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Gene Therapy for Inherited Bleeding Disorders

» Gene therapy for hemophilia A and B benefited from advancements in the general gene ther field,
such as the development of adeno-associated viral vectors, as well as disease-specific
breakthroughs, like the identification of B-domain deleted factor VIII and hyperactivefactor 1X
Padua

» The gene therapy field has also benefited from hemophilia B clinical studies, which revealed for
the first time critical safety concerns related to immune responses to the vector capsid not
anticipated in preclinical models.

 Preclinical studies have also investigated gene transfer approaches for other rare inherited bleeding
disorders, including factor VI deficiency, von Willebrand disease, and Glanzmann thrombasthenia.
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» Gene-replacement therapies for genetic disease require long-term expression of the therapeutic

transgene (» Fig. 1) without toxicity.
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» There are two main strategies:
(2) the use of nonintegrating vectors targeting non- or slowly dividing cells and
(2) the use of integrating vectors in dividing cells
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{E'j:ulur online) Theoretical pharmacokinetic limitations of replacement therapies compared
with gene therapy. Multiple doses (top arrows) of replacement therapies are required to
maximize the time within the therapeutic window (green), resulting in a saw-tooth shaped
graph of activity versus time (blue solid line). To achieve a chinically feasible administration
frequency, replacement therapy may result in peak levels in the supratherapeutic range and
trough levels in the subtherapeutic range, which can be associated with thrombosis and
bleeding, respectively. The time outside the therapeutic window will depend on the
pharmacokinetics of the replacement therapy including the recovery and half-life.
Replacement therapies with short half-lives, such as FVII and FV1lIa, are especially at nsk
for this problem. The pharmacokinetics of transgene levels after gene therapy administratior
{purple dashed line) largely avoid this risk by providing the continuous stable expression 3



« AAV is a replication-deficient virus that requires another virus for natural infection.

« AAV vectors rely on the transduction of nondividing cells to establish their permanence with the
episome acting as an extrachromosomal piece of DNA that is continuously transcribed. This is ideal
for hemophilia since both FIX and FVIII are naturally made in the liver, though the cell

compartments for each protein is different (™ Table 2).
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» There are two manufacturing systems used for the production of AAV vectors in ongoing clinical
trials for hemophilia. In the mammalian system, cells are adhesive; whereas in the insect cell system,
the cells are in suspension.

« AAV episomes can stably express their transgenes for the lifetime of the cell, shown in nonhuman
primate (NHP) neurons for more than 15 years22 and HA and HB dog hepatocytes for more than 7

years.

 Activated FIX (FIXa) is a serine protease that requires the cofactor activity of FVIlla to efficiently
activate factor X (FX), which is the rate-limiting step of sustained coagulation. HA and HB affect
approximately 1:5,000 or 1:30,000 live-born males worldwide, respectively.



» The complementary DNA (cDNA) of F9 is approximately 1.6 kb, which is easily accommodated
within the approximately 4.7kb packing capacity of AAV.
« Because of the small cDNA size and low risk of inhibitor formation, HB was an early target for

AAV-based gene therapy.

 The clinical course of these subjects revealed major immunological obstacles that limit the efficacy

of systemic AAV gene transfer (»Fig. 2)
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» The enhanced efficacy of transgene FIX-Padua compared with FIX-WT was demonstrated in 2017
(> Table 1).
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* In this clinical trial, 10 severe HB subjects were administered an AAV8 vector encoding for FIX-Padua
at a single dose of 5 x 1011vg/kg.54 Subjects demonstrated sustained FIX activity levels at approximately
25% of normal without any serious adverse effects.

« Similar benefits of using transgene FIX-Padua55 compared with FIX-WT56 were reported in the
clinical development of an AAVS5 vector for HB.

» This AAVS5 vector was manufactured using an insect cell system, compared with the earlier AAV2 and
AAV8 vectors that were manufactured using a mammalian system.

» Three of the 10 HB subjects that received AAV5 FIX-WT (one in the low-dose and two in the high-dose
cohort) were treated with steroids for elevated transaminase levels,56 but there is no clear evidence that

steroids provided a benefit.

