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Abstract

In vivo gene therapy is rapidly emerging as a new therapeutic paradigm
for monogenic disorders. For almost three decades, hemophilia A (HA) and
hemophilia B (HB) have served as model disorders for the development of
gene therapy. This effort is soon to bear fruit with completed pivotal adeno-
associated viral (AAV) vector gene addition trials reporting encouraging re-
sults and regulatory approval widely anticipated in the near future for the
current generation of HA and HB AAV vectors. Here we review the clinical
development of AAV gene therapy for HA andHB and examine outstanding
questions that have recently emerged fromAAV clinical trials for hemophilia
and other monogenic disorders.
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INTRODUCTION

Congenital hemophilia A (HA) and hemophilia B (HB) are X-linked bleeding disorders due to
deficiencies in coagulation factor VIII (FVIII) or factor IX (FIX), respectively. The bleeding in
hemophilia is characterized by a preponderance of joint and muscle bleeding, though bleeding
into closed spaces can be fatal. The severity of the bleeding phenotype is predicted by factor
activity. Patients with severe disease have <1% of normal factor activity and frequent spontaneous
bleeds, while patients with moderate disease have 1–≤5% of normal activity and bleed following
minor trauma and sometimes spontaneously, and patients with mild disease have 5–40% of normal
activity and typically only bleed with trauma (1).

Prior tomodern blood banking, hemophilia was a lethal pediatric disease (2); however, continu-
ous advances in hemophilia care have markedly improved outcomes such that hemophilia patients
are now anticipated to have a normal life expectancy in resource-rich nations. Importantly, current
costs of hemophilia therapeutics preclude routine access to care in 80% of the world’s hemophilia
population (3). The current standard of care is recurrent infusion of FVIII or FIX concentrate
to improve hemostasis, administered in response to bleeding or prophylactically to prevent hem-
orrhage. More recently, a bispecific antibody that mimics some FVIII functions, emicizumab, has
been approved for HA, and other novel approaches for HA andHB are in various phases of clinical
development (1). Emicizumab is delivered subcutaneously and is now used in the United States
for prophylaxis in the majority of HA patients with and without alloinhibitory antibodies to FVIII
(4, 5). Most people with hemophilia born before the 1980s acquired iatrogenic HIV,HBV, and/or
HCV infections secondary to contaminated plasma-derived factor concentrates (6), a risk that is
currently eliminated by the use of highly effective virucidal procedures and recombinant proteins.
Prophylactic therapy for hemophilia is based on the association between factor level and bleeding
phenotype with the goal of converting the severe phenotype (<1% normal) to the moderate or
mild range (7). Practically, this requires intravenous infusions of FVIII or FIX concentrate sev-
eral times weekly to maintain factor activity troughs >1% of normal, though this frequency has
decreased with the advent of extended-half-life factors (7, 8).

HEMOPHILIA GENE THERAPY STRATEGIES IN CURRENT
CLINICAL DEVELOPMENT

Gene therapy for severe HA and HB proffers an idealized prophylactic regimen in which a single
administration of the gene delivery product provides sustained long-term factor levels sufficient
to ameloriate bleeding. Although multiple hemophilia gene therapy strategies have been studied
over the last three decades (9), the most advanced employ hepatocyte-directed systemically ad-
ministered recombinant adeno-associated viral (AAV) vectors encapsidating a codon-optimized
F8 or a F9 variant transgene under the control of a liver-specific promoter (Table 1). HA and HB
AAV vectors in clinical development are distinguished by outcomes, including level of transgene-
derived factor activity, durability of expression, heterogeneity between recipients, and annualized
bleeding rate (ABR). To date, only adult men with endogenous factor levels ≤2% and without ad-
vanced liver disease have received gene therapy.While there has been repeated proof-of-concept
success in HA and HB gene therapy, the goal of stable factor expression adequate to eliminate or
nearly eliminate bleeding in all patients has not yet been achieved.

Wild-type AAV is a nonpathogenic, replicative-deficient DNA parvovirus (10). AAV vectors
are composed of an icosahedral protein capsid surrounding the genetic payload flanked by an
inverted terminal repeat at each end.The inverted terminal repeats are the only component of the
expression cassette of viral origin and are essential for packaging the vector genome into the capsid
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Table 1 Ongoing hemophilia A and hemophilia B AAV gene therapy trials

Sponsor
ClinicalTrials
identifier

Manu-
facturing
platform Transgene

AAV
Serotype

Dose
(× 1011 vg/kg)

