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ARTICLE
Effects of FVIII immunity on hepatocyte and hematopoietic stem

cell-directed gene therapy of murine hemophilia A

Allison M Lytle’, Harrison C Brown', Na Yoon Paik?, Kristopher A Knight?, J Fraser Wright***, H Trent Spencer? and Christopher B Doering?

Immune responses to coagulation factors VIII (FVIII) and IX (FIX) represent primary obstacles to hemophilia treatment. Previously,
we showed that hematopoietic stem cell (HSC) retroviral gene therapy induces immune nonresponsiveness to FVIIl in both naive
and preimmunized murine hemophilia A settings. Liver-directed adeno-associated viral (AAV)-FIX vector gene transfer achieved
similar results in preclinical hemophilia B models. However, as clinical immune responses to FVIIl and FIX differ, we investigated the
ability of liver-directed AAV-FVIII gene therapy to affect FVIIl immunity in hemophilia A mice. Both FVIII naive and preimmunized
mice were administered recombinant AAV8 encoding a liver-directed bioengineered FVIII expression cassette. Naive animals receiv-
ing high or mid-doses subsequently achieved near normal FVIIl activity levels. However, challenge with adjuvant-free recombinant
FVIIl induced loss of FVIII activity and anti-FVIIl antibodies in mid-dose, but not high-dose AAV or HSC lentiviral (LV) vector gene
therapy cohorts. Furthermore, unlike what was shown previously for FIX gene transfer, AAV-FVIII administration to hemophilia A
inhibitor mice conferred no effect on anti-FVIIl antibody or inhibitory titers. These data suggest that functional differences exist in
the immune modulation achieved to FVIIl or FIX in hemophilia mice by gene therapy approaches incorporating liver-directed AAV
vectors or HSC-directed LV.
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INTRODUCTION

Hemophilia A and B are X-linked recessive bleeding disorders that
result from decreased synthesis or functionality of coagulation
factors VIII (FVIII) and IX (FIX), respectively. They are character-
ized clinically by prolonged and at times spontaneous bleeding
into the joints and soft tissues resulting in significant hemophilic
arthropathy. Left untreated, severe hemophilia (A or B), as defined
by <1% circulating FVIII or FIX activity (respectively), is uniformly
lethal. The primary therapeutic option is protein replacement
therapy with optimal results being obtained through prophylaxis
consisting of two to three injections per week of plasma-derived or
recombinant (r) human (h) FVIIl or FIX. Although nearly equivalent
on a unit activity basis, the mass equivalents differ by ~50-fold (2-5
pg/kg FVIIand 100-250 pg/kg FIX). Additionally, hemophilia A and
B differ regarding the immune responses observed against protein
replacement products. Pathogenic inhibitors against FVIII develop
in up to 33% of persons with severe hemophilia A while anti-FIX
inhibitors occur in only 3% of individuals with severe hemophilia B!
Furthermore, anaphylactoid reactions and nephrotic syndrome are
observed in the setting of FIX, but not FVIIl inhibitors. Immune toler-
ance induction has been shown to successfully eradicate inhibitory
antibodies in 63-100% of treated hemophilia A patients; however,
the patient inclusion criteria for this treatment are limiting and the
cost easily can exceed $1,000,000 USD per patient.2 Although the

exact mechanism of action of immune tolerance induction is not
well understood, preclinical studies suggest administration of high
doses of FVIII inhibits the restimulation of FVIlI-specific memory
B cells and prevents their differentiation into antibody-secreting
plasma cells.? Depletion of FVIlI-specific memory B cells may deplete
efficient antigen-presenting cells and shift restimulation of effector
T cells (T_) to induction of regulatory T cells (Tregs). T-cell anergy,
anti-idiotypic antibodies, and suppressor T cells are other possible
mechanisms suggested to play a role in successful immune toler-
ance induction.** Gene therapy offers not only the potential for a
cure of FVIIl and FIX deficiencies, but also the opportunity to modu-
late both naive and primed immune systems through both central
and peripheral tolerance mechanisms.””'' For example, in vivo pro-
duction of FVIIl and FIX achieved through gene transfer approaches
could be an efficient and cost effective modality for immune toler-
ance induction.

Adeno-associated viral (AAV) and lentiviral (LV) vectors have
become leading strategies for clinical gene transfer due to their
target cell transduction capabilities, limited toxicities, and ability
to confer high-level therapeutic transgene expression. Safety and
clinical efficacy are being demonstrated in the setting of several
blood cell disorders using autologous transplantation of ex vivo LV
vector-transduced hematopoietic stem cells (HSC).'>'* HSC-directed
gene therapy involves the ex vivo transduction of autologous HSCs
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followed by transplantation into an HSC depleted (i.e., “conditioned”)
recipient. HSCs are efficiently transduced using integrating viruses
such as y-retroviruses and HIV-1-based LV vectors allowing for replica-
tion of the proviral genome during cell division. As genetically modi-
fied HSCs undergo both self-renewal and differentiation, they create
a reservoir of transgene-expressing cells that persist in the bone mar-
row compartment for the lifetime of the individual and amplify the
transgene sequence within the recipient up to 10%-fold. Additionally,
as the HSC progeny undergo cellular differentiation, the immune
system is repopulated with genetically modified cells of the myeloid
and lymphoid lineages that now promote recognition of the thera-
peutic transgene product as a“self” protein within the host proteome.
In addition to clinical trials of HSC transplantation (HSCT) gene ther-
apy, multiple trials are underway for in vivo delivery of liver-directed
AAV vectors encoding FIX.'*'> AAV gene therapy is less invasive in that
it requires a single peripheral infusion of vector into an unconditioned
patient. As the packaged viral vector reaches its target tissue, cells
undergo in vivo transduction resulting in episomal transgene expres-
sion and secretion of transgene product into the periphery. AAV gene
transfer is being developed for the treatment of a variety diseases
including hemophilia B, human alpha-1 antitrypsin deficiency, lyso-
somal storage disease, and certain forms of congenital blindness.’®*
Several groups currently are in the late-preclinical stage of both LV-
and AAV-vector-based approaches for the treatment of hemophilia
A and clinical trials are anticipated.?' As clinical gene therapy trials
designed to evaluate the efficacy and toxicity associated with FVIII
gene transfer are eminent, understanding the immunological con-
sequences ranging from establishment of tolerance to the develop-
ment of pathogenic inhibitors is of practical concern.