 Currently, utilizing FIX-Padua is the gold standard for current gene therapy trials of HB. FIX-Padua is an example
of a disease-specific breakthrough technology that accelerated gene therapy for HB. While initial trials considered even
a modest increase of 1 to 5% of FIX to be a success, current trials reaching levels of 30% and higher have redefined

what patients can expect in the outcome of such treatments.



The F8 cDNA is approximately 7 kb, which exceeds the packaging capacity of AAV vectors.
The solution to fit F8 within an AAV vector was the result of basic biological studies of FVIII.

The solution to fit F8 within an AAV vector was the result of basic biological studies of FVIII.

The published descriptions and the ongoing pivotal clinical trials that have demonstrated therapeutically relevant factor
levels with the resulting amelioration in the bleeding phenotype after AAV-based FVIII and FIX gene therapy without major
safety concerns suggest that AAV drugs for HA and HB will likely achieve regulatory approval.

« The risk of integration and genotoxicity after AAV administration is likely low, though how low remains debated.62
However, both the likelihood of a cytotoxic T cell response and genotoxicity increase with increasing vector dose. Although
these vector-dose-dependent risks are not well quantified, it does raise the question of how to balance these risks against the
diminishing marginal hemostatic benefit of higher factor levels.

 Lastly, access to gene therapy needs to be expanded to all hemophilia patients, including those in developing countries as
well as patients currently excluded from clinical trials such as inhibitor patients, children, and females



« FVII deficiency Is the most common autosomal recessive bleeding disorder, occurring in
approximately two per million individuals.

* Most patients with FVII <2% of normal have a severe bleeding phenotype, encompassing
approximately 20% of FVII-deficient patients.

« Menorrhagia and epistaxis are the most common bleeding symptoms, though life-threatening
Intracranial bleeds occur, especially in infants.

» FVII has the shortest half-life of the coagulation factors (~5 hours), which is only modestly longer
than the half-life of FVIla (~2 hours).

« FVII is a vitamin K-dependent coagulation factor.
* human FVII/FVIla does not bind mouse TF; thus, the hemostatic efficacy of human FVII/FVIla therapeutics

cannot be evaluated in murine models



« AAV liver-directed FVII gene transfer has produced promising results in large-animal models.
Administration of a relatively low dose (4 x 1011 vg/kg) of AAVS5 with human FVII to adult NHPs (n
= 6) resulted in 7% of normal FVII levels, which are likely therapeutically relevant.77 Interestingly,
no difference in expression between female (n = 3) and male (n = 3) NHPs was appreciated.
 administration of an AAV8 vector encoding canine FVII zymogen to FVII-deficient male dogs (n =
4) also resulted in sustained FVII levels without safety concerns.78 There was a vector-dose-
dependent increase in plateau FVII levels with clinically relevant vector doses (6 x 1011-2 x 1012
vg/kg) resulting in FVII levels >10% of normal.

» An alternative gene therapy approach to FVII deficiency could be delivery of transgene FVlla,
rather than zymogen FVII.

» The potential advantage of this approach would be that the same gene therapy product could be
used to treat HA and HB with and without inhibitors as well as theoretically FVII deficiency



« Zymogen FVII levels that are likely therapeutic or near-therapeutic have been expressed with
translational doses of AAV vectors in adult large-animal models.
« since FVII deficiency is an autosomal disease, more preclinical studies are needed to address sex as

a modifier of AAV liver gene therapy efficacy.

« Congenital VWD encompasses a spectrum of genetic diseases due to defective or deficient von
Willebrand factor (VWF) due to mutations in the VWF gene.

 Patients with a severe bleeding phenotype typically have Type 3 VWD (T3VWD) with a complete
absence of VWF due to biallelic VWF mutations.

« Patients with severe disease benefit with decreased bleeding rates from prophylactic therapy with

VVWF concentrates.



 Circulating VWF is multimeric glycoprotein responsible for initiating platelet aggregation at the site of injury
as well as carrying most circulating FVIII.

* VWE is synthesized primarily in EC as well as megakaryocytes.

 VWEF occurs intracellularly throughout the secretory pathway and results in VWF concatemers that are
heterogeneous in length ranging from 2 to >100 subunits chained together in an end-to-end fashion.

