'.) Check for updates

Regular Article

GENE THERAPY

BAX 335 hemophilia B gene therapy clinical trial results:
potential impact of CpG sequences on gene expression
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Gene therapy has the potential to maintain therapeutic blood clotting factor IX (FIX) levels
in patients with hemophilia B by delivering a functional human F9 gene into liver cells. This
phase 1/2, open-label dose-escalation study investigated BAX 335 (AskBio009, AAV8.sc-
TTR-FIXR338Lopt), an adeno-associated virus serotype 8 (AAV8)-based FIX Padua gene
therapy, in patients with hemophilia B. This report focuses on 12-month interim analyses of
safety, pharmacokinetic variables, effects on FIX activity, and immune responses for dosed
participants. Eight adult male participants (aged 20-69 years; range FIX activity, 0.5% to
2.0%) received 1 of 3 BAX 335 IV doses: 2.0 x 10""; 1.0 x 10"% or 3.0 x 10"2 vector
genomes/kg. Three (37.5%) participants had 4 serious adverse events, all considered
unrelated to BAX 335. No serious adverse event led to death. No clinical thrombosis,
inhibitors, or other FIX Padua-directed immunity was reported. FIX expression was
measurable in 7 of 8 participants; peak FIX activity displayed dose dependence (32.0% to

® Gene therapy with
AAVS8 codon-
optimized human FIX
Padua complementary
DNA induced FIX
expression in
hemophilia B patients.

® Sustained transgene
expression, achieved
in only 1 participant,
was probably
hindered by vector-

diated
:::ir::laemmatory 58.5% in cohort 3). One participant achieved sustained therapeutic FIX activity of ~20%,
responses. without bleeding or replacement therapy, for 4 years; in others, FIX activity was not

J sustained beyond 5 to 11 weeks. In contrast to some previous studies, corticosteroid
treatment did not stabilize FIX activity loss. We hypothesize that the loss of transgene expression could have been
caused by stimulation of innate immune responses, including CpG oligodeoxynucleotides introduced into the BAX 335
coding sequence by codon optimization. This trial was registered at www.clinicaltrials.gov as #NCT01687608. (Blood.
2021;137(6):763-774)
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reportedly stabilizes levels of circulating transgenic FIX activity in
blood.5#12

Introduction

Hemophilia B is caused by deficient blood coagulation factor IX
(FIX) activity, resulting from variants in the F9 gene.'? Gene
therapy is a potentially curative approach to achieve and
maintain therapeutic FIX levels by delivering functioning human
F9 genes into hepatocytes using nonpathogenic adeno-

Efforts to reduce the immunogenicity observed in the first liver-
directed AAV gene therapy trial for hemophilia B® have focused
on maximizing FIX expression while reducing viral vector

associated virus (AAV) vectors.>® A limitation of IV administra-
tion of recombinant AAV is the barrier posed by preexisting
immunity against AAV resulting from natural exposure to wild-
type viruses.>?"" Transaminitis and loss of FIX expression have
been associated with vector dose-dependent activation of cir-
culating cytotoxic T cells putatively recognizing specific epitopes
from the AAV capsid. For some patients with asymptomatic
increases in alanine aminotransferase (ALT) levels, observed up
to 10 weeks post-AAV vector infusion, corticosteroid treatment
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exposure.®'1315 Consistent with this approach, the AAV sero-
type 8 (AAV8)-based FIX gene therapy BAX 335 (Baxalta Inc., a
Takeda company [Lexington, MA] and Baxalta Innovations
GmbH, a Takeda company [Vienna, Austria]) was designed to
incorporate a transgene expressing FIX Padua, a hyperactive FIX
variant.®'31¢ This gain-of-function variant (leucine substituted for
arginine in position 338) exhibits a fivefold to 10-fold increase in
FIX-specific activity relative to the wild-type protein.’®'” BAX
335 development included purification steps to reduce the
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amount of AAV empty capsid to minimize the potential for vector
capsid dose—dependent liver inflammation by exposing patients
to a lower total capsid dose per FIX genome delivered.’® En-
couraging results in preclinical testing led to the further de-
velopment of BAX 335 as a potential treatment of hemophilia B.

