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Abstract

The first wave of gene therapies for haemophilia submitted for regulatory review uti-
lize a liver-directed approach in which a functional gene copy of factor VIII (FVIII) or
factor IX (FIX) is packaged inside a recombinant adeno-associated viral vector (rAAV).
Following a single treatment event, these particles are taken up into liver cells, where
the rAAV uncoats and delivers the DNA to the nucleus of the cell, where genetic
elements that accompany the gene allow for efficient expression and secretion of
FVIII or FIX protein into the plasma. An immune response to the vector capsid has
been manifest by elevations in common liver enzymes that must be diligently fol-
lowed postinfusion for weeks and months afterward and if signs of toxicity appear,
will trigger a course of immunosuppression. Despite this, the studies have shown that
this works in the great majority of individuals and the immunosuppression course is
either avoided or short-lived for many. Optimal outcomes in the haemophilia popu-
lation will be dependent on proper screening assessment and maintenance of liver
health prior to consideration of gene therapy, close short-term follow up and imple-
mentation of immunomodulatory strategies to identify and manage liver toxicity and
preserve durable transgene expression. This review proposes best practices to assist
clinical teams with overcoming the challenges this platform of therapy poses to the
traditional clinical care models and infrastructure within the haemophilia treatment
centres (HTCs) who will be coordinating the patient’s journey through this potentially

transformative therapy.
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ulation and in gene therapy candidates include nonalcoholic fatty liver
disease (NAFLD), chronic viral B and C hepatitis, alcoholic liver disease,
and autoimmune hepatitis. As such, it is important to have a fundamen-

Several hepatic considerations are relevant in the context of gene ther-
apy as not uncommonly, such patients may have underlying liver dis-
ease at baseline or have hepatic abnormalities while undergoing ther-
apy with the attendant long-term risk of hepatocellular carcinoma
(HCC), a potential concern in patients undergoing gene therapy. The

common hepatic conditions that are encountered in the general pop-

tal knowledge of the commonly encountered liver diseases, in general
and in those undergoing gene therapy. There are several ubiquitously
applicable noninvasive serologic tests and biomarker panels, and liver
biopsy, available to diagnose a specific liver disease and assess sever-
ity of liver disease and thus risk stratify patients while being assessed

for gene therapy. The assessment of the presence of liver disease, and
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its severity, can be done through a combination of serologic tests and
noninvasive biomarkers, and tools that assess liver stiffness. The non-
invasive markers for assessing severity of liver disease are helpful, have
ease of use, and are well accepted by patients and as such can facilitate
monitoring, as well, of liver health following gene therapy. There has
been a diminishing role for liver biopsy, although hepatic inflammation
is best characterized by hepatic histopathology.

1.1 | Assessment of hepatic biochemical tests

Serum alanine aminotransferase activity (referred to as ALT) is a liver
enzyme activity measurement that is commonly used to evaluate liver
health and assess liver disease.> ALT is measured through widely avail-
able and low-cost blood tests. Many patients with subtle ALT eleva-
tions often are asymptomatic, making this measurement valuable for
detection of subclinical liver disease.? There are several factors that
can affect ALT measurements, including sex, BMI, triglyceride levels,
total cholesterol, alcohol consumption, smoking status, and age.2™* It
can be generalized that patients with greater elevations in serum ALT
levels have more severe hepatic inflammation. However, one limitation
of measuring serum ALT levels is that there is only a weak correlation
between serum ALT levels and degree of hepatic fibrosis.!

Rises in serum ALT levels can indicate hepatocellular injury, even if
the patient is asymptomatic,® such as in NAFLD, chronic HCV or HBV
infection, alcoholic liver disease, drug-induced liver injury and autoim-
mune hepatitis.” The degree to which serum ALT levels rise from base-
line is a helpful indicator of the severity of liver injury. Beyond its util-
ity in detecting liver disease, serum ALT levels are a helpful indica-
tor of overall patient health and mortality. Studies conducted globally
show that serum ALT elevations in both men and women are corre-
lated with higher liver-specific mortality and cardiovascular mortality,
among other causes of mortality.>”

Taken together, measuring serum ALT levels is a useful screening
test for liver diseases and several causes of mortality. This measure-
ment is not diagnostic, but could rather be used to separate low-risk
from high-risk patients before following up with further investigations.
Other hepatic biochemical tests that can be used to assess liver dis-
ease are AST, alkaline phosphatase, total bilirubin, albumin, prothrom-
bin time and GGT levels. Total bilirubin to a large extent, albumin, and
prothrombin time are specifically used to assess synthetic function (see
Table 1).

