for degradation by the proteosome [18].

Table 1 Systemic gene therapy

. Name of the gene therapy product
with rAAV vectors approved by

Disease treated

USFDA or EMA Glybera® (alipogene tiparvovec)

Zolgensma® (onasemnogene abeparvovec)
Hemgenix® (etranacogene dezaparvovec)

Roctavian® (valoctocogene roxaparvovec)
Elevidys® (delandistrogene moxeparvovec-rokl)

Lipoprotein lipase deficiency [11, 12]
Spinal muscular atrophy in infants [13]

Severe and moderately severe haemophilia B in
adults who do not have factor IX inhibitors [14,
15]

Severe haemophilia A [16]
Duchenne muscular dystrophy

United States Food and Drugs Administration (USFDA), European Medicines Agency (EMA)
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Immunogenicity of rAAV

Clinical trials and post-marketing data have shown that
the immunogenicity of rAAV affects the transduction and
adverse events of the GT [2, 19, 20]. The immune response
to rAAV needs to be understood in the context of the vari-
ous components of the immune system and their interplay
(Fig. 1, supplementary table 1). The immunological mecha-
nisms in rAAV GT are briefly summarised below [18].

Pre-existing Antibodies and B-Cell Response

Pre-existing antibodies to AAV in circulation can be neu-
tralising or non-neutralising antibodies [21]. Nab against the
capsid antigen bind to rAAV and prevent efficient transduc-
tion [8]. The Nabs appear due to prior exposure to wtAAV,
often early in life [22]. The seroprevalence of Nab varies
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from 5 to 60% depending on the serotype, with seropreva-
lence of Nab against AAV2 being one of the highest [23].
Older children tend to have higher rates of seropositivity of
Nab compared to infants. These antibodies have wide-cross
reactivity across serotypes [24]. Thus, the frequency of such
Nab in the population is a function of age, serotype and the
geographical location [20]. In view of the negative effect
on transduction, patients with Nab beyond certain titres are
excluded from studies, even though lower titres of Nab can
also significantly affect transduction [2, 25]. Any attempt
to mop up these Nab with addition of empty capsids to the
rAAV with the transgene expression cassettes as an antibody
decoy, would lead to a risk of high capsid dose exposure
resulting in higher innate and adaptive cell response to the
capsid antigen [26, 27]. Attempts at engineering the capsid
structure to minimise the effect of Nab tend to affect trans-
duction [18]. An adaptive immune response to the capsid
derived peptides released by the proteosome are presented
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Fig.1 Immune response to aAAV. / Pre-existing neutralising anti-
bodies (Nab) to capsid antigen bind to rAAV and inhibit cellular
entry, trafficking and uncoating of rAAV. 2 Binding of rAAV by
Toll-like receptor-2 (TLR-2) activates innate immunity. 3 Binding of
unmethylated cytosine—guanine dinucleotide (CpG) of rAAV genome
by Toll-like receptor-9 (TLR-9) activates innate immunity. 4 Double
stranded RNA derived from RNA generated from inverted termi-
nal repeat sequences activate innate immune response by binding to
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Melanoma differentiation associated protein 5 (MDA-5). 5 Capsid
peptide from proteosome presented to cytotoxic T-cells (CTL) with
major histocompatibility complex-1 (MHC-1). 6 Transgene protein
derived peptide from proteosome presented to CTL with MHC-1. 7
Transgene peptide presented on MHC-2 to elicit a humoral response
to the transgene protein. 8 Capsid peptide presented on MHC-2 to
elicit a humoral response to the capsid protein. Created with BioRen-
der.com
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with major histocompatibility complex class II receptors
leading to an adaptive immune response. Nab thus formed
often preclude or decrease the efficacy of subsequent admin-
istrations of the same rAAV GT. The humoral immunity to
capsid is more relevant in the context of efficacy of transduc-
tion rather than a predominant direct role in hepatotoxicity,
even though a temporal relationship between the humoral
response and transaminase elevation has been alluded to in
literature [2].

A similar process may result in production of antibod-
ies to the transgene protein, especially in patients whose
immune system has never encountered the protein due to
the nature of their mutation [28]. This may result in failure
of the GT and possible failure of any protein replacement
therapy.

Immunomodulation strategies including rapamycin
(mToR inhibitor), rituximab (anti-CD20 antibody), imli-
fidase (cleaves IgG antibodies), proteosome inhibitors and
selective plasmapheresis to remove AAV-specific antibodies
have been used in animal models and humans to decrease the
impact of Nab on transduction [20, 29-40].

Innate Immunity

The innate immunity response in rAAV may be responsible
for the early adverse events a week after GT administra-
tion [41-43]. It is invariably a modest response unlike other
viruses such as adenovirus even though serious adverse
events could be elicited in non-human primates due to an
innate immune response [44]. Although this response has
not resulted in serious adverse events in humans at doses
used in GT along with prophylactic immunosuppressants, it
leads to an early peak in transaminases after GT administra-
tion and has a role in driving the adaptive immune response
[2].