The aims of the current phase 1/2 clinical study were to in-
vestigate the safety and pharmacokinetic variables of BAX 335
gene therapy in patients with hemophilia B to assess the impact
of treatment on FIX activity and bleeding rates and to monitor
immune responses.

Methods

Clinical study design and participants

This first-in-human, phase 1/2, prospective, multicenter, ongo-
ing, open-label study used a single-arm, ascending-dose design
to evaluate the safety and pharmacokinetic variables of BAX 335
(AskBio009, AAV8.sc-TTR-FIXR338Lopt) in adults with hemo-
philia B. Ethical approval was obtained from the institutional
review boards of all clinical sites. Written informed consent
was provided by all participants. This trial was registered at
www.clinicaltrials.gov as #NCT01687608.

The study included male participants (aged 18-75 years) with
hemophilia B (FIX =2%,; FIX <1% for cohort 1 according to the
dose-escalation protocol), >150 exposure days to exogenous
FIX concentrates, and either =3 bleeding episodes per year
requiring FIX replacement or regular use of FIX prophylaxis to
prevent bleeding. Participants were excluded if they had evi-
dence of liver disease, active hepatitis infection, poorly con-
trolled HIV, or neutralizing antibodies (NAbs) against AAVS (titer
>1:5). Eligible individuals were enrolled and screened from
January 2013 to June 2016 (details of eligibility criteria and
laboratory screening assessments are given in the supplemental
Methods, available on the Blood Web site).

Vector production and dosing

The development and production of BAX 335 (scAAVS.
FIXR338L) have been described previously.'®'* The BAX 335
expression cassette consisted of a self-complementary trans-
gene flanked by AAV2-derived inverted terminal repeats,
liver-specific transthyretin promoter/enhancers, and the
codon-optimized complementary DNA (cDNA) encoding the
hyperactive FIX(R338L) Padua variant (Figure 1; supplemental
Figure 1). Codon optimization involves the engineering of
conservative mutations in a nucleotide sequence of the gene
expression cassette (ie, nucleotide changes that code for the
synonymous wild-type amino acid sequence) to increase
protein expression.'8-2!

BAX 335 was manufactured at the Vector Core Facility (University
of North Carolina School of Medicine, Chapel Hill, NC) by using
atriple plasmid transfection protocol of suspension HEK293 cells
grown in the WAVE bioreactor system (GE Healthcare, Piscat-
away, NJ). The vector titer was determined by using quantitative
polymerase chain reaction (PCR) and dot blot assay, as described
previously.?*?* The material produced at clinical scale showed a
consistently empty capsid content of ~30%, as determined by
transmission electron cryomicroscopy.
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Participants were assigned to receive a single IV infusion of BAX
335 in 1 of 3 ascending dose cohorts: (1) 2.0 X 10" vector
genomes (vg)/kg (participants 1 and 2); (2) 1.0 X 10'? vg/kg
(participants 3, 4, 5, and 8); and (3) 3.0 X 102 vg/kg (participants
6 and 7). Participants could receive standard-of-care hemophilia
B treatment (including exogenous FIX for on-demand treatment
of bleeding episodes and/or prophylaxis) as required.

Study assessments

The primary objective was to evaluate the safety of BAX 335 by
assessment of incidence, severity, time of onset, and duration of
adverse events (AEs) and analysis of laboratory data (details
regarding primary outcome measures are given in the supple-
mental Methods). Secondary objectives were: (1) to evaluate
BAX 335 pharmacokinetic and pharmacodynamic profiles, in-
cluding the dose required to achieve stable plasma FIX activity
10% to 40% of normal, the need for exogenous FIX replacement,
and the duration that BAX 335 genomes remained detectable in
bodily fluids (vector shedding in blood, saliva, urine, stool, and
semen); and (2) to assess systemic immune responses (humoral
and cellular) to the FIX Padua (R338L) transgene product and to
AAV8 capsid proteins, at specified time points post-BAX 335
infusion (secondary outcome measures). Binding antibodies
against wild-type FIX and FIX Padua were also assayed. Circu-
lating tumor necrosis factor a (and interleukin 6 [IL-6]) levels in
serum were measured before and 24 hours after BAX 335
infusion.