1.2 | Noninvasive liver disease assessment (NILDA)

1.2.1 | Imaging techniques (Table 2)

Several imaging techniques have evolved over time and are being
more readily used in the assessment of the degree of hepatic fibro-
sis. These include US-based elastography (Transient elastography (TE,
FibroScan, Echosens, Paris, France), point shear wave elastography

(pSWE), also known as acoustic radiation force impulse imaging (ARFI),

TABLE 1 Hepatic biochemical tests
Chemistry Interpretation
Bilirubin** Overproduction, impaired conjugation
Hepatocellular damage
Cholestasis (both intra- and extra-hepatic)
ALT,! AST? Hepatocellular damage
ALP® Cholestasis (infiltration, SOL?)
GGT# Cholestasis (infiltration, SOL®)
Albumin* Synthetic function
PT°" Synthetic function
Legend.

1. ALT: alanine aminotransferase.

2. AST: aspartate aminotransferase.

3. ALP: alkaline phosphatase.

4. GGT: gamma-glutamyltransferase.

5. PT: prothrombin time.

6.SOL: Space occupying lesion.

a. * Marker of hepatic function.

b. ** Mostly a marker of hepatic function but can represent other conditions
(e.g., haemolysis).

(2-D) shear-wave elastography (2D-SWE), and Magnetic resonance
elastography (MRE).8 Standard grey-scale ultrasound, and other rou-
tine imaging methods such as computed tomography [CT] and magnetic
resonance imaging [MRI]), that have been in use for several years, can-
not reliably estimate the degree of liver fibrosis, but they can be help-
ful in well-established cirrhosis and particularly in those with portal
hypertension.”

Both histologically and with noninvasive modalities, hepatic fibrosis
is staged from FO (no fibrosis) to F4 (cirrhosis), while there are inter-
mediate stages of F2 and F3 (bridging fibrosis). Hepatic steatosis is a
clinical entity that is commonly encountered and is graded 0-3 histo-
logically and with noninvasive modalities, based on hepatocyte content
of fat: SO (0-4%), S1 (5-33%), S2 (34-66%), and S3 (> 66%) steato-
sis. Most often used imaging techniques for assessment of fat include
Controlled Attenuated Parameter (CAP) and MRI-PDFF.1011 CAP is a
type of transient elastography which measures hepatic steatosis using
the FibroScan probe at a specific frequency. While CAP is an US-based
imaging technique, MRI-PDFF is an MRI-based technique which mea-
sures proton density fat fraction, and allows hepatic steatosis to be
quantified.!!

The principal of US-based elastography involves the tracking of the
speed of propagation of a mild amplitude low frequency (50 Hz) elas-
tic wave that is produced by a mechanical vibrator and which travels
through the skin and intercostal space into the liver. The wave speed
correlates with liver stiffness and is expressed in kPa. It is generally
accepted that a stiffness of > 15 kPa as determined by TE is indica-
tive of cirrhosis. The cut-offs for liver stiffness values vary for the var-
ious tools and the ranges for intermediate stages of fibrosis vary by
aetiology. Further, there are limitations to these techniques, such as
failure to obtain a proper assessment in those with high BMI, and in
those with concomitant severe hepatic inflammation, cholestasis, and

hepatic congestion. Acoustic radiation force imaging (ARFI) techniques
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TABLE 2 Noninvasive liver disease assessment (NILDA) tools and liver biopsy

Type of Test

Image Technique Guided Tools .
(Transient elastography (TE), ARFI .
(pSWE), 2-D SWE, MR .
elastography)

Blood based biomarker panels .

Liver biopsy .