The innate immune response to rAAV is triggered by.

(i) Binding of rAAV by Toll-like receptor-2 (TLR-2)
in Kupffer cells (not present in the human primary
hepatocyte) [42]

(i) Binding of unmethylated cytosine—guanine dinucleo-
tide (CpG) of rAAV genome by Toll-like receptor-9
(TLR-9) [45]

(iii) Double stranded RNA (dsRNA) derived from mRNA
generated from inverted terminal repeat sequences
that activate the immune system by binding to cyto-
plasmic dsRNA sensor [43]

The activation of the innate immune response by the
binding of rAAV to these pathogen recognition receptors
leads to the release of pro-inflammatory cytokines through
the NF-KB and type-1 interferons. This leads to maturation

of antigen presenting cells and activation of neutrophils,
macrophages and natural-killer cells [41, 46—48].

The activation of TLR-9 by the unmethylated CpG motifs
in rAAV can be blunted in GT by removal of the CpG rich
sequences from most of the vector genome but the CpG
sequences in inverted terminal repeats persist and continue
to activate the innate immune system [49].

T-Cell Response

The capsid antigen from the lysosomes is processed by the
proteosomes and the resulting capsid derived peptides are
presented by MHC-1, resulting in a T-cell response. The
T-cell response in rAAV GT is mediated by CD8 + T-cells.
The T-cell response in humans was initially attributed to
an exclusive memory T-cell response in those individuals
exposed earlier to AAV [50]. The onset of this response in
humans is often after a month of rAAV GT thus indicat-
ing a primary T-cell response rather than an early memory
T-cell response [2, 4]. The CD8 + cellular response results
in destruction of the transduced cells which was not noted
in animal studies [42, 51, 52]. The chemokines produced
by the innate immune response have a role in priming the
CD8 +cells towards a cellular response. The T-cell response
in liver results in hepatocellular dysfunction. The hepato-
toxicity may result in reduced transgene expression if the
target of transduction was the liver [4]. Despite the inability
of rAAV to produce new capsids than what has been already
administered, the T-cell response to the administered capsid
proteins that undergo degradation continues to persist for
months [53]. The CD8 + T-cell response may resolve over
time with the infiltration of CD4 + CD25 + FoxP3 + T-regu-
latory cellular infiltration in the transduced tissue and with
the CD8 + cells acquiring an exhausted T-cell phenotype
[54].

Host genetic factors also influence the variability in
immune response between individuals. Polymorphism in
the IL6R gene may be a factor in variable immune response
between individuals and this is known to contribute to long
term factor IX expression in rAAV GT despite CpG enrich-
ment [55].

Although the rAAV vector in GT is not capable of pro-
liferation, AAV capsid has been detected for longer periods
in tissues depending on the route of administration. Studies
on NHP have shown that 6 years after subretinal injections,
rAAV?2 and rAAVS capsids were still detected in the retina
[56]. rAAV1 capsids have been demonstrated in muscles
at 12-month follow-up after intramuscular injection of the
vector in phase II gene transfer study for AAT deficiency.
Immunofluorescent staining of the capsid was demonstrated
within myofibers of the muscle, mostly in distinct foci at the
perinuclear region [54].
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Complement System

The complement system is implicated in the causation of
thrombotic microangiopathy when rAAV is used in very
high doses and has been shown to be important in the devel-
opment of a humoral response [57, 58]. It is not known to be
involved in the causation of hepatotoxicity.

Effect of the Route of Administration on Immune
Response

Although the liver is not immunologically privileged or
isolated from the systemic immune system unlike the eye,
intrahepatic rAAV GT may offer immunological advantages
in terms of antigenic tolerance to the transgene and the cap-
sid [59]. The liver and its draining lymph nodes provide
a microenvironment conducive to tolerance induction. The
antigen presentation by Kupffer cells, dendritic cells in the
liver and the liver sinusoidal endothelial cells results in
tolerance induction by inducing FoxP3 4+ Tregs, apoptosis
of effector T-cells and other mechanisms including T-cell
exhaustion [60-63].

Pattern of Hepatotoxicity in rAAV-GT

The general pattern of liver injury is of a hepatocellular
liver injury. Children with an underlying cholestatic liver
disease as in myotubular myopathy may have an exacerba-
tion of the cholestasis. The liver injury may have a dual
peak in its severity as is the case in onasemnogene abe-
parvovec (AVXS-101) for spinal muscular atrophy (SMA).
The early peak in transaminases in the first week because
of the innate immune response is modest and dampened by
the high doses of prophylactic immunosuppression used. As
the month-long steroid dosing is tapered, the liver injury
flares up to a second peak. This flare can result in acute liver

failure if the steroid tapering is too rapid. The flare tends to
respond to increase in immunosuppression. The transami-
nases normalise eventually requiring a variable duration of
immunosuppression.