AAV
antibody
criteria Phase Reference

Hemophilia B

Pfizer/Spark NCT02484092
NCT03307980

HEK293 ssFIX-R338L SPK100 5 ≤1:5 I/II, III 27

CSL/uniQure NCT02396342
NCT03489291
NCT03569891

Sl9 ssFIX-R338L AAV5 200 None III 101

Freeline NCT03369444 HEK293 scFIX-R338L AAVS3 7.5–9.5 Negative I/II 59

Hemophilia A

BioMarin NCT02576795
NCT03392974
NCT03370913

Sl9 ssFVIII-SQ AAV5 600 Negative I/II, III 57, 61

Pfizer/Sangamo NCT03061201 Sl9 ssFVIII-SQ AAV6 300 Negative I/II, III 60

Spark NCT03003533
NCT03432520

HEK293 ssFVIII-SQ LK03 5–20 ≤1:5 I/II 56

UCL/St. Jude NCT03001830 HEK293 ssFVIII-V3 AAV8 6–60 Negative I/II 21

Bayer/Ultragenyx NCT03588299 HEK293 ssFVIII-SQ AAVhu37 50–200 Negative I/II 102

Takeda NCT03370172 HEK293 ssFVIII-SQ AAV8 20–120 <1:5 I/II 102

Abbreviations: AAV, adeno-associated viral; UCL, University College London; sc, self-complementary; ss, single stranded; vg, vector genomes.

and for episomal DNA formation after transduction. Recombinant AAV vectors are manufactured
with methods using either transient transfection of human HEK293 cells or baculovirus infection
of Sf9 insect cells (11). Successful transduction of target tissue follows an incompletely understood,
multistep pathway from capsid recognition by cell surface receptors to the formation of a circular-
ized episomal vector genome in the nucleus (10).Though AAV vector genomes are predominantly
non-integrating, stringent examinations demonstrate rare integration events (12, 13).

The vector serotype is defined by the proteins comprising the capsid, which impacts vector tis-
sue tropism, host immune response to the vector, and manufacturing considerations (10, 14). Both
naturally occurring AAV serotypes and bioengineered capsids are being evaluated for hemophilia
gene therapy (Table 1).The liver-specific promoters employed for the current gene therapy prod-
ucts are iterations of the human α-1-antitrypsin (hAAT) promoter with enhancer elements from
ApoE or a modified transthyretin promoter (15–17).

Because full-length F8 cDNA (7 kb) exceeds the packing capacity of AAV vectors (∼4.7 kb),
AAV-based gene therapy approaches for HA use B-domain deleted FVIII variants. While the B-
domain comprises 40% of F8 cDNA, it is not necessary for clotting activity (18). Most studies
utilize the FVIII-SQ variant (19, 20), which is also used for commercial recombinant FVIII prod-
ucts. A single trial is evaluating novel B-domain deleted FVIII variant (FVIII-V3) that has addi-
tional glycosylation sites added to the residual B-domain replacement linker to improve protein
secretion (21).

The F9 cDNA (1.6 kb) is easily packaged within an AAV vector. Early studies of AAV-based
gene therapy for HB utilized wild-type FIX (22–25). However, current AAV approaches for HB
use the FIX-R338L (FIX-Padua) variant, which is a naturally occurring missense mutation that
results in approximately eightfold-enhanced FIX activity relative to wild-type FIX (26–29). The
R338L substitution results in an enhanced interaction between activated FIX-R338L and activated
FVIII, but it does not change FIX-R338L activation or inactivation compared to wild-type FIX
(30).
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ROLE OF ANTI-AAV ANTIBODIES

Preexisting AAV neutralizing antibodies can limit target tissue transduction and therefore ther-
apeutic efficacy, though the clinical implications of preexisting humoral AAV immunity are in-
completely understood (31). AAV antibodies are quantified as total AAV binding antibodies or
specifically AAV neutralizing antibodies (NAbs), with a high degree of concordance reported in
some studies (32, 33). However, NAb assays are not standardized and yield heterogeneous results
depending on themethodology, complicating the generalizability of individual study observations.
The reported NAb titer is the serum dilution needed to limit vector transduction by 50%.

Anti-AAV NAbs develop following natural infection with wild-type AAV or after adminis-
tration of systemic recombinant AAV vectors; however, the AAV NAb titers that develop post
vector administration are typically at least a log-fold higher than those that develop following en-
vironmental exposure. Environmental exposure results in an approximate 30% NAb seropreva-
lence, though this varies widely with geography, assay employed, and serotype (34–36). Because
AAV serotype 2 (AAV2) is endemic, humans generally have the highest seroprevalence of NAbs
to AAV2, which classically develop during childhood (36). Small-cohort analysis of the first sub-
jects to receive a systemic AAV vector demonstrated persistent,multi-serotype cross-reactive AAV
NAbs for up to 15 years post vector (37); these results are consistent with NAb persistence after
natural infection in humans and systemic AAV-vector administration in preclinical animal models
(38–41). Importantly, no clinical data support an effective strategy to overcome AAV NAb titers
of the magnitude that develop post systemic AAV administration. Thus, current data indicate
that repeated administration of AAV vector (of the same or alternative serotype) would not have
efficacy.