PIPE ET AL.

Strengths

Easy to use

Minimal operator experience
High sensitivity and specificity,
particularly for cirrhosis
Generally, readily available
Can be used for monitoring
hepatic fibrosis

Degree of steatosis can be
assessed (CAP, MRI-PDFF)

MR elastography examines the
entire liver

Readily available

Can be done with online
calculator (APRI, FIB-4)
Can be done commercially
(Fibrotest, ELF, NFS)

Can be used for monitoring
hepatic fibrosis

Has been the "gold" standard for
the diagnosis and staging of liver
disease while there has been
diminishing role in the diagnosis
(e.g HBV, HCV, alcoholic liver

Limitations

Transient elastography and ultrasound elastography

High BMI may limit interpretation

Hepatic congestion may lead to false readings

Food intake associated with increased liver stiffness-
patients need to fast for 2-3 h prior to the procedure
Helpful in assessing and monitoring fibrosis but not
inflammation

Inability to discriminate well between intermediate
stage of fibrosis

MRI elastography

Not readily available
Expensive and thus may not be practical for long-term
monitoring of fibrosis

Invasive with some risk albeit small

Suboptimal patient acceptance

Inadequate samples may lead to inaccurate diagnosis
and staging of fibrosis

Not practical for long-term monitoring of hepatic

disease)

assess liver stiffness based on tissue displacement from acoustic com-
pression pulses. Magnetic resonance elastography (MRE) is similar to
US-based techniques where the assessment of liver stiffness is made
based on the speed of propagation of the mechanical shear waves gen-
erated by an acoustic driver device placed over the right upper quad-
rant. A major advantage of MRE is that it allows for more complete
assessment relative to other elastography methods as it covers almost
the entire liver.2 While the failure of liver stiffness assessment rates
is low with MRE, it may not be readily available, has higher costs, and
presents challenges in logistically setting it up, thus not practical if fre-
quent monitoring of liver health is needed.’2-14

1.2.2 | Blood-based biomarkers (Table 3)

The principles of blood-based assessment of hepatic fibrosis are based
on the complex and dynamic interplay of extracellular matrix synthesis
and their degradation often due to inflammation and cytokine release.
Such tests include some of the routinely used blood tests such as
AST and ALT, clinical variables, and in some instances, include com-
plex markers that reflect direct measurements of collagen synthesis or
degradation. The most frequently used blood-based biomarker panels
are APRI, FIB-4, ELF, Fibro test, and NFS. FibroTest is a test with broad
utility, which provides a quantitative score to assess liver damage for

patients with a range of liver diseases.>> 17 The Fibrosis-4 Index (FIB-

fibrosis

4) and AST to Platelet Ratio Index (APRI) score are both used to esti-
mate the degree of fibrosis, based on robust data, often in patients with
HBV and HCV. FIB-4 score is calculated using the patient’s age, platelet
count, ALT and AST levels. APRI score is calculated using the patient’s
AST level and platelet count. Both of these scores can easily be deter-
mined using an online calculator.'® NAFLD Fibrosis Score (NFS) is also a
specific test, used to assess patients with NAFLD for fibrosis.'? One or
more of these tests are readily available and are being increasingly used
to assess the severity of liver disease. They have a high degree of sen-
sitivity and specificity in assessing degree of fibrosis, although there is
variability based on factors such as aetiology of liver disease, and pres-
ence of inflammation. The major advantage is that they are noninva-
sive, widely accepted, and can be used to monitor the degree of hepatic
fibrosis but not to assess severity of inflammation either at baseline or
in response to therapy.2°

1.3 | Liver biopsy

Liver biopsy has been in use as a diagnostic tool since the late 1800’s.21
With the advent of several serologic and nonserologic noninvasive
tools for diagnosing and staging severity of liver disease, liver biopsy is
being used less frequently. Further, there are limitations such as risks
associated with the procedure, suboptimal patient acceptance, sam-

pling error for assessment of fibrosis, and interobserver variability in
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TABLE 3 Noninvasive liver disease assessment (NILDA) with biomarker panels

Biomarkers How to calculate Comments

APRI* AST level, Platelet count Can calculate online
FIB-42 Age, AST level, ALT level, Platelet count Can calculate online
FibroTest® Age, Sex, GGT level, Total bilirubin level, Alpha-2-macroglobulin level, Haptoglobin level, Commercially available

Apolipoprotein A1l level, ALT level (included for ActiTest)
ELF* Hyaluronic acid, Procollagen 11l amino-terminal peptide, Tissue inhibitor of metalloproteinase 1 Commercially available
NFS® Age, BMI, Diabetes disease status, AST level, ALT level, Platelet count, Albumin level Commercially available
Legend.

