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Abstract: Adeno-associated viral (AAV) vector gene therapy has shown promise as a possible cure
for hemophilia. However, immune responses directed against AAV vectors remain a hurdle to the
broader use of this gene transfer platform. Both innate and adaptive immune responses can affect
the safety and efficacy of AAV vector–mediated gene transfer in humans. These immune responses
may be triggered by the viral capsid, the vector’s nucleic acid payload, or other vector contaminants
or excipients, or by the transgene product encoded by the vector itself. Various preclinical and
clinical strategies have been explored to overcome the issues of AAV vector immunogenicity and
transgene-related immune responses. Although results of these strategies are encouraging, more
efficient approaches are needed to deliver safe, predictable, and durable outcomes for people with
hemophilia. In addition to durability, long-term follow-up of gene therapy trial participants will
allow us to address potential safety concerns related to vector integration. Herein, we describe the
challenges with current methodologies to deliver optimal outcomes for people with hemophilia
who choose to undergo AAV vector gene therapy and the potential opportunities to improve on
the results.

Keywords: gene therapy; hemophilia; adeno-associated virus vector; genome integration; liver
transduction; immunogenicity; immunologic tolerance; neutralizing antibody; humoral immunity;
cellular immunity; innate immunity

1. Introduction

Adeno-associated viral (AAV) vector gene therapy has shown promise as a possible
cure for hemophilia [1]. Early data have demonstrated the potential of this therapy to
reduce bleeding and factor VIII (FVIII) or factor IX (FIX) utilization compared with infused
blood clotting factor concentrates administered as prophylaxis to prevent bleeding, the
standard of care in the developed world [2,3], or when administered on demand as needed
to treat acute bleeding episodes, the standard of care in low and low-middle income
countries globally. However, immune responses directed against AAV vectors remain a
hurdle to the broader use of this gene transfer platform [4].

Evidence has shown that both innate and adaptive immune responses can affect
the safety and efficacy of AAV vector–mediated gene transfer in humans, in some cases
resulting in acute toxicities. Immune responses may be triggered by various components
of the vector, such as the viral capsid, the vector’s nucleic acid payload, or other vector
contaminants or excipients, or by the transgene product encoded by the vector itself [4].
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Approaches to remediate or prevent immune responses exist, although more effective
solutions are needed to address, for example, anti-capsid neutralizing antibodies (NAbs).

The ideal gene therapy delivery system would be safe, not provoke an immune
response in humans, and would lead to predictable long-term and durable expression of
a therapeutic transgene after a single vector infusion, ameliorating the symptomatology
of the underlying disease. For patients with hemophilia (PWH), the goal of gene therapy
is to deliver safe, effective, and durable correction of the bleeding diathesis. Importantly,
the ideal gene therapy delivery system would be predictable in terms of clinical outcomes,
generating consistent results in all PWH A or B.

2. Experience with Gene Therapy for Hemophilia to Date

Recent trial results support the potential value of AAV vector–mediated gene therapy
for hemophilia [5–11].

Early attempts to develop an AAV vector-based gene therapy for hemophilia B demon-
strated that it was possible to express clotting factors in the human liver at therapeutically
relevant levels [10–15], although expression was short-lived due to the development of
a cytotoxic immune response directed against the vector-transduced hepatocytes [12,16]
(Figure 1). In addition, these studies revealed the importance of screening trial participants
for preexisting anti-AAV NAbs [12,17]. These studies were the first human trials to focus
attention on adaptive immune responses against the AAV capsid and also highlighted the
limitations of existing animal models, which had failed to predict these obstacles. In later
studies, the use of hepatotropic AAV serotypes [18], combined with transient immunomod-
ulation with oral corticosteroids, resulted in sustained (at least 10 years) expression of
human coagulation factor FIX in participants, despite the detection of an immune response
directed against the AAV capsid in a subset of participants receiving the vector at the
highest dose tested in the study [10,19,20].

This initial success was followed by other trials of AAV vector-based gene therapy
in which long-term expression was not consistently achieved [5,21,22], despite the use of
immunomodulation with corticosteroids. In a Phase 1/2, open-label, dose-escalation study
of BAX 335, an AAV8 vector expressing FIX Padua [14] was administered to people with se-
vere form of hemophilia B. FIX Padua is a naturally occurring missense variant (FIX R338L)
with an 8-fold higher FIX-specific activity compared to wild-type (WT) FIX [14,23]. Measur-
able FIX Padua transgene expression was documented in seven of the eight participants [5],
although only one participant achieved sustained therapeutic FIX at approximately 20% of
normal, with no bleeding episodes, in the absence of replacement therapy over the 4 years
of follow-up. The initial circulating FIX activity was not sustained beyond 5–11 weeks
in the other participants in this study, and in some cases, loss of transgene expression
was associated with an asymptomatic increase in alanine aminotransferase (ALT) serum
concentrations consistent with the clinical observations that accompanied the cytotoxic
immune response against vector-transduced hepatocytes in an early trial [12]. Additionally,
consistent with previous trials, there was demonstrated to be no development of neutraliz-
ing antibodies against FIX and specifically also no antibody development targeting the FIX
Padua gain of function variant. However, the use of the same hepatotropic AAV8 serotype
(as used in the first successful hemophilia B trial) along with prompt reactive administration
of corticosteroids failed to rescue transgene expression in this trial. Additional analyses
conducted by these investigators suggested that the loss of transgene expression may have
resulted from innate immune responses triggered by the vector genome, more specifically,
by the presence of unmethylated cytosine-guanine dinucleotides (CpG) motifs [5], in the
sequence of the factor IX expression cassette. Unmethylated CpG motifs are uncommon in
mammalian DNA but common in microbial DNA and may induce innate host defenses.
As discussed in detail in Section 3 of this review, innate immune sensing is important for
instructing adaptive immune responses following microbial infection. While considerable
preclinical data in animal models [24–29] have explored the possibility that nucleic acid
sequence and conformation might contribute to detrimental innate immune signaling
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in gene therapy (capable of cross-priming adaptive immunity), the outcome of this trial
implicated this mechanism in a human recombinant AAV application and prompted re-
examination of unexplained lack of efficacy in other trials [30,31]. In the setting of this
clinical trial [5] and others in which CpG content was enriched [21,22], the activation of a
cytotoxic T-cell response against AAV-transduced hepatocytes was not effectively treated
with oral corticosteroid therapy [5].

Figure 1. Immune response to AAV gene transfer. In the first gene transfer clinical trial hepatic gene
transfer for hemophilia B, an AAV2 vector expressing the human FIX transgene was administered
via the hepatic artery. Results in mice and other preclinical animal models showed persistence of
transgene expressing and no immune responses following AAV gene transfer. In humans, transgene
expression was initially detected but started to decline after 4 to 6 weeks concomitant to an increase in
liver enzymes and the detection of T-cell reactivity against the vector capsid. Subsequent studies [16]
showed that cytotoxic T-lymphocyte (CTL) expansion detected in the peripheral blood was triggered
by the administration of the AAV2 vector in humans and was likely responsible for the clearance
of AAV-transduced hepatocytes. As noted, CD8+ T-lymphocyte expansion was not observed in
preclinical animal models, in which stable transgene expression had been observed [16]. AAV,
adeno-associated virus; FIX, factor IX.

