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Advances in the development of novel treatment options for hemophilia A are prevalent.

However, the anti–factor VIII (FVIII) neutralizing antibody (inhibitor) response to existing

FVIII products remains a major treatment challenge. Although some novel products are

designed to function in the presence of inhibitors, they do not specific address the

immunogenicity risk or mechanistic causes of inhibitor development, which remain unclear.

Furthermore, most preclinical studies supporting clinical gene therapy programs have

reported immunogenicity signals in animal models, especially at higher vector doses and

sometimes using multiple vector designs. In these settings, immunogenicity risk factor

determination, comparative immunogenicity of competing vector designs, and the potential

for obtaining meaningful prognostic data remain relatively unexplored. Additionally, there

remains the opportunity to investigate clinical gene therapy as an alternative to standard

immune tolerance induction therapy. The current study was designed to address these

issues through longitudinal dose-response evaluation of 4 adeno-associated viral (AAV)

vector candidates encoding 2 different FVIII transgenes in a murine model of hemophilia A.

Plasma FVIII activity and anti-FVIII antibody data were used to generate a pharmacokinetic

model that (1) identifies initial AAV-FVIII product expression kinetics as the dominant risk

factor for inhibitor development, (2) predicts a therapeutic window where immune

tolerance is achieved, and (3) demonstrates evidence of gene therapy–based immune

tolerance induction. Although there are known limitations to the predictive value of

preclinical immunogenicity testing, these studies can uncover or support the development

of design principles that can guide the development of safe and effective genetic medicines.

Introduction

Hemophilia A, an X-linked, monogenic bleeding disorder resulting from defective or deficient coagulation
factor VIII (FVIII), has one of the longest histories of gene transfer and transgene candidate develop-
ment.1-7 Liver-directed adeno-associated viral (AAV) vector delivery is the most clinically advanced gene
therapy approach for hemophilia A. These clinical programs are supported by numerous preclinical stud-
ies demonstrating effective and dose responsive in vivo gene transfer that generates predicably therapeu-
tic elevations in plasma FVIII activity in multiple animal models including mice, rats, dogs, and nonhuman
primates (NHPs; supplemental Table 1). A common aspect of these studies that remains ambiguous is
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Key Points

� Initial FVIII exposure
rate is the strongest
predictor of
immunogenicity after
AAV-FVIII gene
therapy in hemophilia
A mice.

� Slower initial FVIII
exposure rates
evolving to steady-
state FVIII levels in
the normal or higher
range support
immune tolerance.
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the relevance of observed anti-FVIII immune responses. Comparative
transgene product immunogenicity has not been studied in the
same rigorous fashion as gene transfer efficiency and dose respon-
sive FVIII production with multiparameter hypothesis-driven investiga-
tion. One explanation is the necessity of testing the exact clinical
candidate vector, which typically includes a B-domain–deleted
(BDD) human FVIII or a bioengineered variant thereof that repre-
sents a xenoprotein possessing neoantigens in nonmatched spe-
cies. However, in the context of many cases of untreated severe
hemophilia A and murine models of hemophilia A, all FVIII variants
can be perceived as neoantigens. Furthermore, these murine mod-
els have been used extensively to study both basic mechanisms of
the immune response to FVIII and perform preclinical comparative
immunogenicity analyses.8,9

Advanced clinical AAV-FVIII gene therapy trials have enrolled adult
subjects with extensive prior FVIII product exposure and no history
of inhibitors. Inhibitor development has not been observed as an
adverse event despite utilization of AAV-FVIII doses as high as
6E13 vector genomes (vg)/kg. However, administration of similar
doses to normal NHP (expressing endogenous NHP FVIII) has
resulted in rapid and potent inhibitory immune responses, whereas
some lower-dose studies appear to avoid such immune responses
(supplemental Table 1).10-14 Data from other preclinical AAV gene
therapy studies also suggest a dose and/or FVIII expression–related
immunogenicity threshold (supplemental Table 1).11,15-19 It has also
been proposed that FVIII dosing intensity and dosing intervals may
play a role in the risk of inhibitor development vs. establishing and
maintaining FVIII immune tolerance in non–gene therapy set-
tings.20-22 Therefore, an accumulating body of data in both preclini-
cal and clinical settings suggests that FVIII exposure intensity may
be a critical factor governing immunogenicity. In the setting of gene
therapy, several independent variables including both vector dose
and vector design elements are predicted to influence FVIII expo-
sure intensity. For example, BDD appears to support higher steady-
state mRNA levels, whereas codon optimization, which has become
ubiquitous in gene therapy transgene design, is thought to influence
both mRNA levels and translation rates. Furthermore, variants such
as BDD porcine FVIII, ET3, X10, N6, V3, and R1645H possess
amino acid sequence changes that affect biosynthetic efficiency
and/or specific activity.10,13,18,23-28 In addition to transgene design,
synthetic promoter/enhancer elements could affect comparative
immunogenicity via effects on FVIII expression level or FVIII express-
ing cell type, which is affected by both vector tropism (eg, AAV
serotype) and promoter specificity for a given transduced cell
type.15,19,29-34 Finally, natural and recombinant AAV particles are
immunogenic in humans and higher AAV capsid loads can induce
cellular stress and creation of a proinflammatory microenvironment
in the target organ that alters the immunogenicity risk of the trans-
gene product.11,30-32,35