1. APRI: AST to Platelet Ratio Index.
2.FIB-4: Fibrosis-4 Index.

3. Known as FibroSure in the United States.
4. ELF: Enhance Liver Fibrosis Test.

5.NFS: NASH/NAFLD Fibrosis Score.

interpretation. However, it remains the only reliable method of pre-
cisely characterizing hepatic inflammation.

In patients undergoing gene therapy, there might be the evolution of
several immunologic perturbations or nonimmunological reasons lead-
ing to hepatic biochemical test abnormalities.?? Clinical and hepatic
biochemical test assessment is reasonable, but the diagnosis may not
be definitive and the extent of the inflammatory process cannot be
gauged without a liver biopsy. While, in general, interventions using
immunosuppression, in those with hepatic biochemical tests abnor-
malities while undergoing rAAV-gene therapy has been the practice,
it would be reasonable to consider a paradigm shift to considering a
liver biopsy (can be done with acceptable bleeding risk in patients with
haemophilia via a transjugular approach), particularly in those cases
that have significant hepatic biochemical test abnormalities, are recal-
citrant to immunosuppression or require prolonged immunosuppres-
sive treatment. Such a strategy would also help us understand more
specifically the type and cause for the hepatic abnormalities.

In summary, the evaluation of liver health and disease status can be
assessed through a variety of conventional hepatic biochemical tests,
noninvasive imaging guided techniques and biomarker panels. Liver
biopsy is seldom used to diagnose and stage liver disease severity while

it remains the only modality of reliably assessing hepatic inflammation.

2 | INFRASTRUCTURE REQUIRED FOR GENE
THERAPY IMPLEMENTATION

Multidisciplinary haemophilia experts have established four universal
principles for the introduction of gene therapy: (1) The Person with
haemophilia (PWH) should be at the centre of decision-making, (2)
All PWH should have equal opportunity to access gene therapy, (3)
Safe introduction of commercial gene therapy with lifelong follow-up
is paramount to ensuring long-term success, and (4) The integrated
comprehensive care model currently employed for the treatment of
haemophilia improves outcomes and is best placed to support the
introduction and long-term follow up of gene therapy.23 Accordingly,
the haemophilia treatment centres (HTCs) will need to be involved

throughout the patient’s journey, leveraging the existing expertise and
relationship with PWH under their care.

HTCs should be directing their efforts toward establishing lines of
education, collaboration and communication that will be essential in
order to be prepared for clinical delivery of gene therapy while striv-
ing for continued excellence in patient outcomes. The pathway to pre-
paredness for implementation of gene therapy within the HTCs begins
with education of patients and multidisciplinary staff, including com-
munication of the safety and efficacy observed from preclinical stud-
ies, long-term outcomes from phase I/1l clinical trials and early data
from phase I1l pivotal trials.?* Given recent progress of gene therapy
for both haemophilia A and B, manufacturers will likely be seeking
regulatory approval within the next year.2> This will need to be fol-
lowed by a viable pathway for access including criteria for authoriza-
tion and reimbursement. In the mean-time, attention can be directed
to preparations for integration of gene therapy into the clinical care
work flows within the HTCs. The joint publication from the European
Association for Haemophilia and Allied Disorders (EAHAD) and the
European Haemophilia Consortium has outlined a proposed “hub and
spoke” model of integrated care that could be implemented with modi-
fications within any country with the expectation that the care models
would be dynamic and adaptable as more is learned regarding safety
and efficacy of this treatment modality and with better understanding
of the hurdles that must be overcome at individual sites.?? Potential
division of responsibilities among one or more centres within this hub
and spoke model include a Supervisory/Coordinating Centre with respon-
sibility for all aspects of gene therapy care (consenting, dosing, follow
up and data reporting), Dosing Centre responsible for the receipt, prepa-
ration and administration of the gene therapy product and a Refer-
ral/Follow Up Centre, responsible for identification and screening of eli-
gible patients and involved in specific aspects of follow up care under
guidance of the Coordinating Center.2?