Recent trials have taken advantage of vector codon optimization (the introduction
of synonymous mutations in a nucleotide sequence of a gene expression cassette, result-
ing in the translation of a conserved amino acid sequence of the transgenic protein) to
reduce the content of CpG motifs and thereby reduce the potential for triggering innate
immune responses [30]. In hemophilia B gene therapy, this approach has been associated
with improving the outcome of gene transfer in terms of managing vector-associated
liver inflammation (Figure 2) and achieving sustained transgene expression. George and
colleagues [11] showed that an AAV vector expressing the FIX Padua transgene, [14], de-
livered at relatively low doses (5 × 1011 vector genomes per kilogram (vg/kg)) achieved
an average FIX activity of 33.7 ± 18.5% (range, 14 to 81%). FIX Padua expression was
associated with meaningful reductions in bleeding (mean rate, 9.9 events/year (range, 0 to
48 events/year) before vector administration vs. 0.6 events/year (range, 0 to 4 events/year)
after administration in the seven participants in the study previously on prophylaxis).
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Similarly, sustained transgene expression resulted in a reduction in exogenous factor uti-
lization (mean value, 2908 IU/kg (range, 0 to 8090 IU/kg) before vector administration vs.
49.3 IU/kg (range, 0 to 376 IU/kg) after AAV vector administration). In this study, two
of 10 participants experienced an immune-mediated increase in liver enzymes, accompa-
nied by positive IFN-γ ELISPOT directed against AAV-Spark-100 capsid-derived peptides,
which was controlled by a short course of oral corticosteroids [11], resulting in sustained
correction of the bleeding phenotype. As in the previously described trial, no evidence of
immunologic recognition or targeting of the variant FIX Padua protein (or epitopes specific
to this mutation) were observed.
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Figure 2. Mechanisms of potential immune responses to AAV vectors [30]. (A) Hepatocytes transduced with AAV vectors
(a) express the therapeutic protein but also present capsid-derived peptides (yellow triangles) via their MHC class 1
molecules (b). A fraction of the vector dose enters proximal lymph nodes and is taken up by pDCs (c), where vector
DNA is processed in the lysosome and promotes the production of proinflammatory cytokines, and by cDCs (d), where
vector capsid-derived peptides (red circles) are presented by MHC class 2 molecules, recruiting capsid-specific CD4+
T-cell help. These events lead to licensing and maturation of cDCs and activation of capsid-specific CD8+ CTLs (e) that
proliferate, migrate to the liver, and eliminate transduced hepatocytes (f). (B) An ideally designed AAV vector with low
immunogenicity (g) would similarly transduce hepatocytes but would not activate innate immunity. CTLs would not be
formed, transduced hepatocytes would not be eliminated, and cell-surface capsid peptide presentation would wane (h). In
both scenarios, AAV vectors activate the humoral arm of the immune response (i), leading to capsid antibodies. Adapted
from wright [30]. AAV, adeno-associated virus; ALT, alanine aminotransferase; AST, aspartate aminotransferase; cDC,
conventional dendritic cell; CTL, cytotoxic T lymphocyte; IFN, interferon; IL, interleukin; MHC, major histocompatibility
complex; PAMP, pathogen-associated molecular pattern; pDC, plasmatoid dendritic cell; TLR9, Toll-like receptor 9; rAAV,
recombinant adeno-associated virus; tx, therapeutic.

Another program in development for hemophilia B used a WT FIX expression con-
struct previously tested in humans [20] and packaged into an AAV5 [9]. Participants
enrolled in the Phase 1/2 study received 5 × 1012 (n = 5) or 2 × 1013 vg/kg (n = 5) of AAV5-
WT FIX gene transfer. Results from the initial one year follow up as well as >4–5 years
of follow up have been reported [9,32]. Limited, asymptomatic, transient ALT elevations
occurred in 20 and 40% of the participants in the 5 × 1011 and 2 × 1013 vg/kg cohorts,
respectively, and were successfully treated with oral corticosteroids at the time of ALT
elevations [9]. Specifically, the periods of liver transaminitis in this trial, which occurred
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between weeks 4–22 following vector infusion, were characterized by no loss of FIX ex-
pression or evidence of circulating T-cells targeting AAV capsid epitopes. Furthermore,
the mean long-term sustained levels of factor IX expression in the 5 × 1012 vg/kg dose
cohort (mean 5.2% FIX activity over 5 years of follow-up) and in the 2 × 1013 vg/kg dose
cohort (mean 7.4% FIX activity over 4.5 years of follow-up) actually exceeded the mean
FIX expression reported at year 1. This program is currently continuing with a modified
vector (AMT-061) encoding FIX Padua (Phase 2b trial NCT03489291 [33] and Phase 3 trial
NCT03569891). As anticipated, the substitution of the FIX Padua variant has mediated FIX
activity that is sustained and that exceeds the activity achieved by the identical doses of the
vector expressing WT FIX. From the standpoint of immunology, however, the novel aspect
is that subjects who were determined to have pre-existing AAV5 neutralizing antibodies,
as measured by the sponsor’s assay methods, were not excluded from participation (see
Section 3.1); the sponsor’s preliminary report is provocative in that all subjects with pre-
existing AAV5 NAb of low or intermediate titer (up to a titer of >600 using the sponsor’s
assay) sustained FIX activity past week 26 (follow-up ongoing) with only one subject with
a higher titer NAb failing to show FIX correction [34].

Although several trials of gene therapy for hemophilia A are in progress (Table 1) [42],
only one study has published data. In this trial, transgene expression persisted for 3 years in
participants receiving an AAV vector that contained a codon-optimized, B domain-deleted
factor VIII (FVIII) complementary deoxyribonucleic acid (cDNA; AAV5-hFVIII) [43–45]. The
multiyear follow-up of AAV5-hFVIII gene therapy found that the treatment significantly
reduced annualized rates of bleeding events (ABRs) and resulted in complete cessation
of prophylactic FVIII use among participants who received doses of 4 × 1013 vg/kg or
6 × 1013 vg/kg. Six participants in the 4 × 1013–vg/kg dose group had a median FVIII ex-
pression of 13 IU/dL 2 years after infusion, while seven participants in the 6 × 1013–vg/kg
group had a median FVIII expression of 20 IU/dL 3 years after infusion. No inhibitor
development, thromboses, or deaths were observed, although changes in liver function
tests lasting several weeks were documented; furthermore, the long-term impact of trans-
gene expression has yet to be determined [8,46]. Interestingly, long-term follow-up of
participants in this trial highlighted a steady decline in FVIII expression levels [8], which
currently remains unexplained. The trial’s sponsor has reported immunogenicity data
collected over a follow-up of at least two years (range 104–183 weeks), which confirms that
the declining expression does not result from humoral immune response against the FVIII
transgene (no FVIII inhibitor development). In addition, while cellular immune responses
(as measured by IFN-γ and TNF-α fluorospot with either AAV5 peptide stimulation or
FVIII peptide stimulation) were observed intermittently, there was no apparent association
between positive responses and changes in liver transaminases or FVIII activity measure-
ments. All subjects had unmeasurable AAV5 NAb at enrollment and developed high titer
AAV5 NAb after vector infusion, which persisted at high titer for years and demonstrated
cross-neutralization of all other AAV serotypes tested (AAV2, AAV6, AAV8, AAVrh10) [45].