Previously, we demonstrated correction of the bleeding phenotype
in FVIIl naive hemophilia A mice using either in vivo liver-directed AAV
gene transfer or ex vivo HSC-targeted LV gene transfer incorporating
bioengineered high-expression FVIII transgenes.??~%* Furthermore, ex
vivo HSC-directed gene therapy was shown to both eradicate anti-
FVIII inhibitors and restore circulating FVIII levels to hemophilia A
mice with preexisting immunity to FVIII.>*** However, the stringency
of conditioning and the use of gamma retroviruses to achieve ade-
quate levels of transduction preclude the use of HSCT gene therapy
as a viable therapeutic for patients with preexisting FVIII inhibitors.
Recently, two groups showed that liver-directed expression of FIX,
achieved using either LV or AAV vectors, could promote the disap-
pearance of pathological inhibitory antibodies in mouse models of
hemophilia B with preexisting immunity to human FIX.'*"" Both IgG
and IgE anti-FIX antibodies were eliminated following AAV-FIX gene
therapy and this correlated with the establishment of therapeutic
levels of circulating FIX antigen. Additionally, treated animals dem-
onstrated therapeutic correction of the bleeding phenotype as well
as inhibition and elimination of anti-FIX reactive B cells and plasma
cells. Given that the immune responses to FVIIl and FIX differ in sev-
eral aspects, herein, we sought to investigate the durability of the
apparent immune tolerance achieved in the FVIII naive gene therapy
setting, assess the capability of liver-directed gene therapy for hemo-
philia A to modulate preexisting immunity to FVIIl, and draw compari-
sons between the outcomes of preclinical hemophilia A and B gene
therapy using either liver-directed AAV or HSC-directed LV.

RESULTS
Immune nonresponsiveness to FVIII achieved through LV HSCT
gene therapy

Previously, our group showed that retroviral transduction and trans-
plantation of HSCs under both myeloablative and nonmyeloablative
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conditioning using a high expressing FVIII transgene produced sus-
tained, curative plasma FVIII levels in a murine model of hemophilia
A2 Furthermore, HSCT gene therapy recipient animals were shown
to be immunologically nonresponsive to serial weekly injections of
recombinant FVIII as evidenced by long-term FVIII expression, the
absence of anti-FVIIl antibody production, and apparent T-cell toler-
ance in coculture activation assays.® However, most of these studies
were performed using y-retroviral vectors with intact long terminal
repeats driving expression of a porcine FVIIl transgene. Due to risk of
insertional mutagenesis by y-retroviruses with intact long terminal
repeats and the potential immunogenicity of the porcine FVIII trans-
gene, we modified our gene therapy approach to incorporate a self-
inactivating (SIN) HIV-1-based LV vector encoding the bioengineered
ET3 FVIII transgene (SIN-LV-ET3) (Figure 1a). ET3 is a human/porcine
hybrid FVIIl molecule, previously referred to as HP47, designed to have
the high expressing sequences of porcine FVIII substituted into the
A1, activation peptide, and A3 domains of B-domain-deleted human
FVIII.22282° For the current study, lethally irradiated (11 Gy total body
irradiation (TBI)) hemophilia A mice were transplanted with genetically
modified sca-1* cells isolated from congenic C57BI/6 animals. Donor
sca-1* cells were transduced with SIN-LV-ET3 vector containing either
a cell type-independent, constitutively active promoter derived from
the human elongation factor-10. (EEF1A1) gene locus, designated
SIN-LV-EF10i-ET3, or a myeloid-restricted promoter generated from
the human CD68 locus, designated SIN-LV-CD68-ET3. One million sca-
1*-enriched transduced cells were injected retro-orbitally into lethally
irradiated hemophilia A mice to ensure engraftment. Under these
transplantation conditions, the recipient mice displayed <10% geneti-
cally modified peripheral blood mononuclear cells expressing ET3. In
the setting of autologous gene therapy, modeled herein through con-
genic HSCT, a small number of genetically modified cells (microchime-
rism) express a single (or unimolecular) neoantigen that distinguishes
a fraction of the transplanted cells. We term this state “unimolecular
microchimerism” and define it by a state of low-level (<10% of total)
engraftment of genetically modified autologous cells expressing a
single protein that is absent from the host proteome. In the current
study, all transplanted animals displayed <0.1 transgene copy per dip-
loid genome equivalent (N = 6; mean vector copy number (peripheral
blood) less than the level of detection; <0.06 proviral genomes per
diploid genome equivalent). At these low levels of engraftment, ani-
mals transplanted with SIN-LV-CD68-ET3-transduced cells displayed
measurable levels of circulating FVIII prior to immunological chal-
lenge (mean activity of 0.3 units/ml) while levels of circulating FVIII
SIN-LV-EF10i-ET3 transplanted mice were not detectable (Figure 1b).
At 10 weeks, weekly immunological challenges consisting of i.v. injec-
tion of 1 g of highly purified recombinant FVIIl were initiated. Under
these conditions, none of the transplanted animals developed mea-
surable ELISA titers as measured at and beyond 7 weeks postimmuni-
zation. Conversely, all of the control mice developed robust immune
responses to FVIII that persisted beyond 7 weeks postimmunization
(Figure 1c). Despite low to undetectable vector copy number and
plasma FVIII activity, transplanted animals displayed an attenuated
immune response compared to immunized controls. These results
extend our previous studies by showing that even under conditions of
unimolecular chimerism, nonresponsiveness to heterologous as well
as exogenous FVIIl is achieved in hemophilia A mice.