» The inherent complexity of the VWF protein and its large cDNA size pose challenges for gene transfer.
» At 8.4 kb, the cDNA of the VWF limits the use of AAV vectors, though not LV, which is more suitable for

dividing cells such as ECs.

 Given the problems of inefficient multimerization of ectopically expressed VWEF, alternative targets for VWF
gene transfer are attractive.

 An early proof-of-concept study demonstrated successful ex vivo gene transfer of functional VWF using a LV
vector into blood outgrowth ECs (BOECs) from T3VWD dogs.



« The cDNA of VWEF greatly exceeds the packaging capacity of AAV vectors, though this obstacle in
not unique for VWF and several strategies to allow for AAV-based gene transfer of large genes

have explored.101 One application of a dual AAV vector system for VWF transfer worked in vitro,
but failed in vivo.

» The large cDNA of VWF limits the vectors available for VWD gene therapy.

* |In contrast to FVIII-BDD,46 there are no truncated variants of functional VWF. LV and dual-
vector AAV systems both have potential for VWF transfer.



« GT Is an inherited qualitative platelet disorder due to dysfunctional or absent allbB3 integrin that is
an instructive example of gene therapy for a primary platelet disorder.

« GT is recessively inherited with pathological variants occurring in either the neighboring allb
(ITGA2B) or B3 (ITGB3) genes on chromosome 17.

* Integrin alIbf3 is essential for platelet plug formation by mediating activation and cross-linking of
adjacent platelets through ligand binding.

« The development of antiplatelet alloantibodies is a major risk of platelet transfusions occurring in
approximately 30% of all patients, but much higher (up to 80%) in patients with a complete allbB3

deficiency



* The allbB3 integrin is the most abundant protein on the surface of platelets with ligands including
fibrinogen, VWEF, and fibronectin.

« Signals originating inside the cell during platelet activation induce a conformational change in o
IIbp3 that enhances ligand binding (inside-out signaling); conversely, ligand binding results in
Intracellular signal transduction (outside-in signaling) mediating multiple cellular processes for

hemostasis.

A limited number of preclinical studies have demonstrated the feasibility of gene therapy for GT by
administration of ex vivo LV-transduced HSC after bone marrow conditioning.

* In conditioned B3 knockout mice, administration of transduced HSCs resulted in circulating
platelets with approximately 10% of normal allb3 levels



 Although the limited preclinical studies of ex vivo HSC-directed LV gene therapy have demonstrated a
Bhenqtyplc Improvement in GT models, they have also exposed substantial obstacles including major
thIeetdmg complications during bone marrow conditioning and the risk of an immune response against

e transgene.

« The increasing number of approved gene therapy products and the likely approval of AAV-based gene transfer
drugs for HA and HB have engendered optimism that similar treatments could be developed for other
monogenic bleeding disorders.

« Though the rationale for gene therapy of other rare inherited bleeding disorders is well established by the
benefits of replacement therapies, and especially prophylactic treatment, development of translational gene
therapy for these diseases will likely require additional breakthroughs.

» The cellular target needs to be carefully considered.

» Early skeletal-muscle-directed studies of FIX gene transfer established the safety of AAV vectors in human
subjects.

» The field has subsequently moved to hepatocyte-directed AAV approaches, in a large part because of the ease
of IV administration.



« AAV-based gene transfer for FVIII has also focused on hepatocyte-directed approaches, mostly because of the
existing technologies that allowed for successful FIX hepatocyte-directed gene transfer, even though FVIII is
endogenously expressed in EC.

» The hypothesis is that the endogenous source of a protein may have unique cellular machinery that facilitates
sustainable expression.

» These observations raise the question of whether EC or megakaryocytes could better multimerize transgene-VWF.
 The risk of an immune response to the transgene in another issue.

» Gene therapy for HA and HB have both greatly benefited fromvariant transgenes, FVIII-BDD, and FIX-Padua,
respectively, that were identified by studying the basic biology of FVIII and FIX, respectively.

» Recently, FIX-Padua was successfully substituted for FIX-WT in uniQure NV trials for HB gene therapy product
with predictable increases in FIX activity levels and without restarting clinical development.

 Likewise, the experiences of systemically administered AAV in infants with SMAL5 and Crigler—Najjar will inform
on treatment of infants in other diseases, including FVII deficiency. A better understanding of differences between
transgene expression in male and female subjects after AAV liver-directed gene therapy will also be critical for
autosomal disorders.