Additional hemophilia A gene therapy trial results have been reported in preliminary
form only (Table 1) but when considered in aggregate raise several potential immunologic
obstacles and unknowns that will guide future research and development. A consistent
reassuring finding across these trials is that FVIII expression has not been associated with
FVIII inhibitor development in any trial participant. Nevertheless, sustained expression
of FVIII from hepatocytes has been associated with greater interindividual variability in
these trials than was experienced in hemophilia B gene therapy. Liver transaminitis and
apparent cellular immunity initiating or re-initiating at late time points (more than three
to four months following gene transfer) had not been observed in hemophilia B trials
but has been reported in several hemophilia A trials [8,35–40]. Supportive courses of
corticosteroids, whether used in a reactive or prophylactic fashion, have in several trials
greatly exceeded the duration used in hemophilia B trials [8,19,35,36,38–40], resulting in
steroid-associated adverse events and calling into question whether adjunctive or alterna-
tive immune modulating agents should be used. A challenge for the field of hemophilia
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A gene therapy, which provides context for this review, will be to understand to what
extent these apparent inflammatory phenomena, as well as the decline in FVIII expression
reported in one trial [8], result from immune mechanisms or from mechanisms that are not
purely immune in origin (e.g., constraints of synthesis of factor VIII in hepatocytes rather
than liver sinusoidal endothelial cells; natural senescence and turnover of hepatocytes) and
what mitigating strategies will best balance benefit and risk.

Table 1. Current FVIII AAV liver-directed gene transfer products for hemophilia A in clinical development.

Name Sponsor Vector Serotype Transgene Manufacturing Phase FVIII Range,
% of Normal

ClinicalTrials.gov
Identifier

Valoctocogene
roxaparvovec
(BMN-270) [8]

Biomarin AAV5 FVIII-SQ Baculovirus/insect cells 3 4–100 a
NCT03370913
NCT03392974

SPK-8011 [35] Spark LK03 FVIII-SQ Plasmid/mammalian cells 1/2 5.2–19.8 b NCT03003533

SPK-8016 [36] Spark NA FVIII-SQ Plasmid/mammalian cells 1/2 6–22 NCT03734588

AAV2/8-HLP-FVIII-V3
[37] UCL AAV8 FVIII-V3 Plasmid/mammalian cells 1/2 6–69 NCT03001830

SB-525 [38] Sangamo/Pfizer AAV6 FVIII-SQ Baculovirus/insect cells 1/2 56.5–80.1 NCT03061201

TAK754 (BAX888) [39] Takeda (Shire) AAV8 FVIII-SQ Plasmid/mammalian cells 1/2 NA NCT03370172

BAY 2,599,023 (DTX201)
[40] Bayer AAVhu37 FVIII-SQ Plasmid/mammalian cells 1/2 5–17 NCT03588299

AAV, adeno-associated virus; FVIII, factor VIII; NA, not applicable; FVIII-SQ, B domain-deleted FVIII gene with SQ linker at site of deleted
B domain sequence [41]; UCL, University College of London. a Three year follow up in Cohort 3. b > Two year follow up for the 5 × 1011

cohort and the 1 × 1012 cohort.

3. Overview of the Immune System

Immune system response may be innate or adaptive. The adaptive immune response
is further divided into humoral (antibody-mediated) immunity, which may manifest as
antibodies against the AAV vector or against the product of the expressed transgene, and
cellular immunity, which is mediated by T- and B-cell responses (Figure 3).

Variables of the gene delivery approach that may affect the immune response include
the virus capsid serotype, the molecular form of the packaged expression cassette content
(e.g., single-stranded (ss) or self-complementary (sc) AAV). Other variables include clus-
tering of CpG dinucleotides or other potential pathogen-associated molecular patterns
(PAMPs) in the vector capsid or transgene, target tissue, tissue-specificity of the vector’s
transcriptional regulatory elements, and dose and purity of the vector [47,48].

Since AAV vectors lack viral coding sequences, the main components that induce
an immune response are the viral capsid and the transgene product itself. However, the
deoxyribonucleic acid (DNA) component of the AAV vector and the double-stranded
ribonucleic acid (dsRNA) produced by the vector may also contribute to activation of the
innate response [4,48,49]. Similarly, the AAV capsid itself may interact with the innate
immune system [50]. A number of host-dependent factors affect the immune response,
including age, human leukocyte antigen (HLA) type, inflammation, and genetic back-
ground (e.g., underlying mutations such as large deletions in the F9 gene, which may
influence the formation of anti-FIX inhibitory antibodies) [48,51]. The presence of chronic
human immunodeficiency virus (HIV) infection, even if well controlled, may also affect
immune responses in gene transfer. Of note, although there has been no transmission of
HIV from blood coagulation products in the United States since 1987, before that time,
50% of patients with hemophilia and 90% of patients with severe hemophilia contracted
transfusion-associated HIV [52]. Hepatitis also remains highly prevalent in the hemophilia
population. Prior to the 1990s, most adults and teens with hemophilia who received transfu-
sions of plasma-derived clotting factor concentrates developed hepatitis infections [53,54].
The impact of hepatitis on the liver microenvironment and the outcome of gene transfer is
unclear [55].
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Figure 3. Potential limitations of gene transfer with AAV vectors [47]. Several potential immunologic-
related issues to the AAV vector platform are emerging (white box): (1) Vector immunogenicity:
the presence of neutralizing antibodies (NAbs) against the AAV capsid can prevent or limit cell
transduction, whereas cytotoxic CD8+ T-cell responses can eliminate AAV-transduced cells that
present AAV capsid antigens loaded on MHC-I complexes. (2) Potency and efficacy: the efficiency
with which AAV vectors infect and transduce into the desired target cells can impact therapeutic
doses and efficacy. (3) Genotoxicity: although rare, the integration of the AAV vector DNA into the
genome of the infected cell may have genotoxic effects. (4) Persistence: the episomal AAV genome in
the nucleus of the infected cells can be lost in conditions of cell proliferation (such as liver growth),
which may impact therapeutic efficacy. AAV, adeno-associated virus; ER, endoplasmic reticulum;
MHC-I, major histocompatibility complex class I molecule; sc, self-complementary; ss, single strand;
TLR, Toll-like receptor.