FIX activity was measured at the central laboratory by one-stage
assay using a BCS XP automated analyzer (Siemens Healthi-
neers, Erlangen, Germany) and ellagic acid as the activator for
the activated partial thromboplastin time assay. This assay
formed the basis of the Bethesda inhibitor assays used to ex-
amine inhibition of clotting in wild-type FIX-containing plasma
and in FIX Padua-containing plasma. A transgene product—
specific enzyme-linked immunosorbent assay (ELISA) was de-
veloped to quantify plasma FIX Padua protein.?* Frequency and
severity of bleeding episodes and use of exogenous FIX
products during the study were also compared vs data for the
12-month prestudy period.

Statistical analyses

After participants had completed the 12-month study visit, a
planned interim analysis was conducted for individual partici-
pants, along with summary descriptive statistics for laboratory
data and study outcomes. After 12 months, participants entered
the long-term follow-up phases of the study.

Poststudy analyses

Root cause analyses, investigating loss of transgene expres-
sion, included a mouse model to compare the adaptive im-
mune response elicited by the CpG-rich BAX 335 vector and
an otherwise identical CpG-depleted vector. C57BL/6J mice
(Charles River Laboratories, Wilmington, MA) were immunized
with the 2 vectors at a dose of 4 X 10'2 vg/kg. Four weeks after
challenge, AAV8 NAD titers were assessed by using a NAb assay
adapted to the mouse? (supplemental Methods).

Whole-exome sequencing and variant analyses were conducted
on participant DNA samples to determine potential explanations
for variability of FIX Padua expression between participants
(supplemental Methods).
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Figure 1. Schematic drawing of the BAX 335 expression cassette. The recombinant vector genome of BAX 335 is designed to express a codon-optimized FIX Padua (R338L)
cDNA from the liver-specific murine transthyretin (TTR) promoter/enhancer. The intron fragment from minute virus of mice (MVM) and the bovine growth hormone (BGH)
polyadenylation (pA) sequence help improve expression. The expression cassette is flanked by 1 AAV2 wild-type inverted terminal repeat (ITR) sequence (3'ITR) and 1 mutated
AAV2 ITR (MUT 5'ITR) to direct preferential replication and packaging of self-complementary (sc) vector DNA. The overall size of the resulting sc genome is 4806 nucleotides (nt).

The BAX 335 nucleotide sequence including ITRs is provided in supplemental Figure 1.

Results

Participant demographics and characteristics

at screening

Eight eligible male subjects aged 20 to 69 years (mean *
standard deviation 30.5 £ 16.0 years) with hemophilia B were
enrolled into 1 of 3 dose cohorts (Table 1). Seven participants
were white, and 1 was black/African American; 3 participants had
circulating FIX antigen cross-reactive material (CRM) at enroll-
ment. No participant had serologic evidence of active HIV or
hepatitis C virus (HCV) (although 2 participants had anti-HCV
antibodies, all were negative for HCV RNA according to PCR). All
had undetectable levels of AAV8 NAbs (supplemental Table 1).
A circulating peripheral blood mononuclear cell (PBMC) re-
sponse to AAV8 was detected in participant 7 at screening
(supplemental Table 2).

Safety assessments

BAX 335 infusion Participants were monitored for hypersen-
sitivity after receiving the first 10% of the BAX 335 infusion. One
participant in the lowest dose cohort reported feeling flushed
(grade 1 hypersensitivity reaction), considered as a nonserious
AE of mild severity, possibly related to BAX 335; the AE resolved
within 30 minutes. No participant had his infusion interrupted.
An asymptomatic elevation of serum IL-6 levels was reported in 1
participant in the highest dose cohort between 30 minutes and
8 hours postinfusion, which returned to baseline levels 24 hours
postinfusion (supplemental Table 3).