Hepatotoxicity—a Double Jeopardy

The hepatic dysfunction seen in patients receiving rAAV
GT is always not due to an immune response exclusively.
Some of the disorders treated with rAAV have underlying
liver abnormalities that are exacerbated by the immune
response. Patients receiving GT are screened for significant
liver injury to preclude them from trials and clinical use.
The parameters that determine the exclusion of patients from
GT is likely to be different for different disorders and these
parameters are ill-defined and empirical at present [2, 64].
The inherent liver abnormalities described in some of the
disorders receiving GT are detailed below. Irrespective of
such associations, all such patients will need screening for
other liver co-morbidities (Table 2).

Spinal Muscular Atrophy

Liver dysfunction in patients with SMA is indicated often
by mild elevation in the liver transaminases. Although SMA
is not myopathy, release of enzymes from muscles could
also lead to elevation of AST and ALT. Chand et al. had
suggested that the associated elevation of gamma glutamyl
transpeptidase (GGT) may indicate the source of enzyme
elevation to be the liver [2]. This may not always be the
case and it may be worthwhile investigating an elevation in
transaminases assuming the source to be the liver.

In an analysis of patients enrolled in clinical trials,
61% had elevations in ALT and/or AST and/or bilirubin
concentrations prior to receiving the drug. These were
below the threshold for exclusion from the study and

Table 2 Work-up at baseline in an infant with SMA being considered for AVXS-101

Liver function test—serum levels of Total bilirubin, conjugated bilirubin, AST, ALT, alkaline phosphatase, GGT, INR, total protein, albumin

Serum creatinine kinase
Hepatobiliary ultrasound

IgM anti-HAYV, anti-HEV, anti-HCV antibody, hepatitis B surface antigen, urine CMV PCR, serum CMV PCR, adenovirus PCR, PCR for HHV-

6, parvovirus, HSV PCR, EBV serology and PCR
Serum lipid profile, uric acid

Plasma amino acids, urine organic acids, acylcarnitine profile, alpha-1-antitrypsin levels and phenotype, very long chain fatty acid, plasma

lactate, screening for cystic fibrosis

In infants > 6 months of age, antinuclear antibody, anti-liver kidney microsomal antibody-1, anti-smooth muscle antibody

Screening for coeliac disease in older infants

Drug history and family history of liver disease

AST aspartate transaminase, ALT alanine transaminase, GGT gamma glutamyl transpeptidase, /NR international normalised ratio, HAV hepatitis

A virus, HEV hepatitis E virus, HCV hepatitis C virus
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normalised over time [2]. These abnormal liver function
tests are possibly related to hepatic steatosis. Children
with SMA are known to have dyslipidaemia with a pro-
pensity for hepatic steatosis. This is attributed to abnor-
mal fatty acid metabolism. An abnormal beta-oxidation
(e.g. dicarboxylic aciduria) is unique to SMA compared
to non-SMA denervating disorders [65-67]. The underly-
ing mechanism of this defect has been hypothesised to
be either the deficiency of SMN protein or the dysfunc-
tion of genes adjacent to SMN gene. This may result
in a higher sensitivity to superimposed liver injury or
metabolic stress. Reye-syndrome like acute liver failure
requiring liver transplantation has been reported in SMA
resulting from a combination of risk factors including
possible underlying abnormality of beta-oxidation, pro-
longed intraoperative propofol and sevoflurane exposure,
post-operative acetaminophen, stress induced lipolysis
and reduced perioperative glucose intake [68]. Children
with SMA are also reported to be susceptible to par-
acetamol toxicity with therapeutic doses, which could be
related to reduced muscle mass, glutathione stores and
volume of distribution of the drug [69].

AVXS-101 as GT is given as a single infusion in
patients with a bi-allelic mutation in the SMN1 gene and
up to 3 copies of the SMN?2 gene. It delivers a nonintegrat-
ing, fully functional copy of SMN1 into motor neuron cells
using self-complementary adeno-associated viral vector
(AAV) serotype 9 (AAV9) [2].