3.1. Preexisting Immunity to AAV Vectors

Wild-type (WT) AAV is prevalent in the environment, leading to natural AAV infection
and consequent seroconversion, commonly during childhood. Humans are the natural host
for AAV serotype 2 [56]. Consequently, antibodies that bind and/or neutralize AAV are
frequently found in humans, with some variability depending on the serotype analyzed;
for example, anti-AAV antibodies to AAV1 and AAV2 are detected in up to 70% of the
population, whereas other serotypes have lower seroprevalence [4,57,58]. Humans are the
natural host for AAV serotype 2 and in most cases of natural (environmental) exposure
to AAV antibodies arise that are likely to cross-neutralize other AAV serotypes [56,59].
Although the response in any given individual may vary, antibodies that arise after expo-
sure to one serotype (e.g., AAV2) may cross-react more strongly with a serotype that is
evolutionarily similar (e.g., AAV3) than with a more phylogenetically distinct serotype (e.g.,
AAV5) [17,18,56,59,60]. Among children, a higher incidence of seropositivity can be found
immediately after birth, presumably due to transplacental transfer of maternal antibodies
during fetal life [59]. The lowest level of seronegativity can be found in 1 year-olds [59,61].
In children of early school age, the prevalence of NAbs to AAV vectors increases progres-
sively: 43% have NAbs against AAV2, 26% against AAV5, and 23% against AAV8 [59].
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Several studies have shown a high prevalence of NAbs to multiple AAV serotypes in the
general population as well [62,63]. Confounding the potential understanding of the clinical
impact of AAV NAbs is the fact that there is little standardization between laboratories for
assays for AAV NAb, as discussed below (see “Adaptive Immunity”). Additionally, large
differences in NAb prevalence have been described from different geographic areas, even
when identical assay methods are used [62,64–66].

Anti-AAV antibodies can have a profound effect on the efficiency of transduction,
particularly in the setting of liver-directed gene transfer [12,67]. The development of sen-
sitive, reliable methods to measure antibody titers is, therefore, critical to screen patients
prior to enrollment in gene transfer studies. Several methods have been developed to
measure anti-AAV antibodies (Figure 4). Total binding antibodies are typically measured
with capture assays, which detect anti-AAV immunoglobulin (Ig) IgG that recognizes the
AAV capsid [68]. Neutralizing titers are determined with in vitro assays in which the
readout is the vector transduction inhibition activity [69]. Although the determination of
total antibody titers relies on assays that are relatively easy to perform, the total amount
of anti-AAV antibodies is not always proportional to their neutralizing activity, particu-
larly at low titers [61]. Conversely, anti-AAV neutralization assays provide a sensitive
readout of the functional inhibition of transduction, which can be mediated by different
immunoglobulins (e.g., IgG, IgM), or other neutralizing factors [57,68]. The detection of
anti-AAV neutralizing antibodies in the circulation is a common exclusion criterion in
intravenously administered liver-targeted gene therapy studies.

Figure 4. Assays to test for anti-AAV antibodies and neutralizing factors. (A) The cell-based trans-
duction inhibition assay measures the ability of plasma samples to reduce the transduction of a cell
line by a recombinant adeno-associated virus (rAAV) vector carrying a reporter transgene such as lu-
ciferase. In the presence of antibodies, the luciferase-reported fluorescence may be reduced. (B) Total
anti-AAV antibodies assays on human plasma using a bridging electrochemiluminescence assay or a
classic capture assay. AAV capsids are coated to a well, plasma samples are added after blocking, and
AAV-specific antibodies are detected using ruthenylated AAV capsids (for electrochemiluminescence
assay) or an anti-IgG antibody is added (for the capture assay). max, maximum; min, minimum.

Capsid T-cell responses are less readily detectable than humoral immunity in healthy
individuals [11,28,58,70]. One study identified AAV capsid T-cell epitopes in human
splenocytes from 44 healthy blood donors and found T-cell responses to the AAV capsid
in 16.67% of children under 5 years old and in 73.08% of those ≥5 years old [71]. Another
study found AAV-specific T-cells in splenic samples of 62.5 and 57.14% of healthy children
and adults, respectively [16]. A study of peripheral blood mononuclear cells (PBMCs)
found AAV1 capsid-specific T-cells in 29.1% of healthy adults donors [72], whereas another
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study found AAV2- or AAV8-specific CD8+ T-cells in the PBMCs of all healthy donors
tested [70]. The differences in the frequency of capsid T-cell responses in splenocytes
and peripheral blood may reflect the use of different assays and biomarkers used across
studies. Multiple studies showed that humoral immune responses do not correlate with
interferon gamma (IFN-γ) T-cell responses in healthy donors [16,71,72]. Although several
studies have shown that cytotoxic T-cell responses to AAV can be triggered by vector
infusion [5,10–12,20], resulting in loss of transgene expression, the impact of preexisting
T-cell immunity on the outcome of gene transfer remains a matter of debate. Currently,
results of baseline evaluation of T-cell reactivity to AAV are not commonly used as exclusion
criteria in clinical trials.

3.2. Innate Immunity

The innate immune response occurs early and rapidly upon exposure to a pathogen,
is predominantly not antigen-specific, and does not result in immunologic memory [4].
However, this response triggers the adaptive immune response through the creation of
a pro-inflammatory environment [4,48,49]. Recognition of PAMPS initiates the innate
immune response. Pattern recognition receptors (PRRs) on immune cells recognize viral
nucleic acids, membrane glycoproteins, and chemical messengers, which leads to activation
of nuclear factor kappa B (NF-κB) and interferon (IFN)-regulatory factor transcription
factors that induce pro-inflammatory cytokine expression or type I IFNs [4,27,73]. Type I
IFNs are thought to play an important role in the stimulation of anti-capsid CD8+ T-cell
responses [27]. In nonparenchymal liver cells, such as Kupffer cells and liver sinusoidal
endothelial cells (LSECs), the viral capsid activates innate immunity by binding to the
Toll-like receptor (TLR) 2 [50], while the double-stranded (ds) DNA vector genome and
unmethylated CpG motifs are recognized by TLR9 found in Kupffer cells [24], peripheral
plasmacytoid dendritic cells [25,26], and monocyte-derived dendritic cells [74]. TLR9
engagement appears to be involved in capsid-specific CD8+ T-cell activation [25,29,75].

Recent research has demonstrated the role of interleukin (IL)-1β and IL-6 in the innate
immune response and the importance of innate immunity in shaping the adaptive immune
response [28]. The results of this study also showed that neutralizing IL-1β and IL-6
in PBMCs significantly diminish the frequency of AAV-specific antibody-secreting cells
(ASCs) and anti-AAV antibody levels [28].