Adverse events Four serious AEs (SAEs) were reported in 3
participants: rhabdomyolysis, bacterial infection of the tonsil,
tonsillar hemorrhage, and squamous cell carcinoma of the tonsil.
At the 12-month interim analysis, all SAEs except the tonsillar
carcinoma were resolved (Table 2). BAX 335-specific quantita-
tive PCR and integration site analyses by nonrestrictive linear
amplification-mediated PCR (supplemental Methods) showed
no evidence of AAV vector genomes in and/or integration into
tonsillar tumor tissue. All SAEs were therefore considered un-
related to BAX 335. The single SAE ongoing at the time of the
interim analysis (tonsillar carcinoma) has since been resolved.
Ten AEs in 4 participants were considered possibly related to the
study treatment (cohort 1, seven AEs in 2 participants; cohort 2,
two AEs in 1 participant; and cohort 3, one AE in 1 participant); 7
AEs were mild in severity and 3 were moderate. In cohort 1, there
were 5 mild AEs (fatigue, feeling flushed, headache, influenza-
like symptoms, and ankle swelling), and 2 were moderate in
severity (elevated liver enzyme levels and fatigue); in cohort 2,
there was 1 mild AE (high blood pressure) and 1 moderate AE
(abscess); and in cohort 3, there was 1 mild AE (elevated liver
enzyme levels). At the 12-month interim analysis, 7 of these 10
AEs were resolved, and 3 AEs in 1 participant (cohort 1) were
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ongoing (ankle swelling, fatigue, and elevated liver enzymes).
One of these 3 AEs ongoing at the time of the interim analysis
(elevated liver enzyme levels) has since been resolved.

Vector shedding Vector genomes were measured in urine,
semen, saliva, stool, and whole blood, with peak concentrations
and duration of shedding broadly displaying dose dependence
across the 3 cohorts (supplemental Table 4). Vector shedding in
saliva, urine, semen, or stool was not observed after week 5
in any participant. Vector signal from whole blood was lost in
cohorts 1 and 2, remaining above the detection limit at the
12-month visit in the highest dose cohort.

FIX expression

With the exception of the first participant in cohort 1, all par-
ticipants exhibited vector-derived FIX expression (Figures 2 and
3; supplemental Figure 2) with no evidence of thrombogenicity
or cellular and humoral immune responses to FIX Padua. BAX
335-derived FIX expression was dose dependent (Figure 4) and
occurred as early as 1 to 2 weeks after BAX 335 infusion in the
higher dose cohorts (Figures 2 and 3; supplemental Figure 2).
Mean (range) peak FIX activity (for the first 6 months after BAX
335 treatment, excluding values within 5 days of an exogenous
FIX infusion) was 2.8% (2.7% to 2.8%) in cohort 1, 12.8% (3.0% to
26.2%) in cohort 2, and 45.3% (32.0% to 58.5%) in cohort 3. At
the time of peak expression, circulating coagulation activity
derived from gain-of-function FIX Padua (rather than wild-type
FIX) was indicated by the FIX-specific activity in participants who
were FIX CRM-negative at baseline. Using a FIX Padua—specific
ELISA?4 corroborated transgene-specific expression for CRM-
positive and CRM-negative participants, as the FIX Padua an-
tigen levels correlated with the measured FIX activities but not
with the FIX antigen levels measured by using a standard FIX
ELISA assay.?*