Both the “hub and spoke” and division of responsibility models
have developed organically among the HTCs within the clinical trial
programs to date. Practical implementation of gene therapy within the
HTCs will involve expanding these models of care and transitioning
from the clinical trial infrastructure to the clinical care infrastructure.
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The regional haemophilia network in the USA is supported by the
Health Resources and Services Administration and organized into
eight regional networks that comprise 149 HTCs.2¢ Each region has
a regional core centre that collaborates with national, regional and
local partners. Presently, there are approximately 36 HTCs within the
network that have gene therapy clinical trial experience, the majority
modelling as Coordinating Centres, though about 25% of these sites
have never dosed a patient within the phase Il clinical trials, related
to various institutional and infrastructural barriers. These sites have
remained a part of the collaborative model described above as Referral
Centres to identify patients, coordinating infusion at an identified
Dosing Centre and then resuming care as a Follow Up centre following
their infusion. Importantly, there is at least one Coordinating centre
within each of the eight USA regions of care, often with several HTCs
in proximity that have or can serve as Referral/Follow Up centres.

We can envision that the implementation of gene therapy nation-
ally will happen first within these specialized and experienced HTCs.
However, this will involve moving from a clinical trial infrastructure to
gene therapy delivery as part of the clinical care infrastructure. Within
the clinical trials, these HTCs have been primarily utilizing their inves-
tigational pharmacies, clinical research centres and dedicated research
nurses and coordinators. In transitioning to gene therapy as part of clin-
ical care, this will now involve their clinical pharmacies, clinical nurses
and coordinators - most of whom do not yet have any gene therapy
experience. In the first phase of implementation, the priorities should
be on education of the staff in these areas, addressing any evolution
of the care models that will be needed to coordinate this new work
flow and establishing standard operating procedures (SOPs) for clinical
care pathways (Figure 1). In a second phase of expanded HTC engage-
ment, we can anticipate sharing of best practices and SOPs, full imple-
mentation of care coordination (across clearly identified Coordinating,
Dosing and Referral/Follow Centres) and continued evolution of care
models.

There are unresolved challenges with the practical implementation
of this infrastructure:

2.1 | Reimbursement/funds flow models

There are financial responsibilities associated with gene therapy
product acquisition, storage, reconstitution, administration and then
patient monitoring as part of follow up. With clinical care potentially
distributed across more than one HTC, how will each of the HTCs
be reimbursed for their role in a patient’s clinical gene therapy? The
gene therapy manufacturers and private/public payers bear significant
responsibility to ensure that the HTCs will be compensated adequately
for their contribution to gene therapy delivery whether serving as a

Referral/Follow Up, Dosing and/or Coordinating Centre.

2.2 | Coordination of care between HTCs

There is still limited experience with patients moving fluidly for ser-

vices between HTCs. This can be related to geographies, health cover-

age limitations, and established trust with their home HTC. In keeping
with the four universal principles,?® access to gene therapy for a PWH
should not be limited by their geography or home HTC’s experience
with gene therapy to date. Thus, we should be looking to models of care
that allow for shared care across sites without sacrificing communica-
tion and data collection.

2.3 | |Institutional approvals and local
infrastructure needs

For each gene therapy product, each site will need to secure the appro-
priate Infection Control Committee review and approval, assess the
needed infrastructure within their clinical pharmacies to support prod-
uct receipt, storage, handling, preparation for infusion and identify the
suitable site to administer the product and conduct the appropriate

peri-infusion monitoring.