Partial FVIIl nonresponsiveness achieved through AAV-FVIIl in the
naive hemophilia A setting

In addition to HSC-directed LV gene therapy, liver-directed AAV-
FVIII vectors have shown preclinical efficacy in several animal
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Figure1 Immunological challenge following LV-FVIIl gene therapy. (a) Schematic of FVIII-LV design. (b) Baseline FVIll activity was determined in LV-CD68-
ET3 (closed symbols, each symbol represents an individual mouse) and LV-EF10-ET3 (open symbols, each symbol represents an individual mouse)
hematopoietic stem cell-transplanted (HSCT) mice prior to immunological challenges and subsequently measured after four weekly immunizations (at
weeks —3, -2, —1, and 0 indicated by arrows) of 1 ug recombinant ET3. Dashed line indicates limit of detection. (c) Anti-FVIII IgG titers were measured
by ELISA and are shown for LV-CD68-ET3 (closed symbols, each symbol represents an individual mouse) and LV-EF1a-ET3 (open symbols, each symbol
represents an individual mouse) HSCT-treated mice following the final immunization as well as the immunized controls (x). All mice received four weekly
injections of 1 pg of recombinant ET3 posttransplant. The data represent 2, 4, and 7 weeks post final immunization (n = 3 for each experimental cohort,
n = 8 for the control cohort). Dashed line indicates limit of detection. A1, A2, A3, C1, and C2, functional domains of a FVIIl molecule; BGsPA, bovine growth
hormone synthetic polyadenylation tail; CD68, myeloid restricted promoter sequence from the human CD68 locus; CMV, cytomegalovirus promoter;
cPPT/CTS, central polypurine tract/central termination sequence; EF1q, elongation factor 1o promoter; L, linker sequence; LV, lentiviral; R, U5, and U3,
subcomponents of the 5" and 3’ long terminal repeats; RRE, Rev protein response element; W (psi), target RNA-site signaling viral packaging.

models of hemophilia A.3°32 However, these studies have been lim- AAV8-HLP-ET3 vector (Figure 2a). Plasma FVIII activity was moni-
ited in sample size (e.g., canine and nonhuman primate studies), tored for 24 weeks. AAV dose-dependent expression was observed
duration (<8 weeks), or have utilized immune deficient (e.g., CD4- with the mid-dose cohort averaging 70% normal human levels
deficient) animals to obviate immune complications. Therefore, (0.7 IU/ml) and the high-dose cohort averaging 200% normal
the risk of inhibitor development and the durability of immune levels (2 IU/ml) that was sustained for the 5-month observation
tolerance achieved in the absence of inhibitors has yet to be period (Figure 2b,c). While the high vector doses resulted in super
established in any preclinical model. In an earlier study, we dem- physiological FVIII levels, contrary to previous work, FVIII levels
onstrated that clinically relevant doses of AAV8 vector encoding a were maintained beyond the 8-12 week windows indicating the
liver-directed, apolipoprotein E hepatic control region enhancer- lack of inhibitory immune development despite high FVIII levels.
human o-1 antitrypsin promoter driving the ET3 transgene con- Subsequently, these animals also were challenged with a series

ferred correction of the FVIII deficiency and bleeding phenotype of intravenous injections of recombinant ET3 (1 pug each) without
in hemophilia A mice despite being oversized, i.e., larger than the adjuvant. During this challenge, FVIII activity levels in the mid-
estimated packaging capacity of recombinant AAV8.22 However, dose cohort declined to undetectable levels. Disappearance of
we also observed that a small fraction of experimental animals plasma FVIII activity corresponded with the appearance of robust
developed inhibitory antibodies to FVIII 8-12 weeks after vector anti-ET3 humoral immune responses as detected by anti-ET3 IgG
administration which correlated with a loss of detectable levels ELISA. Animals treated with high-dose AAV8-ET3 displayed a trend
of circulating FVIII. This occurred only in the highest dose cohorts toward a transient decline in FVIII activity during the immuniza-
and despite the presence of super physiologic FVIII levels immedi- tion period. However, their FVIIl levels did not decrease to baseline
ately prior to inhibitor development. To investigate this observa- and subsequently increased following termination of the recom-
tion further in the current study, naive hemophilia A mice were binant FVIII infusion challenge protocol. These data suggest that
treated with either a mid-dose (4x10'? vp/kg, n = 3) or a high higher doses of AAV8-ET3 are capable of establishing and main-
dose (2x 10" v/kg, n = 3) of a promoter shortened, liver-directed taining active tolerance, while lesser doses may be insufficient.
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Figure2 Immunological challenge following AAV-FVIII gene therapy. (@) Schematic of FVIII-AAV vector design. (b,c) FVIII activity was measured

beginning at 2 weeks post AAV8-HLP-ET3 infusion; mid-dose =4 x 10" vp/kg (n = 3) or high dose = 2x 10" vp/kg (n = 3), respectively. Arrows indicate
weekly immunizations of 1 ug recombinant ET3. (d,e) FVIII activity versus anti-ET3 ELISA titer beginning at the initial immunization for the mid-
dose =4x10"vp/kg (n = 3) or high dose =2x 10" vp/kg (n = 3), respectively. A1, A2, A3, C1, and C2, functional domains of a FVIll molecule; AAV, adeno-
associated virus; HLP, hybrid liver-specific promoter; ITR, inverted terminal repeat sequence; L, linker sequence; sPA, synthetic polyadenylation tail.

Efficacy of AAV-FVIIl in the setting of preexisting FVIIl immunity

Liver-directed expression of FIX following AAV or LV gene trans-
fer has been shown to eliminate preexisting high-titer inhibitory

anti-FIX antibodies in a mouse model of hemophilia B."*"" While
two different viral vector systems were utilized, similar results were
obtained with both approaches affecting a decrease in anti-FIX
ELISA and Bethesda titers after vector administration. Additionally,
each group showed that liver-directed expression resulted in the
depletion of FIX-specific memory B cells and plasma cells. In an
attempt to extend these findings to hemophilia A, we evaluated
the therapeutic potential of the AAV8-HLP-ET3 vector in hemophilia
A mice with preexisting immunity to FVIIl. In the current study,
hemophilia A mice were preimmunized with commercially avail-
able recombinant hFVIII via four weekly injections of 1 ug FVIIl each.
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Baseline humoral immune responses were characterized by both
total anti-hFVIII IgG ELISA titers and anti-hFVIIl inhibitory (Bethesda)
titers. Upon confirmation of anti-FVIIl immunity in 100% of the ani-
mals, they were administered AAV8-HLP-ET3 at a dose (4% 10'? vp/
kg) previously shown to restore FVIII to near normal human levels
in circulation and similar to doses shown to evade an anticapsid
immune response in clinical trials. During a 16-week observation
period, no significant changes in anti-hFVIII ELISA or Bethesda titer
were observed (Figure 3a,b; Supplementary Figure S2).