In cohort 1, participant 2 achieved ~4% FIX activity at week 2
(supplemental Figure 2); peak FIX activity was 2.7% when ex-
cluding FIX activity data within 5 days of exogenous FIX infusion.
All 4 participants in cohort 2 experienced significant levels of FIX
activity; however, there was considerable inter-participant vari-
ability (Figure 2). Participant 3 exhibited FIX activity with a peak
of 16.9% at week 11 (14.6% excluding data within 5 days of
exogenous FIXinfusion). This peak was followed by an acute loss
of FIX expression at week 12, and the patient resumed pro-
phylactic FIX infusions. Participant 4 had an initial peak FIX
activity of 7.3% (excluding data within 5 days of exogenous FIX
infusion), which subsequently fell between weeks 6 and 7; he
also resumed replacement FIX therapy for bleed treatment.
Participant 8 received prophylactic corticosteroid treatment; FIX
activity of 1% to 3% was attained for the first 6 months (peak
3.0% excluding data within 5 days of exogenous FIX infusion).
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Figure 2. FIX activity, FIX Padua levels, liver enzymes, and PBMC-mediated immune responses to AAV8 post-BAX 335 infusion for participants in dose cohort 2. FIX
activity and FIX Padua activity levels post-BAX 335 infusion by participant in relation to bleeding episodes, administration of FIX replacement therapy, and prednisone dosing
(participant 8) as well as liver enzyme markers of hepatotoxicity (ALT and aspartate aminotransferase [AST]) are shown. Study week represents nominal collection time
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Figure 3. FIX activity, FIX Padua levels, liver enzyme levels, and PBMC-mediated immune responses to AAV8 post-BAX 335 infusion for participants in dose cohort 3.
FIX and FIX Padua activity post-BAX 335 infusion by participant in relation to bleeding episodes, administration of FIX replacement therapy, and prednisone dosing (participants
6 and 7) as well as liver enzyme markers of hepatotoxicity (ALT and aspartate aminotransferase [AST]) are shown. Study week represents nominal collection time (mean values
used if =1 result in 1 week). The number of exogenous FIX infusions or bleeding episodes within 1 week is indicated. Participants 6 and 7 received prednisone as a rescue
treatment in response to a sudden loss of FIX expression. The duration of prednisone treatment is shown in the green bar charts, with the slope indicating dose tapering. FIX
Padua—specific activity values were above the lower limit of detection (LOD) (<0.020 U), which is shown by the gray dashed line. The results from IFN-y ELISpot assays are shown
in the lower graph panel for each participant; the reaction of the participant’s PBMCs to AAV8 capsid peptides in 3 separate pools are plotted as the number of spots per million
PBMC:s. Values were considered positive if they were above the media control (background) by a factor of 2 and were >60 spots per million PBMCs (black dashed line). Maximum
results across all pools were presented for each time point.

Participant 5 achieved FIX activity of ~20% at week 7 and was the
only participant with sustained activity (achieved in the absence of
bleeding or FIX protein infusions) from week 2 to 52 postinfusion;
FIX activity was sustained during 4 years’ follow-up. Although
participants 3 and 4 lost >80% of peak expression acutely (over ~2
weeks), neither exhibited increased liver transaminase levels, vec-
tor- or transgene-specific T-cell responses, development of inhib-
itors or nonneutralizing antibodies to FIX or to FIX Padua, or other
symptoms or laboratory perturbations coincident with this loss.

In the highest dose cohort, participant 6 achieved exogenous
FIX-corrected peak FIX activity of 58.5% by week 6, when an
increase in AAV capsid-directed T-cell activation was observed.
A steep fall in FIX activity occurred by week 7, accompanied by
an increase in liver transaminase levels and further T-cell acti-
vation. Per-protocol treatment with prednisone was initiated
within 72 hours, resulting in rapid normalization of liver enzyme
levels and interferon «y (IFN-vy) ELISpot results. FIX activity did not
stabilize, and the participant resumed prophylactic FIX infusions.

Figure 2 (continued) (mean values used if =1 result in 1 week). The number of exogenous FIX infusions or bleeding episodes within 1 week is indicated. The lower limit of
detection (LOD) for FIX Padua-specific activity (<0.020 U) is shown by the gray dashed line. Participant 8 received prophylactic treatment with prednisone. The duration of
prednisone treatment is shown in the green bar chart, with the slope indicating dose tapering. The results from IFN-y ELISpot assays are shown in the lower graph panel for each
participant; the reaction of the participant's PBMCs to AAV8 capsid peptides in 3 separate pools are plotted as the number of spots per million PBMCs. Values were considered
positive if they were above the media control (background) by a factor of 2 and were >60 spots per million PBMCs (black dashed line). Maximum results across all pools were
presented for each time point.
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Figure 4. Peak FIX activity by participant, baseline CRM status, and dose cohort.
FIX activity was measured in each participant during the 6 months after BAX 335
infusion. Participants, testing either positive or negative for circulating FIX antigen
CRM at baseline, received a single infusion of BAX 335 at 1 of 3 doses. FIX mea-
surements were determined by one-stage clotting assay (central laboratory), in-
cluding measurements within 5 days of an exogenous FIX infusion and
measurements from unscheduled study visits.