The goal of the current study is to identify the critical determinant(s)
of FVIII immunogenicity in the setting of liver-directed AAV gene
therapy using a multivariable pharmacokinetic approach. Pharmaco-
kinetic/pharmacodynamic (PK/PD) analysis of AAV gene therapy is
very complex. There are multiple exposure and elimination rate con-
stants, beginning with vector administration and clearance, and then
many intermediate intracellular processing steps before transgene
product biosynthesis, secretion, distribution, metabolism, and elimi-
nation, all occurring in the context of a second form of elimination
involving transduced cell turnover.33,36 Although no complete PK

model exists for AAV gene therapy, it can be reduced to apparent
PK of the transgene product detectable in plasma and modeled as
a continuous intravenous infusion where transgene product produc-
tion is expressed as a rate (eg, FVIII IU/day) that operates at a
pseudo-steady state. Therefore, this approach should be translat-
able to any gene therapy that functions through endogenous pro-
duction and secretion of a therapeutic transgene product. Although
there are clearly established limitations to preclinical immunogenicity
studies involving candidate therapies that can be typically classified
as xenoproteins in the preclinical models used, at least in the setting
of hemophilia A and FVIII, the murine hemophilia A model has dem-
onstrated many parallels with the human immune response to FVIII
and is used in almost all preclinical product development programs
and basic immunology studies of FVIII. Furthermore, in the context
of comparative immunogenicity between different recombinant pro-
tein candidates or gene therapy candidates with varying vector
designs or dose levels, preclinical models have proven informative
(supplemental Table 1).9-19,23,25-28,37-53 Furthermore, aside from
immunogenicity resulting from neoepitopes present in xenoproteins,
there may be inherent biochemical properties conserved across FVIII
variants that impact overall immunogenicity.

Methods

Materials

All studies were performed under the guidelines set by the Emory
University Institutional Animal Care and Use Committee. All experi-
ments were initiated in FVIII-naïve, male exon 16–disrupted hemo-
philia A mice back-crossed onto a C57BL/6 background (age, 8-12
weeks).54 AAV vector plasmids containing either the HCB or
E06.TTR promoter with the HSQ or ET3 FVIII gene15,18,23,37 were
provided to Vigene Biosciences for AAV8 vector production and
titration. ET3i protein was produced and purified in-house.9

AAV-FVIII dose-response

All required animals were prerandomized into the vector/dose
groups and entered the study via rolling enrollment in cohorts of 14
to 20. After AAV-FVIII administration, blood was collected for
plasma FVIII assays every 5 days for the first 35 days, weekly for
weeks 6 to 8, every 2 weeks through week 16, and every 4 weeks
thereafter.

ET3i protein challenge

Animals administered AAV-ET3 vectors that did not develop inhibi-
tors after a minimum of 37 weeks and maximum of 42 weeks were
challenged with ET3 protein (ET3i). Animals were grouped before
challenge according to steady-state FVIII activity levels, with
1 no-challenge control per group. FVIII-naïve animals (n 5 4) were
challenged alongside the AAV-ET3–treated animals. Animals were
administered 1 mg ET3i (diluted in sterile phosphate-buffered saline)
via retro-orbital sinus injection once per week for 5 weeks, and
blood was collected 3 days after each injection. Two additional
samples were taken at weeks 6 and 7. Animals received a 1-mg
ET3i booster injection 5 weeks after conclusion of the challenge
course and were sacrificed 4 days later.

Plasma FVIII assays

FVIII activity was measured via Chromogenix Coatest SP4 Factor
VIII chromogenic assay following the manufacturer’s instructions
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(Diapharma). ET3i antigen was measured by enzyme-linked immuno-
sorbent assay (ELISA) targeting the human sequence regions. As
previously described, anti-FVIII immunoglobulin G (IgG) titers were
determined by ELISA,8 and FVIII inhibitor titers were determined by
Bethesda assay,55 with the modification that Bethesda titers were
binned into a range based on dilutions that yielded a residual FVIII
activity between 40% and 60%.

Vector copy number

DNA was extracted from flash-frozen liver tissue at sacrifice, and
vector copy number was quantified by quantitative polymerase chain
reaction (qPCR) using primers specific to liver codon-optimized ET3
and SYBR green master mix on the PrimePro48 PCR System
(TECHNE).

Statistics

Data were analyzed using GraphPad Prism and Microsoft Excel
software. Significance level for all statistical comparisons was set at
P # .05.