A confounding variable of the above experiment was the
sequence disparity between the FVIIl immunogen and the FVIII
transgene product. The immunogen consisted of full-length recom-
binant hFVIII product possessing B domain sequence of varying
length established by heterogeneous intracellular processing by
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paired basic amino acid cleaving enzyme/furin. Conversely, the
transgene product is B domain-deleted ET3 that has ~9% amino
acid sequence disparity to B domain-deleted hFVIIl. The disparate
sequence is present in the A1, activation peptide, and A3 domains
of the protein. The immune consequences of this sequence disparity
in the setting of preexisting immunity are unknown and may have
limited the immune modulation possible through this approach.
For example, it is possible that the immunogenic determinants
of hFVIIl may differ significantly from ET3, and therefore liver-
synthesized ET3 is not capable of inhibiting or eradicating hFVIII
immunogen-specific memory B cells or plasma cells. Therefore, to
test this possibility, the experiment was repeated using animals
preimmunized with recombinant ET3. However again, no change
in anti-ET3 ELISA or Bethesda titers was observed in animals preim-
munized with ET3 (Figure 4a,b; Supplementary Figure S3).

Given that AAV8-ET3 administration did not modulate preexisting
anti-hFVIIl or ET3 immunity at the total IgG or inhibitor levels and no

a
1,000,000

100,000

10,000

Anti-hFVIII ELISA titer

0.1 T T T
0 10 20 30

Weeks post AAV infusion

Effects of FVIIl immunity on AAV gene therapy
AM Lytle et al.

circulating ET3 antigen or activity was observed at any time point,
three alternative explanations appeared possible. The first was that
the preexisting immunity to FVIIl somehow prevented AAV-FVIII
transduction of hepatocytes. The second was that the adaptive
immune system eliminated the transduced cells through a cyto-
toxic immune response. Similar observations to these have been
made in clinical trials of AAV-FIX for hemophilia B where it has been
shown that plasma from individuals containing anti-AAV antibodies
can impair transduction of mouse liver through AAV neutralization
and that CD8* T-cell-mediated clearance of transduced hepatocytes
frequently occurs 8-12 weeks post vector administration when
AAV-FIX doses equal to or exceeding 2x 10" vp/kg are tested.>>3*
Since laboratory mice generally do not possess anti-AAV neutraliz-
ing antibodies and CD8* T-cell responses against transduced hepa-
tocytes also are not observed in murine models, we hypothesized
a third scenario wherein hepatocytes were effectively transduced
by AAV-FVIII and subsequently biosynthesized ET3 molecules that
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Figure3 Effect of AAV-ET3 gene therapy on preexisting anti-human FVIIl immunity. (a) Individual anti-hFVIII ELISA titers for (closed shapes) the naive
hemophilia A mice preimmunized with hFVIll and treated with 4 x 10'? vp/kg of AAV8-HLP-ET3 vector and (open shapes) the preimmunized controls. (b)
Anti-hFVIII Bethesda titers in (closed shapes) the naive hemophilia A mice preimmunized with hFVIIl and treated with 4 x 10'2 vp/kg of AAV8-HLP-ET3
vector and (open shapes) the preimmunized controls. AAV, adeno-associated virus; BU, Bethesda units; HLP, hybrid liver-specific promoter.
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Figure4 Effect of AAV-ET3 gene therapy on preexisting anti-ET3 immunity. (a) Individual anti-ET3 ELISA titers for (closed shapes) the naive hemophilia
A mice preimmunized with ET3 and treated with 4 x 10'2 vp/kg of AAV8-HLP-ET3 vector and (open shapes) the preimmunized controls. (b) Anti-ET3
Bethesda titers in (closed shapes) the naive hemophilia A mice preimmunized with ET3 and treated with 4 x 10'2 vp/kg of AAV8-HLP-ET3 vector and
(open shapes) the preimmunized controls. AAV, adeno-associated virus; BU, Bethesda units; HLP, hybrid liver-specific promoter.
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were rapidly neutralized upon cellular secretion by the saturating
levels of circulating anti-FVIIl inhibitory antibodies. In order to test
this hypothesis, AAV-treated animals harboring preexisting and
ongoing humoral immunity to ET3 received lethal doses of radiation
(11 Gy TBI) to pharmacologically eliminate antigen-specific effec-
tor T cells and B cells, as well as possibly some antibody-secreting
plasma cells which are known to be more radiation resistant.®
Previously, we demonstrated that HSC-directed LV gene therapy
in the setting of 11 Gy TBI eradicated preexisting anti-FVIIl humoral
immunity, provided sustained circulating FVIII activity, and estab-
lished robust immune nonresponsiveness to both the immunogen,
hFVIIl, and the transgene product, porcine FVIIl or ET3.24% In the cur-
rent study, we sought to detect genetically modified hepatocytes
and circulating transgene product (ET3) in the context of humoral
immunity. A similar approach was pursued, but in this study incor-
porated transplantation of nongenetically modified donor HSCs to
help “reset” or minimally dampen the preexisting anti-FVIIl immune
status. Successful transplantation and engraftment of donor HSCs
was confirmed by flow cytometry and determined to be ~90%
donor cell engrafted (data not shown). Animals were monitored for
10 weeks posttransplantation during which time a gradual decrease
in anti-FVIII antibody titers was observed by ELISA (Figure 5a,b).
However, despite the decrease in anti-FVIII IgG titer, plasma FVIII
activity remained below the level of detection by chromogenic
substrate assay in all animals. As a more direct approach to identify
genetically modified hepatocytes expressing ET3, the experimen-
tal animals were euthanized and primary liver cells were assayed
for ET3 transgene DNA copy number as well as ET3 RNA transcript
levels (Figure 6). The positive detection and quantitation of ET3
transgene DNA and mRNA transcripts in liver tissue supports the
conclusion that primary liver hepatocytes were transduced in vivo
by administration of the AAV vector and that the transgene cassette
delivered remained functional throughout the experiment despite
the presence of ongoing FVIIl immunity.