A total of 90% of the children treated with AVXS-101
had some degree of ALT and/or AST elevation during
therapy irrespective of the baseline elevation in serum
transaminases. 90% of these children had transaminase
elevation that was <3 X ULN while 9% were categorised
as mild elevation (3 to 5 times ULN), 6% as moderate (5 to
20 X ULN) and 5% as severe (> 20 X ULN). The elevation
in liver enzymes was noted a week after drug infusion with
a second peak a month after infusion when steroid tapering
commenced and later when steroids was stopped [2]. In the
managed access programme, two children developed acute
liver failure 3 to 8 weeks after infusion, especially when
the steroid taper was rapid. Both these children responded
to high dose steroids. The liver biopsy in these patients
show expanded portal triad, interface hepatitis with neu-
trophils and CD8 + T-cells, with occasional CD4 + T-cells,
B-cells and eosinophils, lobular lymphocytic infiltration
with CD8 + T-cells, diffuse hepatocellular swelling/bal-
looning and mild portal fibrosis, fibrous septae and lobu-
lar pericellular fibrosis [5e¢]. The transaminase elevation
was shown to follow the course of elevation of antibod-
ies to AAV-9 vector but this does not necessarily attrib-
ute the adverse event to a humoral response rather than a
CDS8 + T-cell mediated response.

X-Linked Myotubular Myopathy (XLMTM)

Patients with XLMTM are known to have raised transami-
nases, alkaline phosphate and GGT, hepatomegaly, chole-
static jaundice, pruritis, cholelithiasis, acute cholecystitis,
hepatic steatosis and peliosis hepatis. Although earlier ret-
rospective series had underestimated the frequency of liver
abnormalities in XLMTM, a series from Italy showed that
elevated serum transaminases with gallstones and abnor-
mal liver structure (including abnormal echogenicity or
haemorrhagic spaces) on imaging were detected in 42%
and 58% of patients, respectively. The abnormalities were
not progressive without correlation to age, disease duration,
clinical severity, or type of MTM1 mutation [70]. In the
INCEPTUS cohort, 91% of patients had a history of hepa-
tobiliary disease at enrolment or had evidence of hepatic
disease in follow-up. This was present in participants across
all three mutation types. Patients with nonsense mutations
had the most prevalent and pronounced abnormalities [71].
Amburgey et al. studied 33 patients with XLMTM for one
year who demonstrated hepatic manifestations in the form
of abnormal serum liver enzymes in 22.5%, hepatomegaly
in 11.8%, jaundice in 14.7% and liver haemorrhage in 5.9%
[72]. Hepatic peliosis can lead to death due to bleeding in
the liver [71]. Hypothesis on the mechanism of liver mani-
festations include defects in autophagy and the impaired
lipid layer trafficking [73].

Although not approved for clinical use, the outcomes in
the ASPIRO clinical trial on AT132 (resamirigene bilparvo-
vec) to treat MTM provided valuable lessons on the role of
vector doses and the influence of an underlying liver pathol-
ogy intrinsic to the disease being treated and the limited
value of animal studies [6e]. AT132 was a rAAV-8 vector
expressing MTM1 gene. The ASPIRO study recruited 24
XLMTM patients in total who received AT132. More than
half of those recruited had baseline evidence of liver disease
including intermittent direct hyperbilirubinemia, transami-
nase elevation, or cholestasis in the past. Seven received a
lower dose of 1x 10'* vg/kg dose and 17 dose of 3 x 10'* vg/
kg dose. Three children in the high-dose cohort died within
20-40 weeks of receiving AT-132. They were older chil-
dren who were over 5 years of age at the time of death and
thus had received high vector doses (range 4.8-7.7 x 10"
vg) compared to younger and lighter children in the high
dose cohort. All three children had pre-existing hyperbiliru-
binemia and while on the drug developed direct hyperbiliru-
binemia leading to a decompensated liver disease. Though
the immediate cause of death was sepsis in two patients and
gastrointestinal bleed in the other, the underlying mecha-
nism of their hepatotoxicity is not understood. The autopsy
showed intrahepatic and canalicular cholestasis, bile duct-
ular reaction, fibrosis and absence of any prominent liver
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parenchymal inflammatory infiltrates. One child showed
lesions that may be consistent with hepatic peliosis. The
study was held by FDA and then recommenced with only
with the lower dose cohort as the deaths were attributed to
the higher dose. The first patient administered the lower dose
(1.3 x 10" vg/kg) on recommencing the trial died, leading
to termination of the study. It is important to note that the
dose labelled as a ‘low dose’ was still a significantly high
vector dose by the standards of trials in other diseases [6e,
19, 74, 75].

Haemophilia

Liver disease in haemophilia may be a result of parenter-
ally transmitted chronic hepatitis C virus infection in adult
patients who had received contaminated plasma-derived
coagulation factors. The association of human immunode-
ficiency virus infection in some of these patients can add to
the liver injury [76].

Endogenous production of factor VIII and factor IX hap-
pens in the liver sinusoidal endothelial cells and hepato-
cytes, respectively. Regardless of the endogenous source of
the proteins, the cellular target for transgene expression in
AAV GT of haemophilia A and B is the hepatocyte for both
haemophilia A (factor VIII deficiency) and haemophilia B
(factor IX deficiency) [14—16].