Results

Correlation of vector potency and dose with initial

FVIII exposure kinetics and steady-state levels

The current study was designed to elucidate the dominant factors
governing the immune response to FVIII in the setting of liver-
directed AAV-FVIII gene therapy in immunocompetent, but FVIII-
naïve, hemophilia A mice. The independent variables included the
promoter sequence, FVIII transgene sequence, and AAV vector
dose. Four AAV vector designs were evaluated, pairing 2 synthetic
liver-directed promoters with 2 FVIII transgenes in a modular fashion
within an AAV2 ITR/AAV8 capsid vector (Figure 1A). The HCB pro-
moter, designed and characterized by our group,23 is shorter and
less potent than the E06.TTR promoter, which has shown immuno-
genicity signals in a study comparing multiple promoter/enhancer
sequences.15 The transgene sequences are as follows: (1) human
BDD FVIII with the SQ linker (referred to as HSQ), similar to AAV
gene therapy candidates currently in clinical trials, and (2) ET3, a
bioengineered BDD FVIII previously described by our group and col-
leagues and used in multiple open investigational new drug gene
therapy programs.18,37,56 ET3 has been shown to display higher
biosynthetic efficiency than HSQ because of decreased engage-
ment of the unfolded protein response, leading to enhanced secre-
tion.24 The resulting vectors have different predicted potencies:
AAV-E06.TTR-ET3 . AAV-HCB-ET3 . AAV-E06.TTR-HSQ .
AAV-HCB-HSQ. Uncertainty associated with AAV-FVIII immunoge-
nicity results from a shortage of preclinical study designs with
frequent, early sampling and long-term follow-up after vector delivery.
These data are essential for robust PK/PD analyses, evaluating
immunogenicity risk, and observing the durability of FVIII expression.
Therefore, vectors were delivered at 1 of 6 doses, starting at 6E13
vg/kg with threefold dilutions to 2.46E11 vg/kg, and animals were
followed for up to 43 to 53 weeks, with a higher frequency of
plasma sampling within the first 16 weeks (Figure 1B-C). Although
the effect between doses was significant, there was no significant
difference in terminal liver AAV vector genome copy number (VCN)
observed between the 4 vectors within a single dose group
(Figure 1D). However, for vector/dose combinations inducing rapid
increases to supraphysiologic FVIII activity levels, FVIII activity

subsequently declined to baseline in a time frame directly correlated
with time to peak activity (Figure 1E-H), suggesting either a cytotoxic
or humoral immune response to transduced cells or the transgene
product, respectively. Observed vector dose dependence on VCN
suggests the latter. In accordance with the potency of each vector,
there appeared to be a dose level below which FVIII activity levels
achieved a pseudo-steady state that was maintained in most animals
for the duration of the study.

Normal human circulating FVIII levels are clinically defined as 1 IU/mL,
or approximately 200 ng/mL. An ideal gene therapy would maintain
FVIII levels around 1 IU/mL without major peaks and troughs. Animals
administered 6E13 vg/kg AAV-E06.TTR-ET3 reached peak, supraphy-
siologic FVIII activity by day 5 (5.4-7.2 IU/mL) that then dropped to
undetectable levels by day 15 (Figure 2A). At 2E13 vg/kg, FVIII levels
peaked at day 10 (2.3-6.4 IU/mL) and became undetectable between
days 30 and 35 (Figure 2B). One animal in each of these groups
spontaneously recovered FVIII activity, but this occurred much later
for the 6E13 vg/kg–dosed animal (.250 days) than for the 2E13 vg/
kg–dosed animal (.70 days). Vector potency and dose effects were
more complex at the mid-range 6.67E12 and 2.22E12 vg/kg doses.
Animals administered 6.67E12 vg/kg peaked at 3.8 to 6.1 IU/mL FVIII
between days 10 and 20, and activity began to drop by the next
time point. However, all 4 animals proceeded to unique outcomes
(Figure 2C). Animal 1457B most likely lost AAV-ET3 genetically modi-
fied cells, as it had the highest initial FVIII activity in its group but was
the only animal to lose both activity (week 32) and liver VCN. At
2.22E12 vg/kg, FVIII levels peaked by day 30 (1.3-2.7 IU/mL) and
held steady with fluctuations within �1 IU/mL for 3 animals, whereas
animal 1437N lost FVIII activity after 16 weeks (Figure 2D). Most
animals administered lower doses maintained FVIII activity within
the hemophilia range (,1%-50% of normal, ,0.01-0.5 IU/mL;
Figure 2E-F). The animals administered AAV-HCB-ET3 followed a
similar dose-response pattern, except that the FVIII activity profiles
shifted in accordance with the lower vector potency ranking (Figure
2G-J). The complete data presented a clear trend toward correlation
of vector potency and dose with increased risk of FVIII activity loss.
Similar dose-response trends after administration of the less potent
HSQ-expressing vectors are shown in supplemental Figure 3.