The efficacy limitations imposed by preexisting NAbs were identified in the first-in-human
study of a systemically administrated AAV vector, which was conducted in men with HB. Here,
higher FIX transgene levels were observed in a subject with a NAb titer <1:5 compared to a
subject with a titer of 1:17 (24). Based on these limited data, subsequent hemophilia gene therapy
mostly excluded patients with NAb titer >1:5 (Table 1). However, even low-titer NAbs likely
impact efficacy. We observed, in the first successful trial evaluating FIX-R338L for HB, that the
only recipient with a measurable NAb titer (1:1) had lower FIX activity levels than the seven other
recipients with fully sustained transgene expression, who had negative titers (<1:1) (27).

Recently, the role of NAbs in limiting efficacy has been questioned by the clinical development
of a systemic AAV5 vector for HB (AMT-061, now etranocogene dezaparvovec). In the initial
phase I/IIa study, participants with positive AAV5 NAbs were excluded (25). However, retrospec-
tive analysis with a more sensitive luciferase-based NAb assay revealed that 3 of the 10 recipients
had detectable AAV5 NAbs (range 1:21–1:340) prior to vector administration without resultant
clear differences in transgene expression (33). Preclinical studies in nonhuman primates with NAb
titers up to 1:1,000 similarly did not demonstrate decreased transgene expression. Thus, in the
subsequent phase IIb and III studies, NAb titers were not an exclusion criterion (28). Published
phase IIb data demonstrated FIX activity levels of 30–60% in 3 recipients with luciferase-based
NAb titers between 1:20 and 1:50 (28). Similar FIX activity levels have been reported in 54 subjects
in the phase III study; however, the subject with the highest NAb titer (>1:3,000) did not respond
(42). Rather than demonstrating that preexisting NAbs are irrelevant for systemic AAV efficacy,
these results suggest that the threshold that distinguishes between a treatable and refractory NAb
titer depends on characteristics of the NAb assay, the vector administered, and the vector dose.
Indeed, AMT-061 is administered at a forty-fold higher vector dose [2 × 1013 vector genomes per
kilogram (vg/kg)] than AAV vectors studied with NAb titer >1:5 as an exclusion criterion (e.g.,
5 × 1011 vg/kg); this is consistent with animal studies that demonstrated a nonlinear relationship

234 Samelson-Jones • George



between the vector dose and the threshold NAb titer necessary to preclude transgene expression
(27, 43). The regulatory approval of AAV vectors for hemophilia will likely include an anti-AAV
antibody cutoff based on inclusion criteria of the relevant pivotal study.

Because preexisting anti-AAV antibodies are currently highly likely to prevent vector read-
ministration and restrict the number of patients eligible for AAV gene therapy, work is ongoing to
develop methodologies to eradicate or avoid preexisting antibodies as well as prevent formation
after vector administration. Thus far, no animal data have demonstrated the ability to overcome
the magnitude of NAb titers observed post systemic AAV vector (i.e.,>1:1,000) (44–46). Further,
to date, there has been no successful systemic AAV readministration in humans. Given the cur-
rent state of clinical development of AAV for hemophilia and marked activity with potential for
improvements in the short term, the current lack of a proven strategy for vector readministration
is among the most salient considerations for clinicians and hemophilia patients when deciding on
a gene therapy product. Patients should be counseled so that they are fully aware that the current
state of clinical development likely only permits one lifetime systemic AAV vector administration;
this is important to prevent “buyer’s remorse” should one vector ultimately be inferior to another
and underscores the importance of comprehensive understanding of all available information of
each vector prior to administration to ensure a well-informed decision.

SHORT-TERM SAFETY CONSIDERATIONS OF AAV THERAPEUTICS

Thus far, there have been no major safety concerns across the 300-fold range of systemic AAV
vector doses (2 × 1011 to 6 × 1013 vg/kg) evaluated in hemophilia patients, though there are well-
described asymptomatic hepatotoxicities and immune responses. However, AAV gene therapy tri-
als studying higher vector doses than those employed in hemophilia have recently unveiled major
safety concerns observed with vector doses>1× 1014 vg/kg and suggest dose-limiting toxicities of
systemic AAV vector administration (47–50) (reviewed in Supplemental Table 1). While dose-
limiting toxicities are not a novel concept in drug development, there is now evidence to suggest
that this general concept applies to systemic AAV vectors.