Therapy for hemophilia is being completely transformed by diverse,

disruptive molecular therapies.

Congenital hemophilia A and B are X-linked bleeding disorders caused by mutations of the F8 gene or F9
gene, which lead to deficiencies of coagulation factor VI (FVIII) or IX (FIX), respectively.

Hemophilia is characterized by painful and often spontaneous hemorrhages into joints and soft tissues that
are life-threatening if intracranial, gastrointestinal, or in the neck/throat.

FVIII or FIX level (normal range is 50-150 1U/dL) typically correlates with bleeding severity: <1 1U/dL of
normal is classified as severe hemophilia, 1-5 IU/dL as moderate, and 5-50 1U/dL as mild.

Development of FVIII- or FIX-neutralizing alloinhibitory antibodies (inhibitors) is currently the most

serious complication of treatment



 Many novel molecular therapies are currently being developed that promise to transform
hemophilia care and patients’ quality of life. Gene therapy aims to provide sustained factor levels
with a single treatment (Figure 1),
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Figure 1. AAV Gene Therapy
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» while non-replacement therapies mimic procoagulant activity of the missing clotting factor or
enhance coagulation by inhibiting physiological anticoagulants (Figure 2).
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Figure 2. Key Events and Physiclogic inhibitors of Secondary Hemostasis Targeted by Non-replacement Hemophilia Therapies
Upon vessel wal injury, normmally subsndothedial tissws factor (TF) i2 esposed to blood and binds to activated Pyl {PWla), thus enhancing its cetalytic actrdty. The TF-PYla

complex generates amall amounts of FiXa and F¥a FXa and early {parialy activated) forms of PV [FVes) associate on negatively charged phoapholipids fvia calcium ions)
exposed on damaged endotivliel cells and activeted platelats, where thay form an early prothromibinase complex, which generates minuts amounts of thrombin (initiation
phese) by clesvage of Fll (prothrombin). In the ampification phass, thrombin activates multiple coagulation factors, including cell sursce-bound P, FY, and Fx1. Pdllla
enhances the catalytic activity of FiXa, which activates FX. FXa and thromibin-activeted FY gemerated during the amplrﬁnahun phass now propel a thrombin burat on the

surface of activated platelkets (propagation phase), leading to deavage of Fl {fibrinogen) and fomation of the fiorin clot.”
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« Emicizumab is a subcutaneous humanized bispecific 1IgG4 monoclonal antibody
that mimics a key function of activated FVIII (FVIIIa):
* bridging FIXa and the FX zymogen to accelerate activation of the latter.

 To that end, the antibody recognizes FIX/IXa with one Fab arm and FX/Xa with
the other (Figure 3).
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immunoglobulin (gG4) with a kappa light chain. While PYilla binds multiphs sites on FIXe and FX, emicizumab recognizes single epitopes within epidermal growth factor-lke
domain 1 {EGF1) of FiXa and EGF2 of Pl Unlike Plla, emicizumab: does not bind negately charged phospholipids (e.g., PS [phosphatidylsenine]), but their presence is

mecessary for its procoaguiant activity, which suggests that bridging FlXa and FX in proper orientation requires that they sit on the cell surface.” ™ 23



* Despite being able to mimic FVIlla, emicizumab differs from it in several important ways that
have implications for its efficacy, safety, and laboratory monitoring (Table 1).
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* In clinical trials, emicizumab was administered prophylactically once a week, every other week, or
every 4 weeks, and these three regimens have been used after licensure.

* Individuals with hemophilia who co-inherit prothrombotic mutations

* may show milder bleeding phenotypes.

« Several TFPI-targeting molecules have been investigated, four of which are subcutaneous anti-
TFPI antibodies that entered clinical trials including both hemophilia A and B patients with and
without inhibitors.

» TFPI operates in a negative feedback loop that regulates the generation of FXa.