Efficacy of AAV-FVIII in the setting of low-titer anti-FVIIl immunity

Liver-directed AAV-FVIII also has been shown to overcome preexist-
ing anti-FVIIl antibodies in a canine model of hemophilia A harbor-
ing low anti-FVIIl inhibitory titers (=3 Bethesda unit (BU)).3¢ As the
preexisting inhibitory titers to ET3 in our earlier experiment ranged

a
1,000

Percent Initial Anti-ET3 ELISA titer

Weeks posttransplant

b

from 46 to 270 BU and would be considered in the high titer range, it
is possible that an immune threshold exists beyond which the abil-
ity of AAV8-HLP-ET3 to modulate the anti-FVIIl immune response is
limited. In order to investigate this possibility, hemophilia A mice
(n = 10) were immunized by weekly injection of recombinant ET3
with concomitant monitoring of the anti-FVIIl humoral immune
response. After three immunizations, all mice had measurable ELISA
titers and Bethesda titers ranging from 0 to 25 BU. Subsequently,
the animals were administered 4 x 10'? vp/kg of AAV8-HLP-ET3 and
monitored biweekly for changes in ELISA titer (Figure 7a,b). Again,
however, no significant differences were observed between the
low-titer cohorts compared to the two previous high-titer cohorts
suggesting that a preexisting immune threshold for rAAV-FVIIl does
not exist in hemophilia A mice.

DISCUSSION

Hemophilia A remains a promising candidate disease for clinical gene
therapy. The therapeutic threshold of achieving 10-50 pmol/I circu-
lating levels of transgene product (i.e., FVIII) is generally predicted to
be achievable with current gene transfer technology. Although FVIII
replacement therapy certainly is effective at maintaining hemostasis
in most cases, the products are short acting, challenging to admin-
ister prophylactically and prohibitively expensive for the majority
of patients. Gene therapies have the potential to overcome these
challenges and transform the care of persons with hemophilia A.
Of the available clinical gene transfer technologies, LV and AAV vec-
tors appear to be at the forefront.?'¥-* Possibly the most significant
unresolved issue for these approaches, other than demonstration of
therapeutic success, is the effect FVIII gene transfer-based therapy
will have on anti-FVIllimmunity as anti-FVIIlimmune responses repre-
sent the greatest challenge to state of the art clinical care. The patient
population targeted in all gene therapy of hemophilia A clinical tri-
als to date has been those previously treated with FVIII replacement
products without evidence of existing or prior anti-FVIIl immunity.
This patient exclusion criteria may preclude the acquisition of data
regarding the ability of FVIII gene transfer to modulate tolerance
and/or immune activation as well as the prediction of outcomes for
nontolerized patients. It has been shown in several model systems,
as well as clinically for other diseases, that gene transfer can either
elicit new immune responses or alternatively induce a tolerogenic

100,000

10,000

Anti-ET3 ELISA titer
PN

1,000 -

100 T

Weeks posttransplant

Figure 5 Effect of radiation-based immune suppression following AAV-FVIII gene therapy. (a) Anti-ET3 IgG titers were measured by ELISA in naive
hemophilia A mice preimmunized with ET3 and then treated with 4 x 10'2 vp/kg AAV8-HLP-ET3 vector posttransplant. Mice were conditioned with 11
Gy total body irradiation and then transplanted with 5 million whole bone marrow cells (n = 4). (b) Individual anti-ET3 IgG titers measured by ELISA. AAV,

adeno-associated virus; HLP, hybrid liver-specific promoter.
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state depending on the platform used and disease setting. Current
clinical HSC-directed gene therapy involves the transplantation of
LV-transduced HSCs genetically modified to express a missing or
defective protein, which may present as a neoantigen depending
on the underlying causal mutation. As these cells repopulate the
immune system, the resulting chimerism facilitates transplant tol-
erance, an immunological state in which the host immune cells are
not activated by the neoantigen but maintain the ability to launch
a pathogen-specific immune response.®*-* This was demonstrated
in E16 f8~~ mice using HSC-directed retroviral vector gene therapy
incorporating a human FVIII gene variant. Mice treated with either
lethal or sublethal TBI were demonstrated to be immune-competent
against tetanus toxoid mixed in adjuvant while demonstrating toler-
ance to hFVIIl protein infusions measured by both Bethesda titers and
total anti-FVIIl IgG.*## Additionally, these findings correlated with the
studies published by our group.?® Contrary to HSCT gene therapy,
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Figure6 AAV-FVIII gene transfer in the presence of FVIIlimmunity. Copy
number and mRNA levels were determined in hepatocytes isolated from
the perfused livers of naive hemophilia A mice preimmunized with ET3
and treated with 4 x 102 vp/kg AAV8-HLP-ET3 vector (n = 4). Dashed lines
and shaded regions indicate the limit of detection for determining both
transgene and mRNA copy number. AAV, adeno-associated virus; HLP,
hybrid liver-specific promoter.
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AAV vectors are more efficient at in vivo targeting of nonhematopoi-
etic tissues such as liver parenchyma and therefore may possess the
capability to take advantage of the liver’s role in immune homeostasis
to facilitate tolerance. This hypothesis has been substantiated in pre-
clinical hemophilia B studies in which AAV vectors incorporating a FIX
transgene have been shown to induce transgene-specific regulatory
T cells and inhibit reactive T-cell responses.* Although clinical defi-
ciencies in FVIIl and FIX are indistinguishable, the proteins themselves
are not homologous and the respective immune responses to them
are quite dissimilar with FVIIl demonstrating more potent immuno-
genicity at lower concentrations. These confounding differences
suggest that gene transfer-facilitated tolerance may differ in terms
of durability when incorporating a FVIII transgene in the context of
hemophilia A gene therapy.