Inhibitor response after AAV-FVIII

To confirm that the rapid decline in FVIII activity observed in animals
initially expressing high FVIII levels resulted from a neutralizing
humoral immune response, both total anti-FVIII IgG and functional
clot inhibition were measured. All animals that developed a FVIII
inhibitor response after AAV-FVIII delivery are highlighted in Figure 3.
Animals produced anti-FVIII IgG after treatment with the AAV-
E06.TTR-ET3, AAV-HCB-ET3, and AAV-E06.TTR-HSQ vectors but
not the least potent AAV-HCB-HSQ vector. The 6E13-vg/kg dose
of AAV-E06.TTR-ET3 (Figure 3A) and AAV-HCB-ET3 (Figure 3E)
resulted in a 100% inhibitor incidence rate, wherein detectable IgG
titers appeared at 15 days after AAV-E06.TTR-ET3 and 20 to 30
days after AAV-HCB-ET3 delivery. In agreement with the vector
potency and dose-response trends, AAV-E06.TTR-ET3 dosed at
2E13 vg/kg (Figure 3B) produced an IgG response similar to that
of AAV-HCB-ET3 dosed threefold higher at 6E13 vg/kg (Figure 3E),
whereas 2E13 vg/kg AAV-HCB-ET3 (Figure 3F) produced an IgG
response more similar to AAV-E06.TTR-ET3 dosed threefold lower
at 6.67E12 vg/kg (Figure 3C; 6E13vg/kg AAV-E06.TTR-ET3 .
6E13vg/kg AAV-HCB-ET3 � 2E13vg/kg AAV-E06.TTR-ET3 .
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2E13vg/kg AAV-HCB-ET3 � 6.67E12vg/kg AAV-E06.TTR-ET3,
comparing IgG titer incidence). The only animal to develop inhibitors
after a 2.22E12-vg/kg dose was administered the most potent
AAV-E06.TTR-ET3 vector (Figure 3D). No other animals adminis-
tered # 2.22E12 vg/kg of any of the 4 vectors developed inhibitors.
Animal 1457B did not show detectable IgG or Bethesda titers
throughout the study, further supporting the conclusion that this ani-
mal lost genetically modified cells. AAV-E06.TTR-HSQ dosed at
6E13 vg/kg (Figure 3G) also displayed a 100% inhibitor incidence
rate. However, the FVIII expression kinetics were slower, with a
larger total exposure before the emergence of an anti-FVIII IgG titer
compared with 6E13 vg/kg of AAV-E06.TTR-ET3 (Figure 3A) or
AAV-HCB-ET3 (Figure 3E). No animals administered #2E13 vg/kg
AAV-E06.TTR-HSQ developed inhibitors within the study time
frame. For all AAV-FVIII–treated animals that developed inhibitors,
the FVIII activity began to decrease before the IgG titers were quan-
tifiable, with little to no overlap in codetectable FVIII activity and IgG
titer at the time points assayed. Additionally, IgG titers uniformly
appeared before measurable Bethesda titers and, in cases where
the inhibitor response resolved spontaneously, the Bethesda titer
abated before the IgG titer.

Among the animals that developed inhibitors, 4 of 20 displayed
FVIII activity reemergence (Figure 3Aiv, Biv, Ci, Eiii). Generally,
these animals had the highest peak FVIII activity in their vector/
dose group but generated lower measurable IgG and Bethesda
titers. The 2 animals with peak IgG titers ,5000 and Bethesda
titers ,50 BU/mL recovered FVIII activity earlier (Figure 3Biv,
Eiii; recovery within 6 weeks after AAV-FVIII delivery) than the
animals with IgG titers .5000 and more sustained Bethesda
titers .50 BU/mL (Figure 3Aiv, Ci; recovery after $16 weeks).
In all inhibitor responses, the IgG titer fluctuated substantially
and as much as 2 logs between plasma collections. These data
suggest that the nature of the sustained anti-FVIII immune
response is complex and possibly dependent on multiple immu-
nologic mechanisms.

PK analysis defines an immunogenicity threshold

PK principles were used to create a model for analysis of the
observed correlation between initial FVIII expression kinetics and
anti-FVIII IgG incidence (Figure 4). AAV vectors used in this study
share the following attributes: capsid serotype 8, liver-directed pro-
moter, liver codon optimization, titers around 4E13 vg/mL, 0.5 full/
empty particle ratio, and dosed by vg/kg body weight. Therefore,
AAV capsid exposure and cell entry are assumed to be similar

between the vectors from both a PK and immunologic perspective.
Given these assumptions, the apparent plasma FVIII exposure was
used in the application of a single-compartment (circulation), first-
order elimination (constant fraction of FVIII eliminated per unit time)
PK model. The half-life (T1/2) and volume of distribution (Vd) of
recombinant BDD-FVIII were obtained from the literature (supple-
mental Table 2).57-60 These values were used to calculate clearance
(CL; Equation 1) and the elimination rate constant (ke; Equation 2)
for a 0.025-kg mouse (average weight at time of AAV delivery).