« The four antibodies that entered the clinic target K2 or both K1 and K2 domains of TFPI (Table 2).
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 Dblocking the K2 domain unleashes both factors, extends the initiation phase of coagulation, and generates

more FXa (Figure 4).

anti-TFPI

Figure 4. Key Isotorms of Tissue Factor Pathway Inhibitor and Their Activibes
Two predominant soforms, tssue factor pattway inhibitor (TRR e and TFPIR, emenge through alemative spicing and so differ in structune and localkzation. TFP is the full-

length Eoform consisting of thres Kunitz-type domains, one of which $#03) shows no inhibfony Sunction, bt it binds protedn 5 (PS), which localzes the circulating TFPi2 %o call
membrane surfaces upon biood vesse inury. TFAR s 2 fruncated form of TFPie, missing part of the C ferminus indluding the K3 domain, but instead / contains a ghy-
oophosphatiddinosiol {GP) anchor, which moors it to the oed membrane. Both isoforms block Fia and the TF-Fyilla comphex with K2 and K1 domains, nespecively, but

TP & displarys one mone mode of Fia inhibbion, wiich is by biodking its assooabon with sarly (partially actvaied) forms of Pva |Pyag), and it operaies in difierent mise-en-
soenes. Endothedal oplls and megakaryooyies ane the main sites of TFA expression. Megakanyooyies express TFP1a onfy, whille endothedial oels produce both TFPie and

TFRAR, =0 the GR-anchored pool of TR esdes on fhe endothebum. The plasma poal of TRRl2 also comes from the endothelium, because the TFPle synthesoed by
megakarycoyies i shored in pladslets, wiich only reiease it upon activabion. Although TFPIais alogether the mone abundant isofom, TFPI represents mast of the TRA that s
reacily avalabie. "' Ant-TFP antbodies ourrently evaluated in dincal inals biock K2 or bath K1 and K2 domans of THPL
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Fitusiran
* Fitusiran (ALN-AT3) is a subcutaneous double-stranded small interfering RNA (SiRNA)
e targets the transcript of the SERPINC1 gene

e leading to its degradation by RNA-induced silencing complex (RISC)

e prevente translation (Figure 5). —
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Figure & Antithromban Knockdown by Friusiran

Ftusiran is a double-stranded smal imerenng ANA iSRRA) with muliple chemical modifications, which profsct it from degradation by nucieases and prevent innate mmune
sonsing. The ranternary GalMAc mowty targets fusian io hepatorytes through asaoghyooproisin reoeptor JSGPR, also known 25 Ashwel-Morell recepior) and clathen:-
medabed endocytosis. Lipon a drop in pH, the sRMA departs from ASGPR and edis fhe endosome. The oytosolic AkA-induced silencing complex (RISC) captures the
malecule and epcts one strand, leaving the antsense strand to bind fo antithrombin (AT) mAMA and induce i sequence-specific deavage and degradation. This thwars
Fanslation of the AT transonpt, leading 1o a dop in biood AT levels.™
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Phase 3 trials of fitusiran are ongoing (Table 3).

Table 3A. Friuzwrran Trnals
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» Adeno-associated virus (AAV) is a non-pathogenic single-stranded DNA parvovirus that Is
naturally replication deficient in the absence of helper virus co-infection.

* Recombinant AAV (rAAV) vectors lack sequences encoding Rep, Cap, and AAP and generally
elicit only mild and transient innate immune responses compared to other viral vectors.

* A 2015 phase 1/2 clinical trial infused 15 hemophilia B patients with low-dose AAV-Spark100
vector expressing FIX-Padua (Table 4)



* A 2015 phase 1/2 clinical trial infused 15 hemophilia B patients with low-dose AAV-Spark100
vector expressing FIX-Padua (Table 4)
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« AAV vectors with genomes exceeding the 5-kb capsid packaging limit are truncated and have
substantially reduced efficiencies, which has made the _7-kb length of FVIII coding sequence a
significant challenge in the pursuit of gene therapy for hemophilia.

A 2018 phase 1 trial infused SB-FIX, a hemophilia B gene therapy consisting of three
liver-tropic AAV2/6 vectors, each delivering one of the three components:
e arightor left zinc finger nuclease (ZFN)

e or normal F9 transgene.



The ZFNs are designed to place the normal copy of the clotting factor gene within the aloumin intron
1, under control of the endogenous albumin locus promoter (Figure 6).