Emerging Short-Term Toxicities of AAV

The direct relevance of AAV toxicities observed in other disease cohorts to hemophilia gene ther-
apy is undefined. At a minimum, these emerging observations provide a rationale to use the lowest
therapeutic vector dose and support the need for treating physicians to understand AAV as a ther-
apeutic class (Supplemental Table 1). For example, thrombotic microangiopathy (TMA) within
2 weeks post vector with evidence of complement activation, consistent with an atypical hemolytic
uremic syndrome, has been observed in some neuromuscular trials evaluating systemic AAV vec-
tor doses >1.1 × 1014 vg/kg (47, 48, 51). While there are few publications, reported data outline
end-organ TMA toxicities, including malignant hypertension, renal failure requiring hemodial-
ysis, and responsiveness to eculizumab (47, 48, 50, 51). However, this management has not been
universally effective, with outcomes including mortality related to TMA complications in at least
one patient (52).

In addition to TMA, the possibility for short- and long-term dorsal root ganglia (DRG) toxic-
ity post AAV vector was recently identified in a meta-analysis of 256 nonhuman primates that re-
ceived 33 different vectors with variable serotypes, expression cassettes, and administration routes
(intrathecal, intracisternal magna, and systemic) (53). Some animals demonstrated mild histolog-
ical evidence of DRG toxicity, while clinical symptomatology and severe histology findings were
found in only two animals (53). The etiology of this largely histological finding is unknown but is
hypothesized to be related to an unfolded protein response in transduced DRG cells (54). Clinical
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confirmation of this toxicity has thus far been limited to a single trial participant who received an
intrathecally delivered AAV vector for amyotrophic lateral sclerosis; symptoms were reduced with
glucocorticoids, but not ameliorated at the time of publication (55). It is unclear if DRG toxicity is
dependent on the AAV capsid, dose, cassette, or administration route versus a possible AAV vector
platform toxicity.

Hepatotoxicity and Immunological Response to AAV

All AAV serotypes efficiently traffic to the liver, irrespective of target cell. Hepatoxicity is there-
fore a primary safety consideration of systemic AAV delivery. All AAV gene therapy trials for
hemophilia have demonstrated asymptomatic hepatocellular toxicity, albeit with variable fre-
quency and courses depending on the employed vector and dose (23–28, 56–59). This hepato-
cellular pattern of injury is characterized by transaminase elevation, in which the alanine amino-
transferase elevation exceeds aspartate aminotransferase increase without associated increases in
bilirubin or γ-glutamyl transferase. In most but not all cases (25, 56–58), this is accompanied by a
decline in factor activity that may or may not be responsive to immunomodulation (23, 24, 26, 27,
56, 59, 60). Post administration, a single AAV vector currently in a pivotal trial for HA resulted
in multimonth transaminase elevation of unclear etiology that was not associated with a decline
in factor activity or evidence of responsiveness to immunomodulation (57, 58, 61). The majority
of participants (n = 115 of 134) received immunomodulation for transaminase elevation without
evidence of efficacy or identified treating pathology (57, 58, 61).

However, most transaminase elevations observed in hemophilia trials occurred in the setting
of a cytotoxic immune response to the AAV capsid (23, 24, 26, 27, 56, 59). This AAV “capsid
immune response” is hypothesized to result from capsid-specific cytotoxic CD8+ T cell recog-
nition of AAV-capsid peptides presented on major histocompatibility complex I molecules of the
transduced hepatocytes and the resultant clearance (62); if enough transduced hepatocytes were
to be targeted, this theoretically poses a safety concern. However, thus far, the AAV-capsid cel-
lular immune response has largely been an efficacy consideration for hemophilia gene therapy,
accounting for loss of some or all transgene expression in multiple trials (23, 24, 26, 27, 56, 59).
The capsid immune response is characterized by a rise in transaminases, decline in factor activity,
and often but not always peripheral blood mononuclear cells that react to AAV-capsid peptides
in an interferon-γ anticapsid enzyme linked immune absorbent spot (ELISpot) assay. Notably,
the ELISpot assay has had variable predictive value across clinical trials and, being technically
intensive, is unlikely to be translatable post licensure. Nonetheless, even modest transaminase el-
evations and a decline in factor level have proven reasonably sensitive to support a capsid immune
response. Capsid immune responses are typically initially observed within 12 weeks after vector
administration.

Once there is evidence of a capsid immune response, management with immunomodulation is
necessary to maintain transgene expression. Various strategies have been pursued, with glucocor-
ticoids predominating (23, 25, 27, 56, 58–60). Importantly, immunomodulation is not universally
successful and is likely influenced by both vector-related and recipient-related elements (26, 56).
Rationally designed immunomodulation regimens have thus far been elusive. Lastly, the duration
of immunomodulation is highly variable, anywhere from several weeks to >1 year, with resultant
safety concerns. In order to best assess the risk/benefit profile of immune suppression, it is essen-
tial to understand what is being treated and to have confirmation that the intervention is both
necessary and effective.