Although innate recognition of AAV vectors has been described in multiple preclinical
models [24–26,28,29], the central clinical role of this early arm of the immune system has
only recently been appreciated following the report of a hemophilia B trial suggesting
the role of TLR9 activation as a trigger for anti-capsid cytotoxic T-cell responses [5]. In
this trial, an AAV vector containing a genome with a high number of CpG repeats failed
to achieve long-term transgene expression in all subjects but one; this individual had a
functional polymorphism in the gene for the IL-6 receptor, which would be expected to
disrupt normal pro-inflammatory signaling. Furthermore, an asymptomatic elevation in
IL-6 was observed during the hours following AAV vector infusion in one subject from
the highest-dose cohort, who did proceed to express transgenic FIX initially but then lost
expression of this coagulation factor [5].

A comprehensive overview of vector CpG content of FIX transgene sequences em-
ployed in hemophilia B gene therapy trials has recently been published [30]; this analysis
suggested a direct relationship between the potential for innate immune activation and
clinical outcome (Table 2).
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Table 2. Examples of AAV gene transfer clinical trials for hemophilia B.

Sponsor Serotype/
Configuration

Number of CpG
in ORF

Immune
Suppression a CTL b Peak FIX Duration

CHOP, Stanford
Avigen [12,17] AAV2-FIX/ss 19

(Wild type) − ++ 12% (n = 1) <3 months

UCL, St. Jude [31] AAV8-FIX/sc 0 + + 2–11% (n = 10) >7 years

Takeda (Shire)
(BAX335) [5] AAV8-FIX Padua/sc 99 ++ ++ 4–58% (n = 8)

<3 months for
7/8 subjects

>4 years for 1/8

CHOP AAV8-FIX 19/ss 94 [22] ++ ++ [22] ND ND

Pfizer (SPK-9001) [11] AAVSPK-FIX Padua/ss 0 + + 34% (n = 10) >1 year

UniQure (AMT060)
[32] AAV5-FIX/sc 0 + + 7% (n = 10) >4 year

Dimension (DTX101)
[21] AAVrh10-FIX/ss 96 ++ ++ 3–8% (n = 6) <3 months

UniQure (AMT061)
[34] AAV5-FIX Padua/sc 0 − + 36–51% (n = 3) >2 years

AAV, adeno-associated virus; CHOP, Children’s Hospital of Philadelphia; CpG, cytosine triphosphate deoxynucleotide followed by guanine
triphosphate deoxynucleotide with a phosphodiester link; CTL, cytotoxic T lymphocyte; ELISpot, enzyme-linked immunospot assay; FIX,
factor IX; HEK, human embryonic kidney; IFN, interferon; ND, not determined; ORF, open reading frame; sc, self-complementary; ss,
single strand; UCL, University College of London; a −, not used; +, minority of subjects; ++, majority of subjects; b capsid-specific CTLs by
interferon gamma (IFN-γ) ELISpot: +, minority of subjects; ++, majority of subjects.

The ability to track the progression of immune events in clinical trials has been limited
by the desire to avoid invasive procedures in hemophilia patients, with the result that
phenomena that are happening within the liver and at the tissue level may not be detected
easily in assays performed on peripheral blood samples (e.g., PBMC ELISpot, fluorospot).
Xiang et al [29] report experiments performed in a mouse model of T-cell activation that
allows examination of hepatosplenic cellular immune responses. Their work suggests there
may be significant nuance in the relationship between AAV vector CpG content, innate
immune signaling, and the subsequent induction of anti-capsid T-cell response. Using
AAV vectors containing relatively reduced or relatively enriched content of CpGs, they
report that CpGs are essential to drive proliferation of naïve capsid-specific CD8+ T-cells,
confirming a previous report from Faust and colleagues. In contrast, T-cell recall responses
and proliferation of anti-capsid memory CD8+ T-cells appeared to be independent of innate
immune responses, was not augmented by, and could even by attenuated by high vector
CpG content. The studies suggest the possibility that capsid-specific de novo activated
CD8+ T-cells mediate rejection of human AAV-transduced hepatocytes rather than recalled
memory CD8+ T-cells.

Aside from the vector genome, the AAV capsid can also directly interact with the
innate immune system. For example, it is known that TLR2 recognizes the AAV capsid
peptides [50]. In addition to the membrane-bound TLRs, cytosolic DNA and RNA sensors
play a role in virus recognition. It has been suggested that rAAV transduction could lead
to formation of double-stranded RNA intermediates in the cytosol, which could stimulate
innate immune signaling through cytosolic RNA sensors [76]. Additionally, preclinical
studies have shown that complement proteins can directly bind to AAV vectors and may
be a potential mediator of AAV vector immunogenicity [77,78]. Additional evidence comes
from clinical studies of gene therapy for Duchenne muscular dystrophy (DMD). In these
studies, very high doses of AAV vectors administered systemically resulted in complement
activation [79,80], for which patients were treated with the complement component C5
inhibitor eculizumab [81,82].

3.3. Adaptive Immunity

Adaptive immune responses to AAV vector exposure include both B- and T-cell
activation, which direct both antibody-mediated and cellular immunity.



J. Clin. Med. 2021, 10, 2471 11 of 24

Preexisting NAbs to AAV can have an important impact on the efficacy of gene
transfer [12,67]. Given that NAb titers as low as 1:5 can completely block transduction of
liver cells [47,83], the presence of antibodies to AAV is a common exclusion criterion in
most liver-directed gene transfer trials. Despite the importance of measuring anti-AAV
NAb titers in clinical trials in a consistent and comparable manner across studies, lack of
standardization remains an issue for the field, preventing comparison of clinical outcomes
in some cases. To this end, the development of standardized protocols for the measurement
of anti-AAV antibodies will be crucial; such protocols should take into account the fact that
differences in vector serotype, manufacturing method, and vector doses used in the clinic
can affect the readout of antibody assays and the actual cutoff for inclusion in AAV trials.

As discussed above, the prevalence of NAbs to AAV vary with age of the individual,
which may be important in the choice of the AAV serotype for clinical use in different
populations (neonatal, pediatric, or adult) [4,28,84]. NAbs to AAV persist over time [17,63]
and can effectively neutralize the AAV vector in gene therapy. Thus, NAbs remain an
impediment to more widespread use of AAV gene therapy, as well as restrict the ability to
re-administer the vector, if needed [4,28]. Cross-reactivity is also of concern, with most AAV
serotypes, including AAV1, AAV2, AAV5, AAV6, AAV8, and AAV9, exhibiting varying
degrees of cross-recognition by antibodies [4,58,59,85].

Although the presence of anti-AAV antibodies is expected to limit the efficacy of
gene transfer, hemophilia trials have shown no evidence of toxicities associated with the
presence of preexisting humoral immunity to the vector [12]. An ongoing Phase 3 AAV gene
transfer trial in patients with hemophilia B did not observe a clear relationship between
the emergence of treatment-related adverse events and the presence of detectable NAbs at
baseline [34]. Conversely, trials in which large vector doses have been administered (e.g.,
>1 × 1014 vg/kg in trials of gene transfer for DMD [86]) have documented activation of
complement, which may be mediated by antibody binding to a pathogen.