CL ¼ 0:693
Vd

T1=2

� �
(1)

ke ¼ CL
Vd

(2)

Activity (IU/mL) was chosen as the FVIII exposure input because
this is how FVIII is monitored clinically, and it provides feedback
on timing and degree of inhibition by anti-FVIII antibodies. FVIII
activity data from all AAV-FVIII–treated animals were analyzed
using the equation for constant rate intravenous drug infusion
(Equation 3) to mimic secretion from the liver. Transduced hepa-
tocyte FVIII production rates are not expected to be constant
over time, but plasma FVIII concentration (C, in IU/mL) and the
time point assayed (t, in days) were used to calculate the FVIII
production, or exposure, rate (kFVIII, in IU/day) at that time (Equa-
tion 3). These values were plotted to show the change in FVIII
production rate over time, and the area under the curve was cal-
culated to give total FVIII exposure (AUCFVIII, in IU, Equation 4).

C ¼ kFVIII
CL

12 e2ket
� �

(3)

AUCFVIII ¼
ðt

0

ðCÞðCLÞ
12 e2ketð Þdt, t ¼ 5 or 10 (4)

FVIII activity becomes immeasurable once inhibitors develop. How-
ever, the data clearly suggest the primary importance of initial FVIII
exposure kinetics for determining inhibitor incidence. Because the
goal was to create a model that can guide AAV gene therapy
design and dosing parameters with the greatest possibility of avoid-
ing inhibitor induction, data through day 10 were included in the risk
assessments (through day 5 for the 5 animals whose FVIII activity
decreased at day 10, preceding an inhibitor titer). The PK model
detailed in Figure 4 compiles data from all animals administered any
dose of the 4 AAV-FVIII vectors evaluated in this study. The resulting

Figure 1 (continued) AAV-FVIII gene therapy dose-response study relates vector design (potency) and dose to initial FVIII exposure kinetics, steady-state

levels, and time to loss of FVIII activity. (A) This design schematic depicts the 4 vectors administered to male exon 16–disrupted hemophilia A mice. (B) AAV-FVIII

infusion was followed by longitudinal plasma collections and an ET3i protein challenge course for a subset of the AAV-ET3–treated animals. (C) Vectors were administered

at threefold dose intervals within the range indicated in the table and ranked based on relative predicted potency. The median FVIII activity over time is shown graphically for

the 6E13 vg/kg dose of each vector (ET3 transgene, red lines; HSQ transgene, blue lines; E06 promoter, solid lines; HCB promoter, dashed lines). (D) Terminal VCN was

quantified by qPCR on liver DNA (E06.TTR-ET3, red circles; HCB-ET3, red squares; E06.TTR-HSQ, blue upwards triangle; HCB-HSQ, blue downwards triangle). Data

points represent the median VCN, and error bars indicate the interquartile range (IQR). Values below the red dashed line indicate undetectable VCN. The dose factor

(P 5 .0004) and vector design factor (P 5 .0198) are significant, with only the E06.TTR-ET3 vs HCB-HSQ vector design comparison showing significance (P 5 .0158;

main effects 2-way ANOVA with Tukey’s multiple comparisons). There is no difference between the vectors when comparing median VCN values within each individual vg/kg

dose group. (E-H) These graphs profile the median FVIII activity (IU/mL) over time for each dose administered of AAV-E06.TTR-ET3 (E) and AAV-HCB-ET3 (F),

AAV-E06.TTR-HSQ (G), or AAV-HCB-HSQ (H), with resulting FVIII levels color coded according to vector dose. FVIII activity (IU/mL) was measured by chromogenic plate

assay for all samples assayed in this study. (C,E-H) IQR error bars were removed for visual clarity but are shown for all vectors in supplemental Figures 1 and 2.
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Figure 2 (continued) FVIII activity profiles and terminal VCN for individual animals administered an AAV-ET3 vector. Panels display FVIII activity over time and

terminal VCN after administration of AAV-E06.TTR-ET3 (A-F) or AAV-HCB-ET3 (G-J). Each panel represents 1 vector/dose group, and each curve represents a single animal.

Terminal VCN was quantified by qPCR on liver DNA. FVIII activity profiles for individual animals administered the AAV-HSQ vectors are shown in supplemental Figure 3.
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immunogenicity threshold was demarcated by a daily increase in
kFVIII of �1 IU/day and an AUCFVIII of 50 IU over the first 10 days
(Figure 4A). Logistic regression analysis of kFVIII and AUCFVIII at
days 5 and 10 demonstrates the significance of these threshold val-
ues (Figure 4B). However, day 5 kFVIII emerged as the strongest
indicator of inhibitor incidence (b1 5 3.2; 95% confidence interval
[CI], 1.860, 8.818; likelihood ratio test, P , .0001). The 50% inhibi-
tor development values (ID50) also validate the FVIII immunogenicity
threshold (day 5 kFVIII ID50 5 4.49 IU/day; day 10 kFVIII ID50 5