While liver failure has not been observed after AAV gene therapy for hemophilia, it has
been observed with AAV vectors targeting two other genetic diseases. Specifically, onasemno-
gene abeparvovec (Zolgensma®) administered at doses of 1.1 × 1014 vg/kg for spinal muscular
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atrophy (SMA) was approved with a boxed safety warning for hepatotoxicity (63). Post licensure,
two children presented 6–8 weeks post infusion with acute liver failure that was responsive to glu-
cocorticoid intervention (49).While the exact etiology is unclear, an AAV-capsid cellular immune
response is strongly supported by the timing of presentation post vector, liver biopsy specimens
with CD8+ T cell infiltration, and steroid responsiveness. Last, unlike the hepatocellular toxic-
ity observed in hemophilia trials and with Zolgensma, a study in X-linked myotubular myopathy
(XLMTM), using the highest vector doses thus far employed in humans for AAV-mediated gene
transfer, observed hepatobiliary toxicity that progressed to liver failure and death in four trial par-
ticipants (n = 3 of 17 in the 3.5 × 1014 vg/kg cohort; 1 of 7 in the 1.1 × 1014 vg/kg cohort) (50,
64).The hepatobiliary pattern of injury and undefined natural history of the XLMTM,which may
include underlying liver disease (47, 50, 65), are not consistent with a capsid immune response.
The relevance of these severe hepatoxicities to hemophilia gene therapy is unclear, but their oc-
currence nonetheless supports using the lowest possible AAV vector dose and understanding the
full complement of potential AAV toxicities before prescribing AAV gene therapy.

LONG-TERM SAFETY CONSIDERATIONS OF AAV THERAPEUTICS

Themajor hypothesized long-term safety concerns of systemic AAV vector administration remain
the risks of liver and target organ toxicity as well as genotoxicity.While AAV is predominantly non-
integrating, sequencing data in animals and humans post environmental AAV exposure or vector
administration demonstrate low-frequency AAV integration events with a proclivity for sites of
active transcription (13, 66–69). Systemic administration of AAV vector to neonatal mice demon-
strated that AAV integration at the Rian locus (which does not have a direct human ortholog)
resulted in clonality and near complete hepatocellular carcinoma (HCC) penetrance (69). A sub-
sequent study determined that the HCC risk correlated with vector dose and degree of cellular
division, and was abrogated by using a hepatocyte-specific promoter, but was enhanced with a
non-hepatocyte-specific promoter (67). Evidence of AAV integration and clonality post systemic
AAV vector was also recently demonstrated in a large-animal HA model. Importantly, however,
the same animals were followed for 10 years without evidence of tumorigenesis; nonetheless, this
study provides the first large-animal data to highlight the risk of AAV-mediated integration (13).

Understanding the theoretical risk of HCC post AAV in hemophilia patients is confounded
by the fact that almost all severe hemophilia patients >45 years old iatrogenically acquired HBV
and/or HCV, resulting in an enhanced HCC incidence relative to the general population (6). AAV
clinical trial data in hemophilia and other disease cohorts are reassuring, albeit limited in cohort
size and longitudinal follow-up.Within the hemophilia gene therapy recipient population, a single
participant with prior longstanding HCV infection developed HCC 1 year post vector. Recent se-
quencing analysis of the tumor tissue identified expected low-frequency random AAV integration
without clonality and the presence of mutations otherwise found in HCV-related HCC, suggest-
ing that AAV vector infusion did not contribute to the patient’s HCC (70). Beyond this, there have
been no reports of HCC among the hundreds of hemophilia gene therapy trial participants, even
in 15-year follow-up data on the first participants (HB patients) to receive a systemic AAV vector
(37). In summary, there is thus far no clinical evidence to directly support AAV vector infusion as a
risk factor for HCC development. However, this theoretical risk would only be anticipated to de-
velop decades post vector administration. Given the multiple unknowns about the long-term risk
of oncogenesis after AAV vector administration as well as increased risk of HCC in the hemophilia
population, the perspective of the authors is that hemophilia patients who receive an AAV gene
therapy should be monitored with serum α-fetoprotein levels, liver function studies, and liver
ultrasounds for multiple decades post vector to surveil for HCC and long-term liver toxicities.
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Ultimately, cohorts outside the adult hemophilia population draw closer parallels to the risk fac-
tors identified in mice for HCC development post AAV administration. Specifically, risk factors in
infants—with the rapid growth of the liver and resultant high rates of cellular division that receive
high systemic AAV vector doses with a ubiquitous promoter (such as Zolgensma given to infants
with SMA)—more closely mimic the genotoxicity risk factors identified in murine models; thus,
these infants are an important cohort to carefully follow to answer questions about in-human risk
of AAV genotoxicity and HCC after systemic AAV vector administration.