Participant 7 exceeded 30% FIX activity by week 5 (exogenous
FIX-corrected peak FIX activity of 32.0%). He was started on
prednisone after experiencing a slight elevation in liver enzyme
levels together with a sudden loss of FIX activity at week 6;
however, FIX activity continued to decline (Figure 3).

AAV8-specific T-cell responses against the vector

Itis hypothesized that CD8 cytotoxic T cells could kill transduced
hepatocytes and might be responsible for the decline in
transgene expression.*?¢ However, only 2 participants, both in
the highest dose cohort, had strong IFN-y ELISpot signals for
circulating AAV8 capsid-reactive T cells; ALT/aspartate amino-
transferase levels were elevated in these patients (Figure 3).
Although corticosteroid therapy was associated with immediate
normalization of the IFN-y ELISpot in participant 6, this signal
remained elevated for weeks after the initiation of prednisone in
participant 7.

Systemic corticosteroid administration initiated in response to
ALT elevations in participants 6 and 7, and as prophylaxis in
participant 8, did not stabilize FIX activity levels in these par-
ticipants (Figure 3).

Poststudy analysis: investigation into the acute loss
of FIX Padua expression

Analysis of cytokines and liver parameters did not provide any
insight into why only participant 5 exhibited stable FIX Padua
expression for 4 years.

Recent studies in mouse models report that vectorized ex-
pression cassettes harboring CpG motifs may activate the innate
immune system via Toll-like receptor 9 (TLR9), with a potentially
negative impact on transgene expression via supporting cell-
mediated and/or antibody-mediated immunity toward AAV
vector—associated antigens.?’2®6 Before codon optimization,
native FIX and FIX Padua cDNA sequences each contained 19
CpG motifs. The original GeneArt codon optimization algorithm
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used to generate the BAX 335 FIX Padua cDNA addressed the
understanding that gene sequences with greater GC content
lead to higher messenger RNA levels and greater protein
translation vs those with greater AT content.'?2?? As reported by
Wu et al,’ FIX codon optimization incorporated in BAX 335 led
to increased FIX expression in mouse liver vs wild-type FIX
cDNA. Nevertheless, the optimization algorithm resulted in a FIX
Padua transgene in BAX 335 containing elevated CpG density
(99 CpG motifs) and CpG clusters (supplemental Figure 1). In an
animal model in which vector-dependent activation of the innate
immune system was analyzed indirectly by measuring the titers
of NAbs against AAV8, mice were challenged with BAX 335
or a BAX 335-like construct bearing a FIX Padua transgene
that was codon-optimized to deplete CpG motifs. NAb titers
against AAV8 were increased in mice treated with BAX 335
(Figure 5).

We further hypothesized that a genetic variation specific to the
individual could have contributed to the failure of participant 5 to
mount an anti-AAV8 immune response, facilitating the long-term
transgene expression observed in this participant. We therefore
investigated genetic variations in all participants by whole-
exome sequencing. There were no homozygous gene variants
unique to the genome of participant 5. Unique heterozygous
and compound heterozygous variants were found. The most in-
dicative variant was a heterozygous missense variant ¢.344A>C,
p.A115E in the IL6R gene encoding the receptor for IL-6, causing
an alanine-for-glutamate substitution within the IL-6-binding
domain predicted to adversely affect receptor function (Com-
bined Annotation Dependent Depletion score of 26.1).3° Fur-
thermore, haploinsufficiency of IL-6R in humans and mice has
been documented.?"3

3000 A
2500 4 ®
= 2000
= 1500
2
=2 [ X J
=
o i
£ 1000
<
= _—
500 A
[ X X J o
. ° [ ] o _000
BAX 335 CpG-depleted Buffer
candidate