2.4 | Personnel/staffing

Leaving the support of the clinical trial infrastructure and shifting
to the heavy demands of the clinical care infrastructure will require
targeted education, new divisions of responsibility for the clinical care
staff and possibly new personnel (e.g., a dedicated care coordinator)
to assist in the navigation of the PWH across the entirety of their gene

therapy treatment journey)

2.5 | Long-term data collection

As a new and evolving therapy, lifelong follow up will be critical to
reporting the safety and efficacy of gene therapy and guiding sub-
sequent innovations. A communication from the ISTH has identified
a core data set on safety, efficacy and durability of gene therapy?’
that has been incorporated into national gene therapy registries and
the World Federation of Haemophilia Gene Therapy Registry (WFH
GTR).28 These will be prospective, observational and longitudinal with
the expectation that this data will be collected through the existing
relationship of the PWH and their HTC. Thus, regardless of whether an
HTC will make preparations for dosing of patients at their centre, they
can expect to be involved in some aspect of the long-term data col-
lection. The American Thrombosis and Haemostasis Network (ATHN)
partners with 146 HTCs across the USA, providing a national database
for PWH with the goals of securing data, advancing knowledge and
transforming care. This facilitates continuity of care, fosters collab-
oration, maintains confidentiality and conserves resources through
a common infrastructure. PWH can move between the HTCs with a
common unique identifier with shared data access across providers.
They have established the Haemophilia Gene Therapy Outcomes
Arm of ATHN Transcends, the national longitudinal, observational
cohort study that evaluates the effectiveness and practice of all
haemophilia therapies in the USA (NCT04398628). The study aims
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o Education of PWH and Staff
o Shared decision making that incorporates gene therapy among existing therapies
o Potential benefits and risks
= Fully informed from clinical trial data
e Biologic
o Institutional preparedness for product handling and administration
= infection control committee review
= nursing handling and infusion
= patient and staff precautions
o Pharmacy preparedness
= Product receipt, handling, storage
= Reconstitution —thaw time and containment needs
o Infrastructure and Staff
o Clinical pharmacist willing, able and trained for product handling
o Trained skilled nursing for infusion
o Physicians available during infusion
o Safe area for infusion
= Appropriate containment
= Suitable to respond to infusion reactions
= Plan for infusion modification if needed
- Infusion rate change, supportive therapeutics
e Pre-infusion screening
o Liver health
o Neutralizing antibody assay (companion device central lab sendout)
o Obtain baseline transaminase results at planned post-infusion monitoring site
o Reimbursement approvals, authorization for drug acquisition
o Day of Infusion Plan
o Coordination of product receipt, reconstitution, infusion and immediate post-infusion monitoring
o Patient instructions on peri-infusion and post-infusion treatment plan
e Post-infusion monitoring
o Schedule of assays — transaminases and factor levels
o Establish immunomodulation plan and appropriate prescriptions
o Communication plan between patient, lab and follow up center
e Long-term monitoring
o Data collection plan for safety and efficacy endpoints
o Data sharing plan — across HTCs, national and global registries
FIGURE 1 Priority areas for haemophilia treatment centre preparedness for implementation of gene therapy

to enrol all people with haemophilia A or B who will receive a gene
transfer product. Data will be collected from participants at the time of
enrolment and at the following timepoints relative to vector infusion: 3
months, 6 months, 1 year, 18 months, 2 years, and annually thereafter.
Participants will be followed longitudinally for at least 15 years after
vector infusion. Safety will be measured according to medical events in
the European Haemophilia Safety Surveillance (EUHASS) protocol,2?
as well as liver toxicity. A central lab (Versiti, Milwaukee, WI, USA),
will provide results on factor level, inhibitor, and genetic testing. To
advance global data collection, this arm of ATHN Transcends will
provide data directly to the WFH GTR.

3 | GENE THERAPY AND MANAGEMENT OF
IMMUNOSUPPRESSION

Successful gene therapy requires the safe and effective delivery of a

functioning gene (transgene), resulting in protein expression at lev-

els capable of ameliorating the disease phenotype, potentially for
an individual’s lifetime. The host immune response affects both the
predictability and durability of transgene expression. The immune
response includes both innate and adaptive immune responses and
is targeted against the viral vector, transgene and the transgene
product.