AdN-delivered Zinc Finger Nucleases

Right or Laft ZFN

e

1) Hamblogy-dif sclad
Fepair uging AAV.
Pr— delivered dones DMA

Factor Exon 2

4) Transeription

) mRMA trans lation and and n
.- - choiting facior sscration SpRcne
... Exon 1 Factor cOMA

mRNA fusion ranseript

Figure &. Gene Editing by AAV-Delivered ZFN and Donor DNA Template

The anc finger nucleases [ZFMs) are designed to place the nomal copy of the coting facior gene within the albumin intron 1, under condrol of the endogenous: albumin loous
promaier. Thiee adeno-associated vines (fAY) wactors ane defvened, each prosading ane of e three components: a nght or left ZFN or clotting factor cORG, donor tem

plate. (1) The by -axpresxed ZFN fuses a Dhé-cieavage domain (Fold endonucieass) 1o a zinc finger DiU-binding doman. (2} The ZFN binding domain @rgets a
speciic seguence and then the cleavage doman induces a double-srand breakc (3 The double- sirand break can be repaired by homologous recombinabion if a DR danar
tempiate i present with fiankong amrms homaiogous o the DA 2 the A deavage sie. (£) Flanking the dotting factor cONA is a polyld) ssquenoe (pd) anda spéoe accepior
signa [54), which splices the transoribed ciofiing facior BiNA fo the sphoe donor [S0) of albumin exon 1 R o produce an mANA. fuson trnsorpt. (8 The mBRA fusion
fran=onpt = ransatied nio seoetesd ciothng factior probsEn.
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» The double-strand break can be repaired by homologous recombination if a DNA donor template is
present that has flanking arms homologous to the DNA at the Cas9 cleavage site (Figure 7).

Figure 7. Gene Editing by Lapid Nanopartscie-
Lipie P partichie- e Dedreered CRISPA/Cass and AAV- Delivered Donor
SANA and Casd mRKA a] T8
The CRESPRACast sysiem conssts of guide FU jgRilag,
which is a combination of w0 singe-sranded FiRas,
CRIEEPA AMA (orANA] and Tonsactvating  orila,

firacrPklA), and & Nnuciease (Cas=s) thatl fomn the CasS-
gk complhm. The CREPRA 258 oomponenss can

b dielveresd bry lipdd nanocssrtichs m B, o (1} Thae
gFiNA scans The genome for 2 complementany SoouUenoE
bmarami as the prolospacer acfacent motlf (PAAd) sk, and

cleavage by Cast oocourrs f the adjacent DA seouence
alzo maiches the remaning gAMS. """ [ The doubbs-
sirand broak can be nepaned by homologous ecomis-
ration i a OMA& donor femplale, delssered by adono-
assocated s [AAV), s presert with fankeng ammes
homologous o the DRA at the CasS cleavage =Ste. ()
Aanking the dotting facior cOiL, 5 a polyld) semuenos
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fransomibed cioliing facior FRdd o the splioe donor (500
of albwrmin exon 1 FRE o produce an mBsES fusion

fransarpt. (4 Tha mBild fusion ranscnpt s ransaed
Mo seonabesd Cliofng Bcior prodcn.

ANl ared doned DNA
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liver-directed gene therapy can induce tolerance against FVIII or FIX, through regulatory T cell
induction.

Hepatic gene transfer with AAV2/8-expressing FIX was shown to reverse preexisting anti- FIX NADbs
and desensitize anaphylaxis-prone hemophilia B mice.

Ex Vivo Gene Therapies for Hemophilia

employ lentiviral vectors in studies have several advantages over AAV:

e avoidance of gene dilution as the transgene is replicated with the host genome

e |ower prevalence of preexisting anti-vector Nabs

e increased packaging limits (_8-10 kb)



Inhibitors of natural anticoagulants, including:

e fitusiran and

e anti-TFPI antibodies

are far along in clinical trials, and, if licensed, will greatly facilitate prophylaxis in hemophilia A and
B in general, and patients with inhibitors in particular.

Future treatment options may include prophylactic immune tolerance induction to prevent
development of FVIII and FIX inhibitors.

Oral tolerance iInduction using transplastomic lettuce expressing FVIII or FIX fused to a

transmucosal carrier is at the forefront of research in this area.



Platelets are the second most common type of cells found in blood, with approximately 10! newly produced
daily to replenish the old platelets in the body.