SHORT- AND LONG-TERM SAFETY CONSIDERATIONS
OF THE TRANSGENE-DERIVED PROTEIN

The major safety considerations of the transgene-derived protein include (a) an immunological
response with or without cross reactivity to self-antigens and (b) prothrombotic risk. Prothrom-
botic risk is salient when considering the heterogenous expression of FVIII and FIX observed
in both HA and HB gene therapy trials to date. Supraphysiologic levels of FVIII and FIX ac-
tivity are established independent risk factors for venous thrombosis (71–73). Epidemiological
data outline that the venous thrombosis risk of supraphysiologic FVIII activity [odds ratio (OR)
8.8–21.3] is higher than that of FIX (venous thrombosis OR 1.8–4.0), although not desirable in
either case (73). Indeed, one HB study subject who expressed supraphysiologic FIX activity levels
(200–520%) developed a thrombosis in his arteriovenous fistula and was treated with anticoagu-
lation (59). Similarly, there was a recent hold on a phase III AAV gene therapy trial sponsored by
Pfizer because of supraphysiologic FVIII expression and venous thrombosis in one subject (74).
For these reasons, the therapeutic window for HA or HB gene therapy likely ends at the upper
limit of normal factor levels.

In addition to supraphysiologic expression, a prothrombotic risk could theoretically be im-
parted by an enhanced hemostatic function variant protein, such as FIX-R338L, which is em-
ployed in all currently enrolling HB gene therapy efforts. Importantly, FIX-R338L is regulated
the same way as wild-type FIX, which is consistent with preclinical data that demonstrate throm-
bosis risk correlated with FIX activity, independent of wild-type versus FIX-R338L expression;
combined, these results support the conclusion that FIX-R338L is not inherently prothrombotic
(30, 75).

Additionally, while multiple immunological responses to the expressed transgene are possible,
thus far no trial participants have developedNAbs to the transgene-derived protein; it is important
to note that current enrollment criteria for hemophilia gene therapy trials stringently exclude pa-
tients who are the most likely to develop an inhibitor (e.g., patients with a current or prior history
of inhibitor or who have <50–150 factor exposures). However, small- and large-animal data sug-
gest that hepatocyte expression of a transgene induces transgene tolerance; this has been demon-
strated for a variety of proteins, including FVIII, FIX, and FIX-R338L (75–77). Furthermore,
available preclinical data suggest that liver-directed gene transfer may induce transgene-product
immune tolerance.A sustained immune response to the transgene protein after liver-directed gene
therapy is therefore unlikely. Indeed, future expanded indications for gene therapy may include
tolerance induction in HA patients with preexisting FVIII inhibitors (78). Consensus recommen-
dations from a “state of the science of FVIII inhibitors” workshop sponsored by the National
Heart, Lung, and Blood Institute explicitly supported pursuing gene therapy for FVIII tolerance
induction for HA (79). However, antibodies against the transgene protein have recently been ob-
served after AAV muscle-directed gene therapy in subjects with Duchenne muscular dystrophy
(50); these antibodies were hypothesized to be cross reactive to self-antigens, highlighting some
of the continued unknowns of AAV gene therapy for monogenetic disorders.
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Figure 1

Annualized bleeding rate (ABR) for participants in (a) hemophilia A and (b) hemophilia B AAV gene therapy clinical trials before and
after AAV vector administration. Data were extracted as follows: BMN270 (valoctocogene roxaparvovec) represents mean ABR (n = 134
participants) (58); SPK-8011 represents mean ABR of participants who maintained expression outside an AAV capsid immune response
and were followed >1 year (n = 15) (56); SB-525 (giroctocogene fitelparvovec) represents mean ABR for participants following vector
administration only (n = 4) (60); AAV-wt-FIX (scAAV2/8-LP1-hFIXco) represents median reported ABR (n = 10 participants) (22, 23);
AMT-060 represents mean ABR (n = 10 participants) (25); AMT-061 (etranacogene dezaparvovec) represents mean ABR of all
bleeding events (n = 54 participants) (103); SPK-9001 (fidanacogene elaparvovec) represents mean ABR (n = 10 participants) (27).

AVAILABLE EFFICACY DATA ON HEMOPHILIA GENE THERAPY

Among clinical trials with sustained transgene expression, phenotypic improvement has been
demonstrated in most trial participants with sustained transgene expression (Figure 1); the po-
tential for superior efficacy of gene therapy relative to current hemophilia care is not in dispute.
Further, despite heterogeneous levels of factor expression, there are relatively homogeneous short-
term reductions in annualized bleeding rate (ABR). However, individual vectors, particularly HA
vectors, are likely to distinguish themselves based on expression durability and long-term efficacy.