Cell-mediated immunity in the form of both T- and B-cell responses can also be trig-
gered by the innate immune system, possibly through type I IFNs [4,28]. In contrast to
animal models [87–89], human trials of AAV gene transfer have reported cases of liver
toxicity that were attributed to a T-cell-mediated immune response [28]. This adverse effect
appears to result from a dose-dependent cellular immune response [47]. Lower doses of
the vector are more likely to result in mild inflammation, which is typically manageable
with corticosteroids. Similar to the case with NAbs, there is evidence for cross-reactivity
in cytotoxic T-lymphocyte (CTL) responses across multiple AAV serotypes [4,16,71]. Inter-
estingly, there appears to be no correlation between humoral responses and AAV-specific
T-cell responses [16,71,72], suggesting that participants lacking NAbs to an AAV vector
may still manifest T-cell reactivity to AAV.

In clinical trials for hemophilia, T-cell responses to AAV have been associated with
asymptomatic, self-limited increases in liver enzymes and loss of transgene expression.
These effects have been documented across several studies, although in some cases, lack
of transgene expression was not associated with detection of activated capsid-responsive
T-cells in peripheral blood; similarly, detection of T-cells reactive to AAV was not associated
with any clinically relevant observation [5,45].

A clear correlation between T-cell responses to AAV and liver expression of a transgene
has been the subject of much debate. Various confounding factors may be responsible
for this absence of a conclusive correlation between T-cell-mediated immunity and the
outcome of gene transfer:

• T-cell reactivity to AAV has, in most trials, been measured with an IFN-γ enzyme-
linked immune absorbent spot (ELISpot) assay, which has a limited readout, being
focused on a single cytokine, and does not distinguish between T-cell subsets. The
use of multicytokine ELISpot-based assays or more complex immunophenotyping of
T-cells may help address this limitation.

• In all hemophilia gene transfer trials, immune responses have been monitored using
circulating PBMCs, which may not represent the subset of T-cells residing in tissues
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transduced by AAV vectors. Recent progress toward characterizing and phenotyping
of CD8+ T-cells that home to tissues, which may present specific surface markers
detectable by flow cytometry [90], may help address this limitation of current immune-
monitoring technologies.

• Importantly, the use of immunomodulatory regimens in gene transfer, although
essential to maintain long-term expression following gene transfer, may limit or
confound the ability to correlate immunology readouts with outcomes.

Several questions about T-cell responses observed in AAV gene transfer are still
unanswered. Implementation of immune-monitoring protocols that include detailed
phenotyping of T-cells and correlation of biomarkers of transgene expression and tissue
damage remain important priorities in AAV trials that should help to elucidate the impact
of T-cell responses on the outcome of AAV gene transfer in humans.

4. Mitigation Strategies to Overcome Vector Immunogenicity

Various strategies have been explored to overcome AAV vector immunogenicity.
Corticosteroids have been used broadly, either reactively or prophylactically, to man-

age T-cell reactivity to AAV in hemophilia trials. Although some trials showed that a short
course of oral corticosteroids blocked an apparent capsid-driven T-cell response [10,11,20],
this approach has not always been successful [4], even when high-dose corticosteroids were
used [5,21]. In some cases, successful modulation of AAV immunogenicity has required
the combination of corticosteroids with T-cell-targeting immunosuppressive drugs [91].
Although the use of various immunosuppressive drugs in gene transfer with AAV vectors
has been proposed, preclinical studies indicate the importance of testing the safety of new
regimens, particularly for liver-directed gene transfer. For example, the use of a three-drug
anti-T-cell regimen designed to block the immune response, including the anti-IL-2 receptor
antibody daclizumab [49], resulted in the consistent formation of inhibitory antibodies to
human FIX following hepatic artery administration of an AAV vector expressing human
FIX in nonhuman primates (NHPs). This study highlighted the importance of regulatory
T-cells (Tregs) as mediators of transgene immune tolerance following hepatic gene trans-
fer [92] and showed how drugs interfering with Treg induction could trigger a detrimental
anti-transgene immune response [49,93,94].

Based on the findings of early clinical trials of gene transfer for hemophilia [10,12,16,20],
corticosteroids and T-cell-targeting drugs have been used in several trials. More recently,
the combination of both B- and T-cell-targeting drugs has been explored in humans
(NCT01451879) to modulate AAV immunogenicity and allow for vector redosing. In
addition, evidence that the complement pathway can mediate immune toxicities following
AAV vector administration, at least at high vector doses, provides additional potential
targets for immunomodulatory regimens in gene transfer [79–81].

Capsid engineering has also been proposed as a strategy to evade preexisting hu-
moral immunity to AAV [95]. In addition to pharmacologic immunomodulation, vector
engineering has the potential to greatly help reduce the immune response to AAV vectors.
Strategies under evaluation in preclinical models and clinical trials include maximizing
vector potency to decrease the therapeutic dose and the risk of immune-mediated toxic-
ity, as well as increasing target cell transduction efficiency [96,97], transgene expression
levels [44], or transgene activity [11,43].

Some transgene expression cassettes have been designed to decrease recognition of the
viral genome by TLR9 so as to avoid activation of innate immune system responses [98].

Early clinical trial data support the role of innate immunity in AAV immunogeni-
city [5,30,82]. Examples of these bioengineering strategies include reducing the CpG
content of the expression cassette via codon optimization or the engineering into the
vector of sequences known to interfere with TLR-target binding (e.g., the (TTAGGG)4-like
sequence derived from telomeres). It should be noted that, although codon optimization is
now a standard tool used in recombinant protein expression systems to increase transgene
expression, the introduction of synonymous nucleotide mutations can result in increased
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expression, decreased expression, or minimal change, and the effect of any change must be
examined empirically [99,100]. Recently, attention has also turned to concern regarding the
potential of synonymous mutations to impact the fidelity of pre-mRNA splicing, mRNA
structure and stability, the rate of translation of protein from mRNA; the impact of these
effects on protein folding and tertiary structure may theoretically affect protein function
or immunogenicity. In fact, a naturally occurring synonymous mutation in the F9 gene
(G17736A/Val107Val) has been described as the underlying defect in a family manifesting
defective factor IX activity; in this case, the conserved amino acid sequence FIX protein
was not observed to be associated with immune recognition (e.g., inhibitor antibody
formation) [101,102].

Modification of the AAV inverted terminal repeats (ITRs) to generate self-complemen-
tary (sc) AAVs has been used to increase expression upon transduction and allow transgene
expression without the need for single-stranded (ss) DNA synthesis [98,103]. In some
experimental models, FIX encoded by scAAV vectors is expressed earlier and at a higher
level than when it is encoded by conventional ssAAV vectors [98,103,104]. Drawbacks of
using scAAVs include their limited genome packaging capacity (~2.5 kb), which makes
them unsuitable for packaging F8 cDNA, and the possible higher level of activation of
innate immunity compared with ssAAV vectors [24], given that dsDNA is a putative ligand
for TLR9, whereas ssDNA is not a known PAMP for TLR binding. In the clinic, scAAVs
have been used successfully in some AAV trials for hemophilia B [9,10,20,98].