Aged platelets undergo apoptosis and are phagocytosed by scavenger cells in the spleen and liver

platelets play fundamental roles not only in hemostasis and thrombosis but also in innate and adaptive
immunity.

Platelets are loaded with abundant bioactive proteins and circulate in the blood, serving as both a storage
“depot” and trafficking “vehicle” in circulation so they be a unique target for gene therapy of diseases.
ectopic expression of factor VIII (FVI1II1) in platelets directed by either the glycoprotein (GP) Ib or the GPIIb
(allb) promoter can lead to the storage of FVIII in platelet a-granules and that platelet-derived FVIII can

improve hemostasis in hemophilia A mice even in the presence of anti-FVIII inhibitory antibodies.



Platelets could be an ideal target for gene therapy of hemophilia A as they can store neoprotein FVIII together
with its carrier protein von Willebrand factor (VWF) in a-granules and act as delivery vehicles in blood

circulation.

FVIII is undetectable in 2bF8-transduced recipients even with a platelet-FVII1 level as high as 30-35 mU/108

platelets.

« FVIII stored in platelets may avoid direct exposure to the immune system during the normal physiological
condition.
« effectiveness of platelet-targeted gene therapy has been further confirmed in hemophilia A rats and

hemophilia A dogs



targeting FVIII expression to hematopoietic cells under a constitutively active promoter may trigger
anti-FVII1 immune responses.

Besides the promoter, other factors, e.g., protein properties, may also affect the efficacy of gene
therapy.

* VWEF binds with FVIII non-covalently, which affects the expression and stability of FVIII.

* FVIII colocalizes with endogenous protein VWEF in platelet a-granules when FVIII is targeted to
platelets.



* FIX gene therapy in hemophilia B mice (33, 34). When FIX expression is targeted to platelets
under control of the same platelet-specific allb promoter used in the FVIII studies, greater than 90%
of FIX is stored in platelets and is releasable upon platelet activation.

» The protective role of VWEF in platelet-targeted FVIII gene therapy is revealed in its hemostatic
function and in Immune responses.

 in our platelet-targeted gene therapy protocol, the association of VWF and FVIII is pivotal for
clinical efficacy in hemophilia A with inhibitors.

 The VWF/FVIII complex protect FVIII from being inactivated by the inhibitors after a burst of
VWF/FVIII complex released at the site of injury.



 Proper preconditioning is essential for immune tolerance induction in our platelet-targeted FVIII gene therapy
protocol in restoring hemostasis and inducing immune

* tolerance in hemophilia A.

» The optimal preconditioning regimen for platelet-FVIII gene therapy to establish immune tolerance while
achieving sustained platelet-FVIII expression is more stringent than that used to achieve sustained platelet-FV11I
expression alone in unprimed hemophilia A mice.

 even after rhFVIII immunization, none of the recipients developed inhibitors in the groups preconditioned
with an optimized preconditioning regimen, 6.6Gy TBI or busulfan plus ATG.

« a lethal dose of irradiation (11Gy TBI) may severely disrupt the intestinal immune system (42), which may
impact Treg cell homeostasis in the body.



 both primary and secondary anti-FVIII immune responses are CD4 T celldependent

« Immune tolerance is transferable when splenocytes from 2bF8- transduced recipients were infused into naive
FVIInull mice,

* Immune tolerance established in 2bF8 lentivirus-transduced recipients is mediated by the CD4 T cell
compartment.

« antigen-specific CD4 T cells were deleted in peripheral lymphoid organs (spleen and lymph nodes), but not in
the thymus, and antigen-specific Treg cells were expanded after platelet-targeted OVA gene transfer.

» The OVA model study reveals that there are

 dual underlying mechanisms that are responsible for establishing antigen-specific immune tolerance after

platelet-targeted gene therapy.



Platelets play fundamental roles not only in hemostasis

« and thrombosis but also in innate and adaptive immunity.

. platelet-targeted FVIII gene therapy is effective in treating hemophilia A mice even with
Inhibitors.

« Platelettargeted gene therapy is a unique approach for gene therapy of hemophilia A even with
Inhibitors as it can provide not only therapeutic protein but also induce antigen-specific immune

tolerance.
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