While epidemiological studies provide a strong rationale to avoid supratherapeutic expres-
sion and resultant safety concerns (71–73), the precise minimally desired factor activity remains
unclear and likely varies with patient characteristics such as activity level and joint health. The tar-
geted minimally desired factor activity may be modeled from existing HA natural history data that
demonstrate that one-stage FVIII activity ≥12% confers an ABR <1. Additionally, emicizumab
prophylaxis confers an ABR <1 in >50% of trial participants and has an estimated in vivo FVIII
hemostatic equivalency of 10–30%; these findings and hemophilia natural history data generally
support a similar targeted minimum expression (5, 80). Indeed, these approximations are thus far
supported by analysis of cumulative available gene therapy data in which sustained FVIII activ-
ity >10–20% by one-stage assay reliably permitted an ABR <1 in most recipients (Figure 2)
(56, 58).

However, depending on the AAV vector, observed transgene expression varies 10–100-fold (23,
25, 27, 56, 58–60). Therefore, it is not possible to target individual patient factor threshold needs.
Further, studies in a clonal population of mice chimeric with human hepatocytes demonstrated
up to sevenfold variability in transduction efficiency alone (81). These data are consistent with the
presence of multiple biological variables impacting each step between vector infusion and steady-
state transgene expression (10) and underscore the reality that the field will likely have to tolerate
interpatient variability of transgene expression in the near future.

Complicating our ability to clearly define the therapeutic range of targeted and acceptable
transgene expression is the degree of confidence in the correlation of measured transgene FIX or
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Relationship between annualized bleeding rate (ABR) and factor VIII (FVIII) activity. (a) The ABR and FVIII activity for all gene
therapy recipients of 0.5–2 × 1012 vg/kg of SPK-8011 (black squares), 4–6 × 1013 vg/kg AAV5-FVIII phase I/II (red circles), and 6 ×
1013 vg/kg AAV5-FVIII phase III (blue triangles). Plotted FVIII activity levels are determined by one-stage assay or converted from
chromogenic assay results using a correction factor of 1.6 (56, 58, 61, 104). The black vertical line represents 10% of normal FVIII level.
The blue shaded box represents recipients with an ABR ≤1. (b) Percentage of gene therapy recipients with an ABR ≤1 as a function of
their FVIII activity determined by one-state assay. Ascending ABR data from gene therapy recipients were binned into groups of 10 and
then plotted as a function of the maximum FVIII level in the binned group.

FVIII activity with in vivo hemostatic function. Specifically, measurement of transgene-derived
FVIII-SQ and FIX-R338L by one-stage (OSA) or chromogenic assay (CSA) varies. FVIII:C mea-
sures approximately 1.6-fold higher by OSA than by CSA in humans (56, 60, 61) and mice (82), an
observation not seen with two decades of recombinant FVIII-SQ protein clinical use. Analogously,
FIX-R338L OSA determined FIX activity measures higher than FIX activity determined by CSA.
However, unlike with transgene-derived FVIII-SQ, the relative assay discrepancy is maintained
with recombinant FIX-R388L and is overall consistent with our understanding of FIX-R338L
enzymatic function (30, 83).

DURABILITY OF TRANSGENE EXPRESSION

Despite relatively homogeneous excellent short-term clinical benefit in the setting of successful,
but variable, factor expression, there is heterogeneity between vectors with regard to long-term
stable expression (Figure 3). Large-animal data demonstrated stable or no decrease in either FIX
or FVIII expression for up to 8 years post vector infusion (84). Available HB clinical trial data
thus far mimic what observed in large-animal data; published data up to 3 years and abstract data
up to 8 years demonstrate durable and stable FIX expression (22, 85). The data on durability of
expression for HA are conflicting (56–58, 86, 87).

Specifically, among the current vectors in phase III trials for HA, both have demonstrated a
loss of nearly half of the FVIII levels from year 1 to year 2. Among these vectors, valoctocogene
roxaparvovec (AAV5-FVIII or BMN-270) has now demonstrated continuously decreased FVIII
levels out to 6 years follow-up in phase I/II trial participants (n = 7) (57, 88). Similar results have
been observed in a larger cohort of phase III trial participants (n = 17), demonstrating loss of
40% of expression from year 1 to year 2 and continued decrease in FVIII activity out to currently
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Multiyear factor VIII (FVIII) activity after AAV gene therapy. Data were extracted from publicly available
publications or abstracts (56–58, 86–88). Points represent median FVIII levels (except for SB-525, where
only mean values were available), and error bars are the interquartile range. Data are from cohorts that
received AAV vectors doses of 3 × 1013, 6 × 1013, and 0.5–2 × 1012 vg/kg of SB-525, AAV5-FVIII, and
SPK-8011, respectively. Two of the participants who received SPK-8011 lost all FVIII expression due to a
capsid cellular immune response within 3 months post vector administration and are not included. Plotted
SPK-8011 participant data represent n = 15 at year 1, n = 11 at year 2, and n = 5 at year 3, reflecting
duration of available follow-up data. FVIII activity was determined by one-stage assay or converted from a
chromogenic assay result using a correction factor of 1.6 (56, 61, 104) for AAV5-FVIII results.