Other potential strategies to evade the immune system response include engineering
the promoter to increase transcription and optimizing the transgene codons to increase
ribonucleic acid (RNA) production and translation (i.e., to achieve equivalent or better
transgene expression with exposure to lower vector doses) [98]. However, there exist
potential downsides to codon optimization that may affect protein conformation and
stability, as well as protein function [105,106].

The influence of manufacturing on immunogenicity is being explored, including the
role of empty capsids, which may not only serve as decoys for NAbs but also contribute to
the number of capsid epitopes being presented to major histocompatibility complex (MHC)
class I molecules. The presence of contaminants, such as host cell DNA and plasmid DNA,
is another factor that may influence the immunogenicity of AAV vectors [47].

The modulation of T-cell responses in AAV gene transfer could be considered rela-
tively straightforward, although it is important to assess the potential interactions between
immunosuppressive agents and AAV vectors in suitable animal models [49]. The issue of
humoral responses to AAV has been harder to tackle. One possible approach to mitigate
the presence of NAbs to AAV is to administer high doses of AAV capsid [107]. However,
although this strategy may be effective in subjects with low to moderate NAb titers, high
capsid doses may elicit anti-capsid cytotoxic T-lymphocyte (CTL) responses [108]. Pharma-
cologic blockade of anti-capsid antibody formation following AAV vector administration
has been extensively studied [109–111], with some early results in humans [112] and an
open clinical study testing the possibility of re-administering AAV vectors in late onset
Pompe disease patients (ClinicalTrials.gov NCT02240407) is currently open for enrollment.

Removal of preexisting NAbs to AAV vectors has proven to be more challenging than
prevention of antibody formation, mostly because of the limited number of drugs targeting
antibody-producing plasma cells. Pharmacologic immunosuppression has had limited suc-
cess in reducing anti-AAV NAbs in humans [113]; in contrast, the use of plasmapheresis has
achieved promising results in preclinical animal models and humans [114–119]. Recently,
the use of imlifidase (IdeS), an IgG-cleaving endopeptidase currently under investigation in
solid organ transplantation [120,121], has been evaluated in AAV gene transfer (Figure 5).
In preclinical studies, IdeS reduced anti-AAV antibody levels in vitro and in vivo and
allowed for successful liver gene transfer in the settings of preexisting humoral immunity
and vector re-administration [120,122]. An important caveat to these studies is the inclusion
of models with only modest titers of NAbs. Additional analysis would be required in
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samples with high antibody titers, more reflective of potential participants in gene therapy
redosing studies.

Figure 5. Mechanism of action of IdeS. IdeS is an IgG-degrading enzyme derived from Streptococcus
pyogenes proposed as a strategy to overcome the limitation of neutralizing antibodies (NAbs) to AAV.
IdeS is an endopeptidase that cleaves human IgG into F(ab′)2 and Fc fragments, thus reducing the
neutralization activity of anti-AAV antibodies. AAV, adeno-associated virus; IdeS, imlifidase; IgG,
immunoglobulin G; Fc, fragment crystallizable region; F(ab′)2, 2 antigen-binding (Fab) regions.

5. Inhibitors: Transgene-Related Immune Responses

Transgene-related immune responses are a potential important complication in the
management of PWH, as the development of an inhibitor reduces the efficacy of clotting fac-
tor replacement and may necessitate the use of bypassing agents to control
bleeding [123,124]. Inhibitors develop in 20 to 30% of people with severe hemophilia A
who receive factor replacement therapy [42] and in 3 to 5% of those with severe hemophilia
B who receive such therapy [125]. Preclinical animal models of gene therapy showed
how host-specific factors, such as underlying inflammatory disease, immunity against
self-protein, and immune system alterations, can affect the risk of developing inhibitors
to the transgene product [4]. In mouse and dog models of hemophilia, the nature of host
mutations in the F8 and F9 genes is a major determinant of the risk of inhibitor develop-
ment in hemophilia gene transfer [51,126]. Vector-associated risks for inhibitors include
the route of administration; specifically, intramuscular delivery may result in enhanced
transgene immunogenicity, whereas hepatic administration reduces immunogenicity [127].
Another factor may be CpG-rich vector genomes [4]. To date, no incidences of inhibitor
development have been reported in human gene transfer clinical trials for hemophilia. Of
note, all participants enrolled in these trials were at low risk of inhibitor development, as
they were previously exposed to clotting factors and had no active inhibitor at the time of
AAV vector administration, making this a population with extremely low risk of mounting
an immune response against the therapeutic transgene.

6. Immune Tolerance Induction

Strategies to overcome or avoid transgene-related immune responses have been ex-
plored in preclinical trials. Liver-directed gene transfer appears to be less immunogenic
than gene transfer to other tissues. Compared with other tissues, the liver microenviron-
ment is unique, as exposure to foreign antigens through the gut does not necessarily result
in an immune response. As such, immune responses driven by the liver are known to be
limited, as demonstrated in transplant studies [127,128]. The tolerogenic effect of liver gene
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transfer is thought to stem from the difference in the antigen presentation context of the
liver [129], which mediates various protolerogenic signals in gene transfer (Figure 6).

Figure 6. Antigen-specific transgene tolerance. Hepatic gene transfer with adeno-associated virus
(AAV) vectors induces tolerance by multiple mechanisms, which include programmed cell death
of CD4+ T-helper cells and the induction of FoxP3+ Treg. The initial presentation of antigens to
the liver draining portal/celiac lymph nodes and the liver resident antigen-presenting cells (APCs)
plays an important role in the induction of liver tolerance. DC, dendritic cell; Fas, Fas cell surface
death receptor; FasL, Fas ligand; IL, interleukin; MF, macrophage; TCR, T-cell receptor; Treg, T
regulatory cell.

Both Kupffer cells (KCs) and dendritic cells (DCs) in the liver act as antigen-presenting
cells (APCs) and have a less mature phenotype than peripheral APCs. As a result, KCs and
DCs tend to be poor T-cell activators [4]. Moreover, KCs secrete IL-10, an anti-inflammatory
cytokine, when stimulated by TLRs, and IL-10 suppresses CD8+ T-cell response. In addition,
liver sinusoidal endothelial cells (LSECs) act as APCs and present antigens through MHC
class II, which, in turn, induces Tregs [4,48].

Regulatory T-Cells and Liver Tolerance

Several preclinical studies [49,130–132] have demonstrated that liver expression of a
transgene can drive antigen-specific immunologic tolerance. In line with these preclinical
studies, a case study documented the development of immunological tolerance to FVIII in a
participant with severe hemophilia A and high-titer FVIII inhibitors following an orthotopic
liver transplantation for hepatocellular carcinoma (HCC) in the setting of endogenous
FVIII expression from the donor organ [133]. These results suggest that immune tolerance
may be induced by the endogenous production of FVIII.