Clinical trials in haemophilia have provided valuable
information on the role of the innate and adaptive immune
system in hepatotoxicity and durability of transgene expres-
sion in the liver. They highlighted the limitations in the ani-
mal models while drawing attention to the fact that hepa-
totoxicity in rAAV GT may not necessarily parallel the
measurable biomarkers of adaptive immune response in
the serum. Apart from the importance of screening patients
for neutralising antibodies to allow for transduction, the
data underscored the persistence of high-titre, multi-sero-
type cross-reactive AAV NAbs following GT [50, 77-79].
Nathwani et al. demonstrated dose dependent expression of
factor IX levels, with higher levels in those who received
higher doses of the vector [80]. Liver transaminases eleva-
tion was noted with higher vector doses. The rise in transam-
inases was associated with a concomitant drop in factor IX
levels due to the destruction of the transduced hepatocytes.
This phenomenon was demonstrated to be associated with
a cytotoxic T-cell response in early trials [4]. Transient
courses of rescue corticosteroids lead to normalisation of
liver enzymes and continued expression of factor IX with
demonstration of long-term benefit from the GT after 8 years
[81]. This experience could not be replicated in all studies
as the factor IX levels were sustained only for 5—11 weeks
in most patients [55, 78, 82]. The fall in factor IX levels
was not correlated to an immune response to the transgene
protein. The fall in factor IX levels with rising transaminases
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could not be adequately rescued with corticosteroids. The
role of an early innate immune response against CpG motifs
was demonstrated, thus explaining the inability to calm the
T-cell response by corticosteroids and the eventual lack
of clinically significant response [55]. Subsequent studies
by George et al. utilizing vector codon optimization with
reduced CpG content and high specific activity factor IX
Padua variant that enabled use of lower vector doses resulted
in significant reduction in bleeding rates. Immune mediated
transaminase elevation was amenable to treatment by ster-
oids [83, 84]. Studies using a factor IX Padua variant of the
transgene, which have a higher activity than the wild type
of factor IX, have been able to demonstrate sustained factor
IX activity in those with low or intermediate levels of pre-
existing Nab [85].

Clinical trials of rAAV GT in haemophilia A showed
sustained medium term factor VIII levels. In the long term,
there is gradual loss of factor VIII expression which is not
related to an immune response. Any intermittent immune
response measured by IFN-y and TNF-a fluorospot with
either AAVS or factor VIII peptide stimulation may not
necessarily be associated with liver transaminase elevation
or decrease in transgene expression [77, 86]. Delayed initia-
tion of an immune response and transaminase elevation after
3 to 4 months is a unique feature of factor VIII trials. The
reactive and prophylactic courses of steroids used in factor
VIII GT have been much longer courses compared to factor
IX GT trials. The long-term decline in synthesis of factor
VIII level could be related to its synthesis by liver sinusoidal
endothelial cells rather than in hepatocytes, natural senes-
cence and turnover of hepatocytes [77].

Risk Mitigation by Patient Selection

Risk mitigation by patient selection for clinical trials and
approved clinical use of drugs usually focus on [1] pre-
existing Nab to AAV capsid or antibodies towards the pro-
tein product of the transgene (pre-existing antibodies to
coagulation factor in haemophilia) and [2] pre-existing liver
abnormalities. The level of pre-existing antibodies that are a
contraindication for GT vary between trials and more recent
haemophilia trials have pushed the boundaries on the accept-
able levels of Nab [85]. The focus on pre-existing antibodies
is for the purpose of improving transduction rather than for
alleviating adverse events. The absence of or lower levels of
Nab do not preclude hepatotoxicity. The utility of measuring
any pre-existing cellular immunity to AAV is of doubtful
value in predicting hepatotoxicity. The timeline of onset of
hepatoxicity is often indicative of an early innate immune
response followed by a new onset T-cell response rather
than a memory response [2, 81]. The latter patient selec-
tion criteria on the degree of hepatic dysfunction that would
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effectively mitigate hepatotoxicity is less well defined and
variable between studies. The parameter used could be the
serum transaminase levels, the serum bilirubin level or the
degree of fibrosis. The parameter that would be best judge
of an exclusion criteria could vary between diseases and the
vector dose used [2, 64, 74]. The fine balance between safety
and benefiting more patients with GT could be difficult to
achieve.

Avoiding hepatotoxic medications is an essential part of
risk mitigation. In addition, avoidance of rapid prophylactic
steroid tapering could prevent severe flares of liver injury
that could lead to liver dysfunction.