Figure 5. Anti-AAV8 NAb responses in mice treated with BAX 335 vs CpG-
depleted vector constructs. Anti-AAV8 NAb responses, as a surrogate marker for
immune activation via TLRY, indicate lower immunogenicity for CoG-depleted
vectors. C57BL/6J mice (8-10 weeks old, n = 6-8 per group) were treated IV with
identical doses (4 X 10'2 vg/kg) of either one of two AAV8 vectors carrying an
FIX Padua coding sequence with different numbers of CpG oligodeoxynucleo-
tides (ODNs): BAX 335 (99 CpG ODNs); CpG-depleted candidate (0 CpG ODNS).
Blood was collected 4 weeks later, and the magnitude of the resulting titer of
anti-AAV8 NAbs was assayed as a marker of adaptive immune responses to
CpG ODNEs.
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Discussion

AAV8-based FIX Padua BAX 335 gene therapy was well toler-
ated in all 8 adult participants of this phase 1/2 study. There were
no notable infusion-related or subsequent safety abnormalities,
no thrombosis, and no evidence of inhibitors or other FIX
Padua—directed immunity during the 1-year study or subsequent
follow-up. Treatment with BAX 335 resulted in gene transfer of
the codon-optimized FIX Padua transgene in liver cells and
expression of hemostatically functional FIX in 7 of 8 participants.
BAX 335 administration was associated with dose-dependent
increases in peak FIX activity unequivocally caused by expres-
sion of the transgene product (Figure 2). Functional FIX Padua
expression resulted in short-term reductions in factor con-
sumption (B.E., P.E.M., unpublished data, 26 April 2017), con-
sistent with a study of patients with hemophilia B receiving a
different FIX Padua vector.® Peak FIX activity levels were not
sustained in 6 of 7 participants with measurable FIX expression.
In the 1 participant who achieved long-term FIX expression, a
therapeutic FIX activity of ~20% has been observed for 4 years
without bleeding or use of FIX replacement therapy.

Four SAEs reported in 3 participants, including tonsillar carci-
noma, were considered unrelated to BAX 335 treatment. BAX
335-specific quantitative PCR and integration site analyses on
tonsillar tumor biopsy tissue found no evidence of AAV vector
genomes in and/or integration into tonsillar tumor tissue. In
support of this finding, genome sequences putatively associated
with hepatocellular carcinoma risk in a previous nonclinical study
of wild-type AAV integration were examined, and they exhibited
no integrated vector sequences or other disruption.343>

Acute loss of transgene expression within the first few months
after infusion, often accompanied by elevation of liver enzyme
levels (exemplified by participant 6), has also been reported in
other AAV vector hemophilia gene therapy trials.357:1215:3¢ Thjs
clinically asymptomatic hepatotoxicity, coincident with acute
loss in transgene expression, has been attributed to a vector
dose-dependent capsid-directed cellular immune response.32¢
The strongest IFN-y ELISpot and transaminase signals were
measured in the highest BAX 335 dose cohort and support the
relationship to vector dose evident from previous trials."®

In contrast to some other AAV FIX gene therapy studies, in which
capsid-directed adaptive immune responses limiting FIX ex-
pression could be stabilized by immunosuppression,>¢'2 FIX
activity could not be stabilized by corticosteroid rescue or
prophylaxis in the current study. An AAV8 FIX gene therapy
study at the Children’s Hospital of Philadelphia (#NCT01620801)
similarly reported 2 of 3 patients with vector capsid immune
responses that could not be stabilized by immunosuppression.®”
Thus, a clear association between corticosteroid immunosup-
pression and the ability to normalize ALT levels and stabilize
factor expression has not been shown in all patients receiving
AAV gene therapy for hemophilia; the basis of this variability has
yet to be elucidated.

The root cause for the loss of expression in all but one participant
is unknown. We cannot exclude manufacturing-related causes
such as vector purity or the full:empty capsid particle ratio of the
product. In this study, the triple transfection protocol for AAV
production developed by Grieger et al?® was used. This protocol