available 3 year follow-up data (Figure 3) (58, 86, 87). Interestingly, the loss in FVIII levels ob-
served with valoctocogene roxaparvovec is closely mirrored by phase I/II data on participants (n=
4) who received SB-525 (now giroctocogene fitelparvovec) and were followed for 2 years (Figure
3); this vector is in a pivotal trial that recently came off regulatory hold but is not currently
enrolling (60, 74). In contrast to observations with valoctocogene roxaparvovec and giroctocogene
fitelparvovec, participants who received SPK-8011 and maintained FVIII expression outside a
capsid immune response (n= 5) demonstrated apparently stable FVIII levels for up to 3 years post
vector (56) (Figure 3). While the long-term FVIII pharmacokinetics of giroctocogene fitelpar-
vovec (SB-525) and valoctocogene roxaparvovec (BMN27) appear similar, they markedly differ
from observations with SPK-8011, which provide proof of principle that approximately stable
multi-year FVIII expression is possible with current HA AAV-mediated gene addition strategies.

The etiology for the differences in durability of expression observed in HA clinical trials is
unclear. Given that current strategies target maintenance of an episomal transgene, a degree of
decline in expression is anticipated due to cellular division and loss, albeit gradual, as evidenced
by current HB efforts. The aggregate data presented in Figure 3 may suggest that high levels of
transgene FVIII are not sustainable; however, careful review of individual recipient FVIII levels
after valoctocogene roxaparvovec does not suggest a clear relationship between FVIII level and
FVIII decline (89). This needs additional study.Hypothesized mechanisms of the decline in FVIII
expression observed for the two HA vectors currently in phase III trials include (a) transduced cell
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loss due to direct vector or FVIII toxicity, (b) gene silencing, (c) an undetected immune response
to the AAV capsid or expressed transgene, or (d) properties of the individual vector that preclude
formation of stable concatemerized episomal vector expression cassette DNA. The hypothesis
that loss of transduced hepatocytes is due to FVIII unfolded protein response is supported by
prior observations of this phenomenon in recombinant FVIII mammalian expression systems
and in supratherapeutic expression of FVIII post liver-directed AAV-mediated gene transfer in
mouse models (90–92). However, there is no evidence of an unfolded protein response in liver
biopsies from HA subjects, though sampling and/or timing considerations limit interpretation
(93). How the manufacturing platforms used for the different AAV products contribute to the
declining transgene FVIII levels is also unknown. Given what we know about the development of
persistent, high-titer, multiserotype, cross-reactive AAV NAbs post AAV vector infusion and our
current inability to overcome high-titer AAV NAbs, the stability of the FVIII levels is a critical
consideration in decisions about clinical trial enrollment or licensed AAV product selection. Po-
tential recipients will need to fully understand that they can receive AAV gene therapy only once,
and the loss of transgene expression of FVIII must be considered in their risk/benefit calculus.

FUTURE DIRECTIONS

Comprehensive consideration of next-generation gene therapy approaches for HA and HB are
outside the scope of this review. A multitude of novel approaches are poised to build on cur-
rent progress. These include next-generation AAV vectors using FVIII variants to improve secre-
tion or hemostatic function as well as AAV vectors with lipid nanoparticles used for gene editing
(94–96). Though still in preclinical development, some of these approaches are anticipated in the
clinic shortly. In addition, systemic delivery to target the liver as well as ex vivo transduction of
hematopoietic stem cells using lentiviral vectors are being pursued in either preclinical or first-
in-human clinical trials (97–100).

Current efforts exclude the entire pediatric population, as well as patients who lack routine
access to treatment (a majority of the world’s hemophilia population). These are the populations
for which gene therapy may have the greatest impact.

CONCLUSION

Demonstrated progress in AAV-based gene addition for hemophilia and other monogenic dis-
orders establishes a new therapeutic paradigm. Understanding of the AAV platform as well as a
comprehensive knowledge of information thus far available for an individual vector is necessary to
enable true informed consent to treatment with either an investigational or licensed vector. The
hemophilia community eagerly awaits the current generation of licensed AAV vectors for HA and
HB, which are anticipated in the clinic shortly. Importantly, despite repeated proof-of-concept
success in current hemophilia gene therapy, stable, durable FVIII or FIX expression able to ame-
liorate bleeding in all patients is an unrealized hope. This defines the development goals of the
next generation of gene-based therapies for hemophilia.
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