The management of the immune response is crucial for both the
long-term expression of the transgene and for limiting the short-term
toxicity in the tissues targeted for gene transfer. In haemophilia gene
therapy trials, where the target organ has been the liver, the immune
response clinically presents as transaminitis with loss of expression of
FVIII and FIX, and further, the response to immune management has
been variable.3%31 |n other disorders, fatalities have been observed
and are under investigation to understand factors contributing to
death. Indeed the preclinical models have not mirrored the immune
responses observed in clinical trials, and the increasing number of tri-
als with rAAV across many disease areas can contribute to our under-

standing of this complex area.3233
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3.1 | Immune response to the vector

Vector immunogenicity is determined by the interaction of rAAV with
the host immune system.32 In addition to the capsid proteins, the trans-
gene and its products can also trigger an immune response. The innate
response to rAAV is mild and short-lived, with minimal clinical impact
compared to adenoviruses making them attractive vectors for gene
therapy.34

The humoral or antibody response includes the development of anti-
bodies, both IgM and all subclasses of 1gG. The antibodies that develop
can be neutralizing or non-neutralizing antibodies. The former binds
rAAV and prevents rAAV transduction of the cells, thus impacting the
efficiency of gene transfer.3> The development of neutralizing anti-
bodies following infection with wild-type AAV or following adminis-
tration of rAAV prevents further retreatment, suggesting that AAV-
mediated gene therapy can potentially be once in a lifetime treatment.
The impact of non-neutralizing antibodies is less well characterized.

Following administration of the rAAV, transaminitis with loss of pro-
tein expression has been associated with a marked rise in capsid spe-
cific T cells around 8 weeks after vector infusion.3%3¢ This requires the
proliferation of capsid-specific T cells and the display of sufficient num-
bers of the peptide-MHC complexes on the surface of the hepatocyte
as the magnitude of immune response seems to determine the clinical
effect.3¢ Importantly, steroids have been used to control transaminitis
with stabilization of expression levels.30:36

Both vector-dependent factors and host-dependent factors con-
tribute to vector immunogenicity. Vector-dependent factors include
the serotype of the capsid, the dose of the vector, the purity of the vec-
tor, potentially the manufacturing platform, and codon sequences in
the transgene that are potentially nonhuman.3237 The purity is related
to the number of empty capsids and protein and DNA components.
Host-dependent factors include age, pre-existing immunity, inflamma-
tion, and potentially the patient’s immune genotype/phenotype, which

determine the immune response to external stimuli.®2

3.2 | Immunosuppressants used in gene therapy
clinical trials

Several therapeutic interventions are being employed to overcome
rAAV immunogenicity to improve the predictability and longevity of
gene therapy.383? The choice of therapeutic agents originates from
their use in other autoimmune disorders or organ transplantation and
trial and error. Immune management of autoimmune disorders typi-
cally includes escalating interventions starting with single drugs and
progressing to multidrug regimens based on response to treatment,
assessed either clinically or by biomarkers. In contrast, in organ trans-
plantation, the immunosuppressive regimens are designed to be effec-
tive immediately post-transplantation in the majority of the patients as
the loss of an organ can be potentially fatal, particularly in liver trans-
plantation. Further, the use of therapeutic drug monitoring facilitates
titration of therapy, and an established body of evidence from organ
transplantation is available for extrapolation.

Corticosteroids in the form of prednisone and prednisolone are the
most commonly employed immune-modulatory agents. They demon-
strate both anti-inflammatory and immunosuppressive properties with
broad inhibitory effects on innate and adaptive cells by reducing the
production of proinflammatory cytokines, chemokines, and T cells.3?
Other agents that affect both T and B cells responses and are used with
rAAV therapies are sirolimus and mycophenolate mofetil. Sirolimus
results in the generation of regulatory T cells (Treg) and suppression of
cytotoxic T lymphocytes and helper T cell activation. At higher doses, it
impairs B cell proliferation and differentiation. Mycophenolate mofetil
(MMF), the prodrug of mycophenolic acid, suppresses T and B cells pro-
liferation. Indeed a combination therapy has been tested in preclinical
models with no impact on the rAAV transduction.*°