11.12 IU/day; day 5 AUCFVIII 5 11.22 IU; day 10 AUCFVIII 5

50.22 IU). Risk assessment by Fisher’s exact test reports an attribut-
able risk increase of 0.9065 (95% CI, 0.6579, 0.9660; P , .0001)
and a risk ratio of 21.85 (95% CI, 6.500, 79.35; P , .0001) for
inhibitor incidence when the kFVIII threshold is met by day 10
(Figure 4C). The number of animals in each vector/dose group that
developed inhibitors after AAV-FVIII administration is shown in sup-
plemental Table 3. Contingency analysis of inhibitor proportions
shows a significant immunogenicity benefit for animals with day 5
kFVIII , ID50 (Figure 4D; P , .0001; median time to inhibitors with
kFVIII $ 4.49 5 30 days). There is also a significant inverse
correlation between the day 5 kFVIII and time to anti-FVIII IgG inci-
dence (Figure 4E; rs 5 20.7333; 95% CI, 20.8907, 20.4189;
P , .0002). As expected, both vector design (ie, potency) and
dose have a significant effect on day 5 kFVIII values (Figure 4F;
2-way analysis of variance [ANOVA]; dose factor 5 65.56; vector
factor 5 18.76; P , .0001 for both factors).

ET3i challenge after AAV-ET3

To test whether AAV-ET3–treated animals that did not develop
inhibitors within 37 to 42 weeks may have developed immune toler-
ance or nonresponsiveness to ET3, animals were challenged with 5
weekly injections of 1 mg ET3i (purified recombinant ET3 protein;
Figure 5A). In AAV-ET3–treated animals with low steady-state FVIII
levels (,0.7 IU/mL), responses were more similar to those of FVIII-
naïve challenge animals, with inhibitors developing between the third
and fifth challenge. Animals making $2 IU/mL were resistant to
challenge. Inhibitor incidence results were mixed in animals making
between �0.7 and 2 IU/mL before challenge. Although initial FVIII
exposure kinetics appear to be the primary predictor of FVIII inhibitor
incidence after AAV-FVIII, achieving steady-state levels of �1.5 to
4.5 IU/mL increased the probability of developing an immunologic
state of nonresponsiveness to the exogenous FVIII (Figure 5B; sup-
plemental Table 4). These parameters outline an AAV-FVIII therapeu-
tic window in which immunogenicity risk is lower and the probability
of maintaining FVIII efficacy and immune tolerance is higher
(Figure 5C).

ET3 antigen and in vivo–specific activity

after AAV-ET3

The inability to accurately quantify FVIII antigen in the presence of
anti-FVIII–neutralizing antibodies is an obstacle to in vivo investiga-
tion of immunologic mechanisms involved in the FVIII inhibitor
response after gene therapy. The ability to detect ET3 antigen and
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Figure 3. Anti-FVIII antibody response after AAV-FVIII delivery can be complex and multiphasic. The anti-FVIII IgG titers were measured by ELISA. IgG titers are

indicated by the red curve and quantified on the right y axis. The corresponding FVIII activity levels are indicated by the black curve and quantified on the left y axis. Bethesda

(inhibitor) titers (BU/mL) were measured for every sample with a detectable IgG titer and/or loss of detectable FVIII activity. BU/mL values are indicated by a heat map at the

top of each graph. Samples below the limit of quantification for any antibody assay were given a working value of 0 in data analysis and graphical representation; however,

the actual value could be somewhere between 0 and the limit of quantification. An X terminating the IgG titer curve denotes death of the animal at the designated
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Figure 3 (continued) time point. (A) 6E13vg/kg AAV-E06.TTR-ET3. Animal IDs: (i) 1471L, (ii) 1475N, (iii) 1477B, (iv) 1483N. (B) 2E13vg/kg AAV-E06.TTR-ET3. Animal
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evaluate in vivo ET3 specific activity after gene therapy was evalu-
ated by compiling all FVIII activity and ET3 antigen data quantified in
animals administered any evaluated dose of the 2 AAV-ET3 vectors.
The earliest time point when FVIII activity decreased in AAV-
FVIII–treated animals that developed inhibitors was day 10. There-
fore, ET3 antigen could be reliably quantified on day 5, and those
antigen levels (ng/mL) were significantly higher in animals that pro-
ceeded to develop inhibitors (Figure 6A; P 5 .0008). However,
when day 5 antigen levels were plotted against day 5 FVIII activity
values, the difference in the in vivo ET3 specific activity (IU/mg)
between the 2 groups was insignificant, further indicating that the
detectable ET3 antigen was fully active and not yet subject to signif-
icant inhibition (Figure 6B). The in vivo ET3 specific activity

calculated from all AAV-ET3–treated animals that did not develop
inhibitors (before ET3i challenge) was 9400 IU/mg (Figure 6C; r2 5