We previously showed and demonstrate again in the current
study that both HSC-directed LV gene therapy and liver-directed
AAV gene therapy incorporating a high-expression FVIII trans-
gene can elevate plasma FVIII activity levels into the normal
range.”>> However, in both studies, anti-FVIIl inhibitor forma-
tion occurred under certain experimental conditions. For HSCT LV
gene therapy, we discovered that pretransplantation radiation or
other pharmacological-based T-cell suppression is critical to the
avoidance of an immune response to FVIII posttransplantation.?
Furthermore, we demonstrated that these same animals are immu-
nologically nonresponsive to i.v. challenge with recombinant FVIII.
In these studies, we utilized earlier generation y-retroviral vectors
encoding a high-expression porcine FVIII transgene. Therefore, to
evaluate tolerance in the context of a state of the art clinical HSCT
LV gene therapy platform, naive hemophilia A mice were condi-
tioned with lethal doses of radiation to better control levels of
engraftment and transplanted with sca-1*-enriched bone marrow
cells transduced using an LV vector expressing ET3 via a universal
(SIN-LV-EF10-ET3) or myeloid-specific (SIN-LV-CD68-ET3) promoter.
Itis important to note that Moayeri et al. have shown E16 F8/~ mice
treated with either lethal or sublethal doses of TBI conditioning
prior to HSCT maintained immune competence while failing to
develop an anti-FVIIl immune responses after protein infusions of
hFVIIL. In the current study, all transplanted animals engrafted with
>80% total donor cells and less than 10% genetically modified cells
in the peripheral blood mononuclear cell population. We believe
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Figure7 AAV-FVIII gene therapy in the presence of low-titer FVIIl inhibitors. (@) Anti-ET3 IgG titers are represented as the percent of the initial titer
determined by ELISA in mice with low initial anti-ET3 Bethesda titers (0-25 BU). Naive hemophilia A mice were preimmunized with ET3 and treated with
4x10" vp/kg of AAV8-HLP-ET3 vector (n = 10). (b) Individual anti-ET3 IgG titers measured by ELISA in mice with low initial anti-ET3 Bethesda titers. Mice
were preimmunized with ET3 and treated with 4 x 102 vp/kg of AAV8-HLP-ET3 vector. AAV, adeno-associated virus; HLP, hybrid liver-specific promoter.
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this level of engraftment to be more clinically translatable as the
use of safer LV viral vectors with diminished transduction capa-
bilities compared to gamma retroviruses and the incorporation of
nonmyeloablative conditioning regimens likely will result in micro-
chimeric levels of genetically modified cells. Interestingly, baseline
FVIII activity prior to immunological challenges was only detect-
able in SIN-LV-CD68-ET3-transduced sca-1* cell-treated animals and
apparently was not a determinant of transplantation induced FVIII
nonresponsiveness. It is possible that anti-ET3 antibodies are pres-
ent in the SIN-LV-EF10-ET3-transduced sca-1* cell-treated mice and
are binding to circulating ET3 but remain at a level below the limit of
detection for our assay. After four weekly i.v. injections of recombi-
nant FVIII, transplanted animals were assayed for the development
of anti-FVIIl immune responses. SIN-LV-EF10.-ET3-transduced sca-1*
cell-treated mice had no measurable ELISA titer at any time for the
duration of the experiment, despite undetectable levels of circu-
lating ET3. We hypothesize that levels of circulating FVIII required
to restore hemostasis are not necessary to facilitate a nonrespon-
sive immune response to FVIII. It is possible that the levels of FVIII
antigen being expressed posttransplant, although not detectable,
may be sufficient to carry out normal antigen presentation. Another
possibility is that FVIIl is not being effectively secreted but retained
intracellularly in various immune cells. As these cells undergo nor-
mal physiological turnover, the immune system is exposed to FVIII
in the absence of costimulatory signaling and therefore the immune
response to FVIIl becomes nonresponsive in nature rather than lean-
ing towards CD4* T-cell activation. Although transient, near baseline
titers were observed in two of the SIN-LV-CD68-ET3-transduced sca-
1* cell-treated animals, the immune responses observed in the HSC-
directed LV gene therapy cohorts spontaneously resolved. These
results are similar to clinical outcomes observed in hemophilia A
patients considered tolerized to prophylactic FVIII treatments, as
repeated protein infusions do not result in the development of anti-
FVIII antibody titers. Cell-mediated clearance of genetically modi-
fied cells is unlikely as transgene copies were detected in several
tissues at 7 weeks with higher transgene copy numbers observed
in the SIN-LV-CD68-ET3 cohort which is consistent with the higher
multiplicity of infection used for transduction of the sca-1* hema-
topoietic HSC stem and progenitor cells. These data suggest that
unimolecular chimerism in the myeloid compartment is sufficient
to facilitate FVIlI-specific transplantation tolerance following HSC-
directed LV-FVIII gene therapy. Specifically, CD68 expression has
been confirmed in both thymic and liver tissues, both of which are
known for their roles in T-cell education and Treg induction, respec-
tively, suggesting a potential mechanism for CD68-mediated trans-
plantation tolerance.*® However, further experimentation will be
required to tease apart what mechanisms of transplantation toler-
ance are contributing to the FVIIl immune nonresponsiveness.