Clinical Use of Inmunosuppression
Protocols Used in Hepatotoxicity

Pre-clinical and clinical use of immunosuppressant protocols
in rAAV GT have been for the following purposes:

(i) Depleting circulating pre-existing Nabs to allow for
improved transduction and expanding the recipient
cohort that can receive the GT

(i1)) Prophylactic immunosuppression (PIS) to dampen
innate immune response to decrease adverse event
during the early post-administration phase

(iii) Reactive immunosuppression (RIS) to suppress adap-
tive immune responses that lead to adverse events
and inhibition of transgene expression

Considering the predominant role of innate and cellular
adaptive immunity in hepatotoxicity, Nab depletion may
have no effect on hepatotoxicity. In view of the rarity of
hepatotoxicity in animal studies there is lack of data to draw
from animal trials regarding the use of immunosuppressants,
prophylactic and reactive immunosuppression for hepatotox-
icity. While awaiting advances in rAAV GT that would avoid
hepatotoxicity, the goal of PIS should be to preclude any
hepatotoxicity with the least drug induced adverse events.
Present PIS regimens that are mainly based on corticoster-
oids have not achieved this goal, including that of preventing
severe adverse events. RIS has again used high dose steroids.
Although short courses alleviate adverse events in many
cases, the long courses required in some patients prompt a
need to investigate second line immunosuppressants [2, 7ee,
77]. There is also a need to explore options beyond steroids
to treat serious adverse events that carry a risk of mortality
and high morbidity [Se].

Corticosteroids

Corticosteroids are widely used drugs in rAAV GT in view
of their wide impact on the immune system to include

innate and adaptive immune system encompassing both the
cellular and humoral systems. Corticosteroids are used in
haemophilia GT as prophylactic drugs and also in reactive
protocols whenever there was transaminase elevation with
or without a decline in loss of transgene expression [3, 4,
84]. These reactive treatments were often short courses of
steroids in factor IX GT [4]. The contrasting long courses of
steroids used in factor VIII GT are associated with steroid-
associated adverse events [77].

In XLMTM, AT132 was administered along with pred-
nisolone as a prophylactic medication used at 1 mg/kg/day
for 8 weeks after administering the drug and tapered over
the subsequent 8 weeks. Corticosteroids were used to treat
hepatoxicity along with ursodeoxycholic acid in patients
who worsened but subsequently died. The benefit of cor-
ticosteroids in modifying outcomes in patients with hepa-
totoxicity in XLMTM is not known, considering that the
inflammatory infiltrates were minimal in the liver at autopsy
[6e, 19, 74, 75].

The initial protocol used for steroid use as a prophylactic
and reactive therapy for hepatoxicity in AVXS-101 treat-
ment of SMA is described in Table 3. Presently, the sug-
gested regimen on the tapering of steroids was discontinued
and the tapering regimen was left to the discretion of the
treating clinician (Table 3). The reported mean duration
of prednisolone treatment in the studies in these patients
(n=100) was 83 days (range 33-229 days; SD 60.6 days)
[2]. The data does not differentiate those requiring a low-
dose of prednisolone from those on higher dose steroids
[2]. Acute liver failure was reported in two patients with
INR > 1.5 with encephalopathy. The onset was between 3
and 8 weeks post infusion of AVXS-101, in spite of ster-
oids. One of the patients had a rapid tapering of steroids.
Both the patients received methylprednisolone starting at
20 mg/kg/day which was gradually tapered with improve-
ment [Se].

The reported prolonged duration of transaminase eleva-
tion is concerning [2, 7ee, 77]. A sizeable group of patients
had steroid usage for more than 90 days. Individual varia-
tions in the practice of tapering steroids could contribute
to variable duration of steroid usage [2]. The effect of long
courses of steroids on muscle mass and function needs to be
evaluated. A formal study of steroid adverse events in these
patients is lacking.

Although self-limiting, the effect of prolonged liver
inflammation is not known. Performing liver biopsies in
patients with prolonged transaminase elevation and neuro-
muscular weakness is challenging and should be reserved
for a select group of patients with acceptable anaesthetic
risk. The role of non-invasive biomarkers of fibrosis is not
well established in children in routine clinical practice. It is
essential that these patients have their liver stiffness assessed
by ultrasound elastography once the inflammation subsides.

@ Springer



284

Current Hepatology Reports (2023) 22:276-290

Revised regimen

Pre-March 2019

Table 3 Revision of regimen for steroids recommended for administration of AVXS-101

@ Springer

Prednisolone orally 1 mg/kg/day (or equivalent if another Initiation at 2 mg/kg/day, starting the day prior to dosing,

24 h prior to onasemnogene abeparvovec

Pre-infusion

for 3 days; and then reduction to 1 mg/kg/day for 30 days

corticosteroid is used)

Prednisolone orally 1 mg/kg/day (or equivalent if another

Post-infusion 30 days (including the day of administration of onasem-

corticosteroid is used)

nogene abeparvovec)