FIX PADUA AAV GENE THERAPY STUDY IN HEMOPHILIA B

has now been used for numerous clinical studies (eg, Canavan
disease, giant axonal neuropathy, Duchenne muscular dystro-
phy), including generating phase 3 Duchenne muscular dys-
trophy material without similar incident, strongly suggesting
clinical observations from this study may derive from elsewhere.
However, sequence-related outcomes affecting either DNA
vector genome structure or function are more likely. In this case,
codon optimization of the FIX Padua transgene accidentally
introduced into the BAX 335 vector genome clusters of CpG
motifs, which are pathogen-associated molecular patterns
known to stimulate innate immune responses through TLR9.38:37
We therefore reasoned that CpG enrichment could serve as a
plausible explanation. Exploring this hypothesis further, emu-
lating these responses nonclinically is difficult because animal
models of liver-directed AAV gene therapy*®*® do not predict
or reproduce the cell-mediated immune response directed
against AAV and the loss of transduced hepatocytes reported
clinically.#1344 Thus, the validity of these animal models for
assessing the comparative immunogenicity of similar FIX-
expressing vectors is unclear. Nevertheless, innate immune re-
sponses against recombinant AAV may potentially augment the
activation of adaptive T-cell and B-cell immune responses.?7:37:43
To test CpG-mediated pathogen-associated molecular pattern
stimulation of innate immune responses, we compared the
strength of the humoral adaptive immune response elicited by
BAX 335 and an otherwise comparable but CpG-reduced vector
as a marker of innate immune activation. Higher AAV8 NAb titers
developed in response to BAX 335, suggesting that the in-
creased number of CpG moitifs in the clinical vector may have
contributed to the irreversible loss of FIX expression. Although
the data from this study and animal studies support a strong
correlation between CpG motifs and clinical outcome, recent
animal studies have unraveled additional innate immune inter-
actions between AAV and host that may be at play and cannot be
ignored.#¢

Loss of FIX expression in participants 6 and 7, receiving the
highest BAX 335 dose, was concurrent with an increase in liver
enzyme levels and PBMCs reactive to AAV8 (measured by IFN-y
ELISpot). However, this was not the case in the lower dose cohort
for participants 3 and 4. Relatively weak immune responses to
the vector localized in the liver might not always be detectable in
assays of peripheral blood.

Transient elevation of IL-6 as an indicator of innate immune
system activation has been described in animal studies mapping
TLR9-dependent activation of NF-kB and transient proin-
flammatory cytokine induction after liver-directed infusion of
AAV vector”” and in AAV-exposed PBMCs.*® Transient induction
of the proinflammatory cytokine IL-6 after infusion of the highest
BAX 335 dose in participant 6 (supplemental Table 3) may be
further evidence of an innate immune response triggered by
recombinant AAV in humans. The heterozygous genetic variant
in the IL6R gene of participant 5, identified by sequence analysis,
has a Combined Annotation Dependent Depletion score® in-
dicating a high probability of deleteriousness to the function of
the IL6R gene product. This potential IL-6 receptor hap-
loinsufficiency is suggestive of participant 5 being less sus-
ceptible to innate immune signaling driven by IL-6—-mediated
inflammatory stress caused by an anti-AAV immune response.
Although the p.A115E variant identified in participant 5 has not
been studied, there is precedent for a nonsynonymous IL6R
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single-nucleotide polymorphism to be associated with reduced
functionality and impaired IL-6 responsiveness.®' This supports
the notion that although participant 5 might not display the
clinical phenotype of hypofunctional immunity under homeo-
static conditions, when presented with a strong immune adju-
vant, the immune response might be incomplete.

Previous clinical trial experience has implicated adaptive im-
mune responses directed at the capsid as the main factor limiting
sustained expression from AAV vectors. Here, we suggest that
innate immune stimulation, potentially driven by CpG enrich-
ment (introduced during codon optimization of the gene ex-
pression cassette) could have contributed to the loss of AAV
vector-mediated gene expression in a human clinical trial. Al-
though future research will need to substantiate this hypothesis,
avoiding potential immune stimuli within the nucleotide se-
quence is increasingly recognized as an important general
consideration for the design of DNA gene therapy vectors and
has led to the development of CpG-reduced vectors for gene
therapy. Implications for future clinical studies of any systemi-
cally delivered AAV vectors include increased vigilance for
immunostimulatory components introduced during vector pro-
duction,*’ vector codon optimization and design, and early
control of innate immunity to reduce vectorimmunogenicity and
improve AAV transduction efficiency. Success in controlling
innate immunity may also be influenced by improved un-
derstanding of the impact of interindividual variations underlying
immune responses, including in genes that are yet to be
identified.
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