0.804). Although in vivo ET3-specific activity fluctuates over time in
AAV-ET3–treated animals, values .13000 IU/mg were calculated
(supplemental Figure 4D), which is consistent with previously deter-
mined in vitro and in vivo ET3i-specific activities.9,18 ET3 antigen
was detectable in AAV-ET3–treated animals that developed the mul-
tiphasic inhibitor response (n 5 4) and even at certain time points
in some animals with sustained anti-FVIII IgG titers (Figure 6D; sup-
plemental Figure 4E). Throughout ET3i challenge, ET3 antigen was
still measurable in animals that demonstrated immunologic resis-
tance despite observed decreases in FVIII activity and occasional
IgG titers of ,5. In fact, there was no significant difference in ET3-
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specific activity between challenge-resistant animals and the
no-challenge controls (Figure 6E-F; supplemental Figure 5D,F). At
the study end point, there was also no significant difference in ET3-
specific activity between the AAV-ET3 multiphasic response animals
and the AAV-ET3–treated 1 no ET3i challenge controls (no inhibi-
tors; Figure 6F). Taken together, these data indicate that ET3 anti-
gen production continued in the context of an anti-ET3–neutralizing
antibody response.

Discussion

Immunogenicity represents a significant barrier to the development of
safe and effective gene- and protein-based drugs. Immunogenicity can
result from lack of preexisting tolerance because of inadequate endog-
enous protein production, sequence and/or structural differences
between the endogenous and the exogenous or heterologous prod-
ucts, or impurities in the drug products such as molecular aggregates.
Although comparative immunogenicity assessment in animal models
and by in silico analysis of predicted peptide:HLA haplotype binding is
implemented in some protein drug development, its assessment and
predictive value in gene therapy development is not well established.

Vector design elements are customized for individual gene therapy
candidates, and characterization of the effects of vector design ele-
ments on efficacy is standard practice. However, the specific prop-
erties of a given candidate that are responsible for immunogenicity
observed in preclinical studies are unclear and often not specifically
interrogated, leaving little understanding of the impact that these
factors have on the immune response. Although some studies have
directly assessed the relationship between gene therapy dose,
transgene expression kinetics, and transgene product immunogenic-
ity,16,34,61 most studies have focused on parameters other than
dose, including the disease status and/or causal mutation, HLA
genetics, and microbiome, or drug-specific factors, such as function,
target, T-cell epitope characterization, and degree of “self-ness.”62

The current study represents an attempt to rigorously address both
the determinants of gene therapy comparative transgene product
immunogenicity and tolerance through the development of an appro-
priate pharmacologic framework for preclinical evaluation of gene
therapy candidates. Murine models of hemophilia A are a compo-
nent of all preclinical product development programs and have been
shown to replicate many aspects of the immune response to
FVIII.15,17-19,23,26,38,40,41,46,63 Using a murine hemophilia A model to
evaluate vectors of increasing potency at a range of clinically

relevant doses, a pharmacokinetic model of the FVIII activity data
and immunogenicity outcomes was developed that provided a
robust assessment of the relative immunogenicity risk. The only vari-
ables that correlated with immunogenicity risk also possessed a
dominant effect on FVIII exposure kinetics.

Although rapid increase to high FVIII exposure levels strongly corre-
lated with immunogenicity, slower kinetics appears favorable for
reducing immunogenicity risk and supporting a pseudo-steady
state at clinically relevant FVIII levels over the study lifetimes of the
experimental animals. Furthermore, immune tolerance to exogenous
FVIII challenge was observed in animals that achieved and main-
tained plasma FVIII levels $1 IU/mL (normal to supraphysiological
human levels) after AAV-FVIII administration (Figure 5B). Of the ani-
mals that displayed FVIII expression rates below the immunogenic
threshold (45 of 66 total), 97.8% (44 of 45 total) appeared to be
immune nonresponsive to the FVIII being expressed by transduced
cells. Because the immunogenic threshold is well above expression
rates required to generate normal human and murine physiologic
fVIII levels (�1 IU/mL), it is not surprising that studies not designed
to achieve this supraphysiological expression level also do not
observe immune responses. Thus, the current results are consis-
tent with our own previous work and the results of others (supple-
mental Table 1), but now provide a quantitative explanation.
Additionally, data presented in the current study show evidence for
immune tolerance induction in animals that initially develop anti-
FVIII antibodies (Figures 2A-C,G and 3Aiv, Biv, Ci, Eiii). Collec-
tively, the current data suggest a therapeutic window that supports
efficacy, safety, and immune tolerance (Figure 5C) along with the
concept that higher steady-state levels of FVIII expression may
induce immune tolerance more effectively.

There are several limitations to this study, but these are recognized
as common to all preclinical immunogenicity testing. Differences in
species, intraspecies genetic background, and environment (eg,
facilities where microbiota differ) likely impact the exact immunoge-
nicity threshold and play a role in distinct outcomes with respect to
tolerance or response after exogenous FVIII exposure. Given differ-
ences in AAV transgene product expression kinetics observed in dif-
ferent species,12,13,16,29,35,44,64,65 and the effect of genetic
background on murine preclinical immunogenicity,42,66 it seems
likely that dose-response relationships and immunogenicity threshold
value deviations must exist. However, we predict that transgene
product expression kinetics, and possibly all exogenous FVIII deliv-
ery, remain a universal and primary driver of immunogenicity in the

Figure 4 (continued) Pharmacokinetic model of plasma FVIII exposure after AAV-FVIII delivery defines an immunogenicity threshold. (A) These graphs

display the FVIII production (or exposure) rate, kFVIII, and the corresponding cumulative FVIII exposure, AUCFVIII, for each AAV-FVIII–treated animal through day 15 (n 5 66).