Modification to dosing and duration of glucocorticoids was

Systemic corticosteroids should be tapered gradually

Followed by 28 days

left to the investigators’ discretion

Tapering of prednisolone (or equivalent if another cor-

For patients with unremarkable findings (normal clinical

ticosteroid is used), e.g. 2 weeks at 0.5 mg/kg/day and

then 2 weeks at 0.25 mg/kg/day oral prednisolone

exam, total bilirubin, and whose ALT and AST values
are both below 2 X upper limit of normal (ULN) at the

end of the 30 days period

Systemic corticosteroids (equivalent to oral prednisolone

For patients with liver function abnormalities at the

1 mg/kg/day)
Systemic corticosteroids should be tapered gradually

end of the 30 days period [ALT or AST values above

2 xupper limit of normal (ULN)]
Continuing until the AST and ALT values are below

2X ULN and all other assessments return to normal

range, followed by tapering over 28 days or longer if

needed

Liver function should be monitored for at least 3 months following onasemnogene abeparvovec infusion

There are no biomarkers that could identify patients
who will need prolonged use of immunosuppressive
agents. The time of initiation of second-line immuno-
suppressants in those who persist to have prolonged
transaminase elevation is empirical at the most and, in
the authors’ view, should be around 60 days. It would
have to be balanced with the understanding that some
patients might normalise their transaminases while drugs
such as MMF take time to act from the time of their
initiation. Second line immunosuppressants may not be
justified when steroid weaning could be achieved in few
months and without steroid toxicity.

Sirolimus

Sirolimus inhibits mMTOR and thereby cytotoxic T-cells,
T-helper cells, upregulate T-regulatory cells and also
inhibit the B-cell response. The earlier of sirolimus in
rAAV GT has been in combination with rituximab based
on its use in animal studies. The primary aim of using
sirolimus in these studies was to attenuate the antibody
formation in combination with rituximab leading to a
decrease in pre-existing Nabs and improving transduction
[35]. The facilitation of autophagy by the drug is also
known to enhance transduction [87]. Down-regulation of
T-cell and B-cell response hampers the development of
antibodies to rAAV capsid and transgene, thus improv-
ing efficacy of GT and allowing for re-administration
of GT [30, 33]. Rituximab and sirolimus (serum trough
level of 3-7 ng/ml) were used in a cross-reacting immu-
nologic material-negative (CRIM-ve) child with Pompe
disease who initially received enzyme replacement ther-
apy followed by rAAV1-CMV-hGAA and was shown to
not develop antibodies to rAAV capsid and along with
the absence of a T-cell response [31]. Yet, the role of
sirolimus on prevention of hepatotoxicity is not known.
It could be argued that sirolimus upregulates T-regu-
latory cells and thereby encourage tolerance to rAAV
capsid and the transgene [88]. More recent trials have
used sirolimus for both PIS and RIS for rAAV-induced
hepatotoxicity is sparse. The recently published clinical
trial of rAAV GT in Crigler-Najjar syndrome used meth-
ylprednisolone, 8 weeks of prednisolone and 12 weeks
of sirolimus as PIS followed by steroids and sirolimus
also for RIS in the initial few patients. Eventually, this
resulted in a change in their practice to the use to the
use of sirolimus for a prolonged course of 48 weeks in
patients who received GT later, rather than the 12-week
course. Although this was effective in suppressing the
hepatotoxicity and maintaining efficacy of the liver-tar-
geted GT, the development of antibodies to AAV could
not be prevented [89].
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Mycophenolate Mofetil (MMF)

MMEF is a purine analogue that suppresses T-cell and B-cell
proliferation by inhibiting type II Inosine monophosphate
dehydrogenase that is essential for de novo purine synthe-
sis. Based on the data in mice that MMF reduces vector
genome second strand synthesis by depleting intracellular
guanosine triphosphate, MMF was felt to be unsuitable
as an immunosuppressant for the early phase of transduc-
tion using single-stranded rAAV. However, MMF did not
impair transduction by a self-complementary rAAV vector,
similar to that used in AVXS-101 [90]. Studies in non-
human primates with MMF added 4 weeks after single-
stranded rA AV infusion showed that in spite of the delayed
introduction of MMF to allow for second strand synthesis,
transgene expression was inhibited by MMF through an
immunological mechanism [91]. In contrast, Jiang et al.
did not demonstrate impaired transduction or FIX syn-
thesis in rhesus macaques with coadministration of MMF
and tacrolimus along with rAAV [92] MMF was used as
prophylactic drug alongside cyclosporine with or without
methylprednisolone in Glybera GT in humans but failed to
prevent development of a T-cell and B-cell response to the
capsid or the transgene product [11]. MMF may be used as
a steroid sparing agent in reactive treatment of prolonged
hepatotoxicity.

Calcineurin Inhibitors

Non-depleting anti-CD4 antibody and cyclosporine have
been used in mice to decrease Nabs to allow for repeat
administration [93]. Tacrolimus was effective in one patient
to treat hepatotoxicity in rAAV GT for haemophilia B in
the B-AMAZE study in addition to its use as a prophylactic
agent in combination with prednisolone [3]. The use of cal-
cineurin inhibitors (cyclosporin and tacrolimus) raises the
concerns regarding downregulation of T-regulator cells and
a potential loss of tolerance to the transgene product [88].
This has not been verified in the clinical context in humans.