Calcineurin inhibitors, cyclosporin and tacrolimus, are widely used
in solid organ transplantation with an extensive safety profile. They
inhibit T cell differentiation, survival, subsequent antibody production,
and cytotoxic T lymphocyte activities via effector helper T cells. There
is some suggestion that they might inhibit the proliferation of regula-
tory T cells, which might be detrimental to tolerance to the transgene.
The other agent that has been used is rituximab, a monoclonal anti-
body targeting CD20 positive pre-B and mature B cells, limiting anti-
body production and epitope presentation to helper T cells.*1 All of the
mentioned agents have been used in various rAAV clinical trials, and

several combination therapies are being trialled in preclinical models.3?

33 |
therapy

Immunosuppressive strategies in gene

In addition to discussions about the choice of agent(s), there is an
ongoing debate about the risks and benefits of a prophylactic ver-
sus reactive strategy and duration of treatment. A significant chal-
lenge of a reactive strategy is the need for close monitoring to identify
transaminitis, as it can result in significant irreversible loss of expres-
sionover 1—2 weeks secondary to loss of transduced hepatocytes. Fur-
ther, an immune response can be challenging to control promptly once
avigorous response has been mounted. Typically, the treatment is con-
tinued until normalization of liver function tests followed by slow taper
of immunosuppression.

A prophylactic strategy aims to facilitate an optimal response to
all gene therapy participants. If optimized, it can enable a more pre-
dictable response and decrease the need for close monitoring. This
does come with the burden of additional adverse events related
to the use of immunomodulatory agents. Steroids in the form of
oral prednisolone or high doses of intravenous methylprednisolone
have been the most commonly used immunomodulatory agents, with
patients receiving them for variable periods and up to 1 year. Steroid-
induced adverse events are related to both dose and duration of
therapy. Common side effects include increased appetite, weight gain
progressing to cushingoid appearance, skin changes and cognitive
changes like poor sleep, anxiety and other mood disturbances. The
severe side effects include the known association between extended

duration of steroids from 3 months onward and osteoporosis and
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osteoporotic fracture, which is of particular concern in the older adults
with severe joint disease. Other long-term side effects include adrenal
suppression, increased risk of glaucoma and cataract formation, dyslip-
idaemia, hyperglycaemia and diabetes.*2 The potency of the capsid and
observed incidence of transaminitis in a study may also determine the
need for a prophylactic strategy. The other issue is the optimal time to
introduce prophylactic immunosuppression. Typically, in haemophilia
trials, steroids have been introduced around 2-4 weeks postinfusion,
before the onset of transaminitis. The duration of treatment tends to
cover the weeks that coincide with peak transaminitis. In some non-
haemophilia studies, predosing immune-modulatory prophylaxis has
been initiated. Indeed in one study, this resulted in the lack of develop-
ment of neutralizing antibodies, despite the development of anticapsid
antibodies.*!

The other intriguing aspect of haemophilia gene therapy is the dif-
ferential response seen between Factor IX and factor VIII gene ther-
apy trials. In FIX gene therapy trials, recurrences have not been seen
with preserved long-term expression following the initial control of
transaminitis. In contrast, a steady loss of expression of FVIII has been
noted and whether this has an immunological basis is unknown.

Several strategies have been suggested to overcome neutraliz-
ing antibodies as retreatment may be required in haemophilia and
other gene therapies,®® with additional strategies in development to
decrease the immunogenicity of rAAV through improved manufactur-

ing and increased understanding of the host immune response.*344

3.4 | Unknowns and research priorities

The use of immune-modulatory strategies is an evolving area in gene
therapy, and long-term follow-up studies are required to understand
the role of prophylactic versus reactive strategy to immune response
and the ideal choice of therapeutic agents. A significant limitation of
the current trials is the lack of exploratory studies and consensus pro-
tocols for gathering information on rAAV immunogenicity. There is an
urgent need for correlation studies with exploratory biomarkers that
characterize the host immune response to the Vector used and some

consensus recommendations for active investigation in this area.
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