In previous AAV-FVIII gene transfer studies, we did not evalu-
ate specifically the durability of FVIII nonresponsiveness and/or
whether reintroduction of FVIII protein could break this state, which
is a potential clinical outcome. Additional studies demonstrating
that AAV liver-directed expression of coagulation factor IX prevents
inhibitor formation after peripheral infusions of FIX concentrate in
multiple animal models of hemophilia B suggest that a similar bene-
ficial outcome may result from AAV-FVIII gene therapy.*’ In the FIX
studies, tolerance was induced using a dose observed to evade an
anticapsid CD8* T-cell response in previous clinical trials. However,
in our experiments, this dose of AAV8-HLP-ET3 (4 x 10'? vg/kg) was
not shown to be tolerogenic as evident by the observation of rapid,
high-titer FVIll-specific inhibitory antibody formation following
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serial challenges with adjuvant-free recombinant FVIIL. It is plausible
that higher vector doses may have shown measurable differences in
immune modulation in the preimmunized cohorts as was observed
in the naive setting; however, these experiments were designed
prior to collection of those results. In these studies, vector dose was
chosen based on previously published data and the guidelines set
by the hemophilia B clinical trials using AAV-FIX. However, even at
relatively high doses (2x 10" vp/kg), AAV8-HLP-ET3 was unable to
completely inhibit a humoral immune response against FVIII dur-
ing recombinant FVIII challenge, reinforcing the hypothesis that
significant differences in immunogenicity exist between FVIII and
FIX. These observations may be associated with the tendency of
FVIII to engage in the unfolded protein response, perhaps contrib-
uting to its immunogenicity.* Again, however, as we have shown
that porcine FVIIl and ET3 display diminished engagement of the
unfolded protein response, this hypothesis is not supported by
the current studies. Furthermore, there is a significant difference
between the specific activities of FIX versus FVIIl. A single unit of
FIX has a plasma concentration of ~5,000 ng/ml while a single unit
of FVIIl only has a plasma concentration between 100 and 200 ng/
ml. At steady state, liver-directed expression of FIX results in anti-
gen molar concentrations order of magnitude greater than FVIII
and could therefore modulate the response of antigen-presenting
cells and immune effector cells differently. These effects may be
amplified with AAV-FVIIl compared to AAV-FIX as liver-directed
tolerance has been shown to be dependent on expression levels
of antigen.®*® Our results parallel these conclusions in that only
the very high dose of AAV8-HLP-ET3 (2x 10" vp/kg) was able to
attenuate inhibitor formation during rigorous, but clinically mod-
eled, immunological challenges with recombinant FVIIl. Herzog
et al. have shown that adoptive transfer of CD4* CD25* regulatory
T cells from AAV-FIX-treated mice can suppress anti-FIX antibody
formation in naive and subsequently immunologically challenged
mice.”* However, it is important to note that for all of these studies,
analysis ofTreg responses, adoptive transfers experiments, and analy-
sis of Foxp3 induction were performed in immune-competent FO*/*
mice, in which self-tolerance exists against murine FIX. Existing data
support the concept that natural T g (NT,) originating in the thy-
mus are responsible for maintaining self-tolerance and are selected
for through the interaction of peptides bound to major histocom-
patibility complex and T-cell receptors expressed on the surface of
nTregs.51 Given that CD4* T-cell epitopes have been demonstrated to
be conserved between species, it is possible that nTreg-specific epi-
topes could be conserved between orthologs.>? Therefore, nTregs
responsible for maintaining self-tolerance to murine FIX may also
contribute to CD4* CD25* Treg responses observed in AAV-FIX stud-
ies using F9** immune-competent mice. Subsequently, it is plau-
sible that the AAV-T induction paradigm may not be applicable to
mouse models of hemophilia in which self-tolerance to the murine
ortholog may not be present. Lastly, long-term AAV studies incorpo-
rating a canine FVIII transgene have been shown to be tolerogenic
in hemophilia A dogs suggesting that AAV-FVIII tolerance may be
dependent on the use of a species-specific FVIII transgene.

In contrast to reducing protein replacement product immunoge-
nicity, elimination of preexistingimmune responsesis a distinct ther-
apeutic objective. Since, both liver-directed AAV and LV vector-based
gene therapy have been shown to eliminate circulating inhibitory
antibodies and transgene-specific memory B cells in preimmunized
hemophilia B mice,'®'" a logical extension is that liver-directed FVIII
gene transfer may provide similar therapeutic benefit to hemophilia
A patients with inhibitors. Furthermore, this represents a critical
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un-met clinical need as long-term treatment options are limited or
not available to the majority of the hemophilia A inhibitor patient
population. We have previously shown that transplantation of HSCs
genetically modified by gamma retroviruses into lethally and sub-
lethally irradiated mice had the ability to eradicate preexisting anti-
FVIII inhibitors and establish therapeutic levels of circulating FVIII.
However, these results were not clinically translatable as high doses
of radiation were required for conditioning. Therefore, in addition
to studying liver-directed AAV gene therapy in the FVIII naive state,
we also analyzed the therapeutic potential of AAV8-HLP-ET3, due its
efficiency in gene transfer and apparent safety observed in ongo-
ing clinical trials, in preimmunized hemophilia A mice harboring
both low and high FVIIl inhibitory titers. We observed no significant
changes in either ELISA titer or Bethesda titers over the course of
16 weeks suggesting no modulation of anti-FVIIl antibody-secreting
cells or FVIll-specific T-cell responses. Both copy number and mRNA
analysis confirmed transduction of hepatocytes and expression of
the transgene, which likely was being instantly neutralized by the
circulating inhibitors once secreted from the cell. Given that higher
doses of AAV8-HLP-ET3 (2 x 10" vp/kg) demonstrated an attenuated
immune response after immunological challenge in the naive state,
it is possible that higher vector doses may be effective at eradicat-
ing preexisting anti-FVIII inhibitory antibodies as observed in the
FIX studies. However, recent AAV clinical trials have shown this dose
to be clinically untranslatable and therefore ongoing work in our
lab has been focusing on developing more potent FVIll-expressing
AAV vectors that deliver higher circulating levels of antigen at lower
doses of vector.

Overall, the results of the current study again highlight the
differences in both the immune response to FVIII and FIX and
the immune consequences of liver-directed as compared to
HSC-directed gene transfer. Unlike what has been shown for
liver-directed FIX expression in hemophilia B mice, liver-directed
FVIIl gene therapy in both the naive and preimmunized setting did
not make hemophilia A mice nonresponsive to exogenous infused
recombinant FVIIl. However, similar to our previous results, in the
current study, HSC-directed LV-ET3 gene therapy again was effec-
tive at promoting immune nonresponsiveness to serial challenges
with exogenous recombinant FVIIl. Therefore, despite both ET3
gene transfer approaches delivering sustained, curative levels of
plasma FVIII activity in hemophilia A mice without the initial prov-
ocation of anti-FVIII inhibitors, only the HSC-LV approach, at least
under these experimental settings, appears to prevent the develop-
ment of anti-FVIIl IgG upon immunological challenge with periph-
eral infusions of recombinant FVIIl. Although HSC-LV gene therapy
does require preconditioning for HSC engraftment, this component
also has clear suppressive effects on the immune system that likely
contribute to its success. However, even with stringent pharmaco-
logical immune modulation, 11 Gy TBI followed by bone marrow
transplant, AAV8-HLP-ET3 gene transfer was unable to efficiently
eradicate an anti-FVIIl humoral immune response. Another caveat
of the current nonclinical studies is that the line of hemophilia A
mice used demonstrate uniform inhibitor responses following six
or less i.v. infusions of exogenous FVIII. This is in stark contrast to
the human clinical situation where inhibitor frequency is less than
0.3 in severe hemophilia A and significantly less in moderate and
mild cases. As all clinical hemophilia gene therapy studies to date
have been conducted in the previously treated population without
inhibitors, the current studies cannot model this situation. These
studies were not designed to make direct comparisons in terms of
the mechanisms of immune nonresponsiveness being achieved by
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each method of gene transfer or the kinetics of induction, however
they do show that different gene therapy platforms may affect dif-
ferences in clinical immune outcomes and that immune barrier in
hemophilia A may be greater than hemophilia B due to differences
in coagulation factor immunobiology.