Rituximab

Rituximab reduces Nabs to AAV in rheumatoid arthritis
patients [32]. The present use of rituximab alone or in com-
bination with sirolimus in rAAV GT decreases pre-existing
Nabs and development of Nab resulting from therapy [30,
31, 34, 35]. Although a Chand et al. demonstrate a temporal
correlation between the course of development of Nabs and
transaminase elevation, Nabs are unlikely to be a major con-
tributor to hepatotoxicity [2]. Rituximab may not be useful
as a reactive therapy for hepatotoxicity.

10

Timing of Inmunosuppression and T-Regulatory
Cells

The relevance of timing of administration of immunosup-
pression was demonstrated in nonhuman primates by com-
paring early anti-thymocyte globulin (ATG) administra-
tion along with rAAV with delayed ATG administration at
5 weeks. Development of anti-FIX immune response was
associated more often with the former regimen. The Th17/
regulatory T-cell ratio determines transgene-product immu-
nogenicity or tolerance [94]. Daclizumab, an anti-CD25
antibody, when used early along with sirolimus and MMF
during AAV administration of rAAV vector leads to tran-
sient depletion of CD4*CD25*FoxP3" T-regulatory cells
in non-human primate models along with an increase in
anti-AAV capsid antibodies and anti-factor IX antibodies
when compared to the use of sirolimus and MMF without
daclizumab [95]. The effects of the timing of immunosup-
pression on T-regulatory cells are important in understand-
ing the implications of any prophylactic regimen that may
affect T-regulatory cells. As a corollary, reactive immuno-
suppressants such as MMF administered for hepatotoxicity
at a later phase should have minimal effect on development
of tolerance to the transgene product.

Suggested Pharmacotherapy
and Monitoring of rAAV GT Related
Hepatotoxicity

Considering the widespread clinical use of rAAV GT, there
is a need for empirical guidelines on RIS. Our clinical prac-
tice for the management of AVXS-101 related hepatotoxicity
is as follows (Fig. 2) [96].

High dose intravenous methylprednisolone (10-20 mg/
kg/day) may be indicated in.

(i) Elevation of transaminases > 20 times upper limit of
normal (ULN) or rise in bilirubin while on oral pred-
nisolone at 2 mg/kg/day for more than 2 weeks or
Alanine aminotransferase (ALT) or aspartate ami-
notransferase (AST) >3 times ULN with liver dys-
function (INR > 1.5) or
ALT or AST > 3 times ULN with associated fatigue,
nausea, vomiting, right upper quadrant pain, or ten-
derness or fever [97]

(i1)

(iii)

Tacrolimus may be indicated in patients who have not
responded adequately to high dose methylprednisolone. A
target 12 h trough serum level could be 6-8 ng/dl.
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Fig.2 Algorithm for use of second-line reactive immunosuppression in children receiving AVXS-101
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Thresholds for second line steroid-sparing immunosup-
pressants could be.

(i) AST or ALT > 3 times ULN despite > 2 weeks of
prednisolone at 2 mg/kg/day or

A need for prolonged (more than 60 days) require-
ment of prednisolone at more than acceptable doses
(more than 0.25-0.5 mg/kg/day) during steroid taper-
ing period to maintain AST or ALT <3 times ULN
(iii) Steroid toxicity

(ii)

Mycophenolate mofetil (MMF) may be the first choice of
second line steroid-sparing immunosuppressants with siroli-
mus being considered the second choice in those who do
not tolerate MMF. In our experience in few children, where
steroid weaning was not possible or in those who developed
severe liver dysfunction like prolonged prothrombin time
unresponsive to vitamin K, the use of MMF and tacrolimus
was effective.

The management decisions for rAAV GT related hepa-
totoxicity should be the outcome of multidisciplinary team
discussion which should include a hepatologist [7ee, 96].
The threshold of serum transaminase elevation that warrants
RIS is likely to much lower in children where the rAAV-GT
is directed towards transgene expression in the liver to avoid
loss of efficacy. There is a trend towards maintaining normal
serum transaminase levels in these patients [89].

Conclusions

Hepatotoxicity with rAAV GT could be a challenging
problem either due to profound or prolonged liver injury or
compromised transgene expression in the liver. There is a
need to better understand the mechanisms of immunological
injury, the modalities for early and reliable identification
of at-risk individuals, the effect and choice of prophylactic
and reactive immunosuppressants and long-term effects
of liver injury and immunosuppressants. Protocols for
immunosuppressants will need to move beyond steroids.
There is a need for wider partnership amongst all stake
holders including patient groups on all aspects of GT-related
hepatotoxicity and its management.
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