Red curves represent animals that developed an inhibitor response, and black curves represent the animals that did not develop inhibitors. The proposed immunogenicity

threshold is outlined in blue and was determined by linear regression with shared parameters. (B) ID50 values were calculated by simple logistic regression analysis (ID50 5

the value predicted to induce inhibitor development in 50% of AAV-FVIII–treated subjects): (i) day 5 kFVIII, (ii) day 10 kFVIII, (iii) day 5 AUCFVIII, (iv) day 10 AUCFVIII (likelihood

ratio test [LRT] of the b1 variable was set at P , .05 for significance and brackets indicate the 95% CI). (C) Contingency analysis was performed based on the inhibitor

incidence (count) of animals that met the kFVIII threshold by day 10 (2-sided Fisher’s exact test with significance set at P , .05; brackets indicate 95% CI; ARI, attributable

risk increase; RR, risk ratio). (D) Survival curve indicates occurrence of inhibitors for animals with day 5 kFVIII values $ ID50 compared with those below the ID50. The median

time to inhibitors with kFVIII $ 4.49 5 30 days. (x2 5 66.95, df 5 1, P , .0001). (E) Correlation of day 5 kFVIII values with the time to anti-FVIII IgG incidence. (Spearman

r 5 20.7333; 95% CI, 20.8907, 20.4189; P 5 .0002). (F) Median day 5 kFVIII values by vector dose for each AAV-FVIII vector. Error bars indicate IQR. Values below the

red dashed line indicate a day 5 kFVIII 5 0, meaning that there was no detectable FVIII activity by chromogenic assay 5 days after vector delivery. Both the vector design and

dose factors have a significant impact on the day 5 kFVIII (main effects 2-way ANOVA, P , .0001).
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previously untreated setting. Although we attempted to conduct a
comprehensive retrospective analysis of all published preclinical
gene therapy data, several confounding issues arose including com-
mon use of immune-deficient or -suppressed animals, limited early
time point data, variations in reagents and assays used to assess
FVIII activity and inhibitors, and small sample sizes, particularly in
large animal studies. The most robust data sets outside of the cur-
rent study are clinical trial data. In one such study, AAV5-FVIII
appears to display much slower kinetics with a time to peak FVIII
activity of 20 to 40 weeks, which is far slower that observed in the
current murine studies (2-8 weeks) and would not be predicted to
result in immunogenicity based on the model and threshold pre-
sented.67,68 However, another clinical study presented by George
et al69 appears to present somewhat faster FVIII expression kinetics,
although the presentation of the data make detailed examination and
reanalysis more difficult to achieve. Based on the data presented, it
also appears that the interpolated day 5 and day 10 kFVIII values
would be well below the thresholds identified in the current study,
and immunogenicity would not be predicted. Therefore, clinical AAV-

FVIII trial data show initial FVIII expression rates within or below the
immunogenicity threshold identified for FVIII-naïve hemophilia A
mice. One caveat to this interpretation is that these clinical AAV-
FVIII gene therapy studies differ in their inclusion of only subjects
previously treated (eg, .150 exposures) with FVIII products and no
history of inhibitors. Therefore, it is possible that these subjects have
obtained some degree of immune tolerance to FVIII that is greater
than what existed at the time of initial FVIII exposure. This situation
may be more analogous to the mice that were challenged with exog-
enous FVIII after already experiencing long-term exposure to gene
therapy–produced FVIII.

Endogenous FVIII has a nominal concentration of approximately 200
ng/mL (�1 nM), defined as 1 IU/mL, while recombinant BDD FVIII
variants have a higher specific activity closer to 10000 IU/mg, with
1 IU/mL approximated by 100 ng/mL. Therefore, on a mass basis,
the immunogenicity kFVIII threshold observed is relatively low at
approximately 449 ng/day at day 5 compared with endogenous pro-
duction rates of other disease associated plasma proteins (eg,
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coagulation factor IX that circulates at nominal concentration of 2-5
mg/mL). It will be important to determine whether the immunogenic-
ity threshold identified in the current study for FVIII holds for other
relevant gene therapy transgene products, or if each transgene
product obeys a different threshold governed by its inherent biologic
and biochemical properties. If an overall initial expression rate driven
risk profile can be obtained, this model could be used to support
the safe indication of current AAV-FVIII vector designs and doses to
previously untreated patients. Furthermore, preclinical studies and
pharmacologic models like the one presented herein may be infor-
mative across the field of genetic medicine.
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