MATERIALS AND METHODS
Animal experiments

All animal studies were performed under the guidelines set by the Emory
University Institutional Animal Care and Use Committee. Exon 16-disrupted
mice back-crossed onto a C57BL/6 background were used as a model of
hemophilia A.> In the HSCT gene therapy experiments, 6-8-week-old trans-
genic mice expressing the enhanced green fluorescent protein from the
[-actin promoter on a C57BI/6 background were used as congenic donors
of HSCs.> TBI was administered using a vented chamber within Gammacell
40 Extractor. Immunizations and immunological challenges using purified
FVIII were performed by retro-orbital injection. Lastly, AAV administration
was delivered i.v. to 8-10-week-old mice by tail-vein injection.

Whole bone marrow transplants

Transplant recipients received 11 Gy TBI split over two doses 4 hours apart.
Whole bone marrow was isolated from 6-8-week-old congenic green fluo-
rescent protein-positive transgenic mice. Cells were flushed from the femurs
and tibias and filtered to eliminate debris. After 10 minutes of red cell lysis,
whole bone marrow cells were resuspended in sterile phosphate-buffered
saline, counted, and 5 million cells per mouse were immediately infused, via
retro-orbital injection, into transplant recipients.

Sca-1*-enriched bone marrow transplants

Whole bone marrow was enriched for Sca-1* antigen as previously described
using positive immunomagnetic bead selection.” Cells were then stimulated
for 24 hours in media containing murine stem cell factor (100 ng/ml), murine
interleukin-3 (20ng/ml), human interleukin-11 (100 ng/ml), and human Flt-3
ligand (100 ng/ml). After stimulation, cells were transduced twice in half vol-
ume (multiplicity of infection between 16 and 70) virus at a density of 2 mil-
lion Sca-1* cells/ml over the course of 24 hours. Cells were then resuspended
in phosphate-buffered saline and 1 million transduced cells were injected
retro-orbitally into lethally irradiated (11 Gy TBI) naive hemophilia A mice.

LV-FVIII production

Viral accessory plasmids along with the bioengineered high-expression FVIII
transgene (designated ET3) encoding expression plasmid were transiently
transfected in 293T-17 cells using a calcium phosphate transfection method
to generate LV vectors pseudotyped with the VSVG envelope similar to the
method described previously except for the utilization of the calcium phos-
phate transfection reagent (Sigma Aldrich, St. Louis, MO).>> Conditioned
media was collected for 3 days beginning at 48 hours posttransfection and
passed through a 0.45-um filter. Virus was concentrated by overnight cen-
trifugation at 10,000 X g overnight, followed by filtration using a 0.22-ym
filter. Viral concentrate titers were determined using quantitative real-time
PCR analysis.

AAV-FVIII production

DNA fragments encoding either the 5" AAV inverted terminal repeat proximal
to the hybrid liver-specific promoter (HLP) or a synthetic rabbit beta-globin
polyadenylation signal and 3’ inverted terminal repeat were synthesized de
novo (Integrated DNA Technologies and GenScript) and introduced to the
flanking ends of the ET3 transgene by restriction enzyme digestion/ligation-
based molecular cloning techniques to generate AAV8-HLP-ET3 (5,111 base
pairs).>* The complete sequence is available as Supplementary Figure S1.
Recombinant AAV8/2 vector particles carrying the HLP-ET3 cassette were
produced as previously described.*® Briefly, 293T cells were triple trans-
fected by the calcium phosphate method with the AAV8-HLP-ET3 cassette,
adenovirus helper plasmid AdHP, and AAV8 packaging plasmid AAV8PK .58
Seventy-two hours after transfection, the cells were harvested, lysed, and
clarified by centrifugation. Vector particles were precipitated using 8%
polyethylene glycol, resuspended, and purified using two round of cesium
chloride gradient ultracentrifugation. Vector particles were dialyzed into
phosphate-buffered saline supplemented with 0.001% pluronic F68 and
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quantified by quantitative SDS—-PAGE densitometry against a standard refer-
ence vector.

FVIIl and immune response analyses

Anti-FVIIl antibody titers were determined using an ELISA. Immobilized hFVIII
(Recombinate, Baxalta, Bannockburn, IL) or ET3 was bound to microtiter plates
and then incubated with mouse plasma. Anti-FVIIl antibodies were detected
using a pan goat-anti-mouse IgG secondary antibody conjugated to alkaline
phosphatase and absorbance was read at 405nm. The absorbance values of
test plasmas were plotted against the logarithm of the plasma dilution, and
the titers were determined to be the reciprocal of the dilution in which the
optical density value was three times that of the background (naive E16 F8~~
mouse plasma), or an optical density reading of 0.3.° Additionally, samples at
any given time point were analyzed on the same sets of plates using the same
buffers and reagents in order to make valid comparisons between animals ata
given time point. Inhibitory antibody titers were determined using a Bethesda
assay as previously described.®¢' Titers were determined as the average dilu-
tion of test plasmas in which 50% of the FVIII activity was inhibited. Lastly,
FVIIl activity was determined using a commercially available COATEST SP FVIII
assay (Coatest SP, Diapharma, West Chester, OH) according the manufacturer’s
instruction. Activity was quantified using a standard curve was generated
using pooled citrated human plasma (Georgia King, Overland Park, KS).

Molecular studies

DNA and RNA were isolated from livers perfused for 15 minutes with saline
using the DNeasy Blood and Tissue Kit (Qiagen) and the RNeasy mini kit
(Qiagen), respectively, according to the manufacturer’s instructions. All gPCR
and data analysis was performed on a Step-One real-time PCR platform
using the device’s software. Copy number was determined using a stan-
dard curve generated from dilutions of AAV8-HLP-ET3 plasmid. Standards
or 100 ng of sample DNA was added to 1x SYBR Green PCR Master Mix (Life
Technologies) containing 300nm concentrations of forward and reverse
primers. Copy number was normalized to the number of mammalian dip-
loid genomes present in 100ng of DNA. Similarly, mRNA transcript levels
were determined on AAV-treated liver tissues as described previously using
100 ng of sample RNA.%
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