In the context of AAV gene transfer, it has been demonstrated that expression of
human FIX in the liver of mice resulted in antigen-specific tolerance to the transgene
product [130]. Similarly, several studies of AAV vectors in small and large animal models
of genetic diseases showed that expression of various antigens in hepatocytes can promote
robust antigen-specific immune tolerance [47,134,135]. Several laboratories investigating
the mechanisms driving liver tolerance have pointed to Tregs as mediators of tolerance to
liver-targeted transgenes [94,130,132,136–138]. Importantly, disruption of Treg homeostasis
around the time of vector administration has been shown to lead to an immune response
against the transgene [49,93,94]. Conversely, administration of rapamycin, a drug known
to favor Treg expansion [139], enhanced the efficiency of tolerance induction in the context
of established immunity [74,138].
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Based on early research on the induction of immune tolerance via AAV gene transfer
to the liver, several preclinical studies demonstrated that it is possible to use liver gene
transfer to eradicate FVIII and FIX inhibitory antibodies. Eradication of these inhibitory
antibodies has been achieved in both small [131] and large [134,140] preclinical models
of hemophilia; the mechanism underlying this effect is thought to be steady-state hepatic
expression of clotting factors via AAV vectors in previously immunized animals. Clinical
translation of these results is planned, although there are no results so far (NCT03734588,
NCT04684940).

7. AAV Vector Integration into the Host Genome

In addition to immunogenicity, a potential concern associated with gene-based thera-
pies is the induction of genomic alterations leading to toxicities. Integration of wt.- AAV
into the host cell genome may play a part in the ability of the virus to establish natural
latency following infection; in addition, wt.-AAV expresses the protein Rep, which has
DNA integrase activity [141,142]. Integration of wt.-AAV genomes has been found in
humans [143,144], including the observed association of integrated AAV sequences in
human HCC [143–145]. Recombinant AAV vectors do not contain any viral genes, do not
encode the AAV Rep protein, and cannot efficiently integrate into the host DNA [47,72].
Nevertheless, AAV vectors have been shown to integrate with low efficiency into the host
genome in animal models [146,147].

A study in a mouse model of mucopolysaccharidosis type VII (MPS VII), infused
with recombinant AAV in the neonatal period and followed into adulthood, provided
initial evidence that AAV genome integration can lead to HCC [148]. A subsequent
study in which the factors driving AAV vector-associated risk of HCC formation (e.g.,
neonatal administration, high-vg/kg dose, strong viral promoter) were explored had
similar findings [147]. In this study, a higher incidence of HCC was observed at higher
vector doses, with constitutive promoters or promoters with high transactivating activity
(particularly when compared to the lower risk posed by tissue-specific promoters), and
in infused mice neonates. The mechanism postulated for the induction of HCC in mice
via AAV vector integration was the dysregulation of microRNA-341 (Mir341) proximal
to the Rian locus [147,148]. Indeed, the Mir341 locus appears to be a hotspot for AAV
integration in the mouse genome. However, this locus has no ortholog in humans [149].
An 18-month follow-up study of adult mice given a FIX-expressing transgene driven by
a liver-specific promoter found no evidence of insertional mutagenesis or cancer [150].
Similarly, no cases of HCC have been documented in dogs with hemophilia B treated
with FIX gene therapy followed for 8 years [151] or in NHPs followed for 5 years [152].
Long-term follow-up of dogs with hemophilia A after high-dose gene transfer showed
an absence of liver pathology but presence of nonmalignant clonal expansion of AAV-
transduced hepatocytes resulting from the integration of the vector genome and subsequent
homeostatic hepatocyte division [146,153]. Additional examination of integration events
identified in this canine study demonstrated the vector genome was greatly truncated in
the recovered sequences, in particular the F8 transgene and the ITRs, i.e., no intact complete
vector genome integration events were recovered [146]. Integration events were distributed
throughout the dog chromosomes, with integration favoring sites associated with active
transcription. Interestingly, the canine genome contains an ortholog of the Rian gene region;
however, no integration events were observed in this gene region.

Several liver gene transfer studies with AAV vectors showed a favorable safety pro-
file, with no reported treatment-related carcinogenic events [10,17,150,152]. In a recent
hemophilia B trial, a participant given an AAV vector expressing FIX Padua was diagnosed
with HCC 1 year following treatment; the study subject was asymptomatic, and the lesion
was discovered on imaging performed as routine safety follow-up. Detailed investiga-
tions of the individual’s tumor and adjacent non-involved liver were performed including
determination of the frequency and genomic location of AAV vector integration events;
examination for clonal expansion of any vector sequences; whole genome sequencing of
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tumor to determine the presence of mutations characteristic of hepatocellular carcinoma
independent of vector integration [154]. Consistent with findings from preclinical studies
of rAAV integration, vector integration events in tumor were observed at a low frequency
(estimated at 0.027% of cells in the tumor sample) and occurred randomly across the
genome and without clonal expansion or dominant integration events. Whole genome
sequencing provided additional convincing evidence that the development of HCC was
not due to AAV vector integration but rather the result of the history of hepatitis virus B
and C infection and nonalcoholic fatty liver disease (NAFLD) in this subject.

Overall, the risk of developing HCC following gene transfer with AAV vectors appears
to be low. The extent to which underlying chronic hepatic inflammation (as was present
in the clinical trial participant) may increase the risk of HCC following systemic AAV
delivery [155] will require careful examination in human clinical trials, so that rare events
are maximally informative. Vector design optimization (e.g., the use of tissue-specific
promoters, minimizing total vg/kg exposure), long-term follow-up of trial participants
(using liver imaging, with a low threshold for tissue examination) and capture of long-
term outcomes in national and global gene therapy registries will be important steps to
understand and improve the safety profile of AAV gene transfer.

8. Conclusions

Gene transfer is likely to play an increasingly important role in the treatment of ge-
netic diseases such as hemophilia. Important challenges remain to be overcome, such as
finding solutions to immune-related problems associated with viral vectors to provide
safe, predictable, effective, and durable outcomes for PWH. Strategies to manage or better
mitigate the immune response may include administration of transient immunomodulation
and the use of agents such as IdeS. In addition, vector engineering and improvements in
manufacturing may afford the opportunity to use lower vector doses, thereby decreasing
immune-mediated toxicities. Lastly, long-term follow-up of people treated with AAV
vectors [156] will add to our understanding of the durability of transgene expression in
humans and the potential long-term risks associated with this therapy, including genotoxi-
city. Despite the challenges that remain to be overcome, the potential of gene transfer to
improve therapeutic outcomes is significant. Novel frontiers, such as tolerance induction,
show promise for the development of curative treatments for hemophilia.
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