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m Hemophilia A is an inherited bleeding disorder caused by defective or deficient

) coagulation factor VIII (FVIII) activity. Until recently, the only treatment for prevention
* FVI”_fkn?(;kOIUt rr:ilce of bleeding involved IV administration of FVIII. Gene therapy with adeno-associated
manifest delaye . . . -
. vectors (AAVs) has shown some efficacy in patients with hemophilia A. However,
AAV8-mediated gene ( ) ymp P

transduction in the
liver.

limitations persist due to AAV-induced cellular stress, immunogenicity, and reduced
durability of gene expression. Herein, we examined the efficacy of liver-directed gene
transfer in FVIII knock-out mice by AAV8-GFP. Surprisingly, compared with control mice,
FVIII knockout (F8"%°) mice showed significant delay in AAV8-GFP transfer in the liver.
We found that the delay in liver-directed gene transfer in F8™%° mice was associated
with absence of liver sinusoidal endothelial cell (LSEC) fenestration, which led to
aberrant expression of several sinusoidal endothelial proteins, causing increased

 The delayed liver-
directed gene
transduction in FVIII
knockout mice is
associated with loss

S skl capillarization and decreased permeability of LSECs. This is the first study to link
endothelial impaired liver-directed gene transfer to liver-endothelium maladaptive structural
fenestration. changes associated with FVIII deficiency in mice.

Introduction

Hemophilia A is an X-linked recessive bleeding disorder caused by defective or deficient coagulation fac-
tor VIII (FVII)."? Affected individuals are at risk for spontaneous bleeding into joints, which can lead to
persistent arthropathy.'*® Current therapy primarily relies on the administration of exogenous FVIIl, which
is inconvenient, does not fully prevent breakthrough bleeding, and fosters the development of inhibitor
alloantibodies." Recent advancements in liver-directed gene transfer suggest that gene therapy can be a
potential cure for hemophilia A.*® Adeno-associated virus (AAV) -based liver-directed gene therapy is
the current approach in hemophilia A® and various clinical trials to assess the efficacy and safety of
gene therapy in patients are now in progress.*”® The enormous size of the FVIIl coding sequence and
the suboptimal synthesis of FVIIl protein post—gene therapy are 2 persistent challenges of gene therapy
approaches.®® Moreover, immunogenicity of recombinant FVIII'® and FVIIl overexpression eliciting a cellu-
lar stress response are other major concerns.'’ The FVIIl total knockout (F8™C) mouse is an ideal model
for evaluating novel hemophilia A gene therapies.'®> AAV-mediated FVIIl gene transduction is effective,
although with a transient response in F8"© mice."® In this study, we evaluated the stability and efficacy
of a liver-driven gene transfer approach in F8™© mice'* using a recombinant AAV8 vector. We used
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green fluorescent protein (GFP) as a model gene for transduction
because of its small size and lack of known adverse effects in the
liver. Interestingly, when compared with littermate control mice, liver-
directed gene transfer was significantly delayed in F8™© animals.
Remarkably, the delay in liver-directed gene transfer in F8™° mice
was associated with an absence of liver sinusoidal endothelial cell
(LSEC) fenestration, which can lead to altered expression of major
endothelial proteins, causing increased capillarization and decreased
permeability of LSECs.

Methods

Animals

FVIII total knockout mice (F8%©) on C57BL/6J background were a
generous gift from Pete Lollar. For these studies, we used F8™©
male mice'* and age-matched unaffected littermate controls, hetero-
zygous females generated by crossing homozygous F8™C mice
with C57BL/6J mice. AAV8-thyroid-binding globulin (TBG)-GFP
was obtained from Vector Biolabs. Four-week-old F8%C male mice
were given an intraperitoneal (IP) injection of 1 X 10'? genome
copies of AAV8-TBG-GFP. Twelve-week-old F8"C null mice were
given a single intravascular injection of 5 X 10'" genome copies of
AAV8-TBG-GFP per mouse. A second line of FVIII-KO, B6; 129S-
F8tm1Kaz/J strain and littermate controls were obtained from Jack-
son Laboratory. Twelve-week-old B6; 129S-F8tm1Kaz/J mice and
controls were given a single intravascular injection of 5 X 10"
genome copies of AAV8-TBG-GFP. All animal experiments were
approved by the Institutional Animal Care Committee at the Univer-
sity of Pittsburgh.

SEM and transmission electron microscopy

For scanning electron micrography (SEM), whole liver was perfused
and fixed in glutaraldehyde. The surgical and perfusion techniques
have been described previously.'® Slides were examined with a
JEM-1011 transmission electron microscope at 80 kV.

Liver intravital imaging

The surgical procedure has already been published in detail.'®

Texas red (TXR)-dextran (200 g) or AF488-anti-CD31 (100 g) was
used as intravascular fluorescent dyes. A Nikon MPE-multiphoton
excitation microscope was used for microscopy at the Center for
Biological Imaging at the University of Pittsburgh.

Statistical analysis

All comparisons between the 2 groups were deemed statistically
significant by an unpaired, 2-tailed Student t test (*P < .05;

**P < .01). Additional methods used in this study are standard
and are described in the supplemental data.

Results and discussion

To examine the efficacy, stability, and safety of AAV-mediated
liver-directed gene transfer in F8"C mice, AAV8-TBG-GFP was
administered IP, and GFP expression was analyzed in the liver
15 and 30 days postinjection (Figure 1A-B). Previously, we
showed that AAV8-TBG-GFP (at a dose of 1 X 10'2 genome
copies) can successfully transfer to the liver within 10 to 12
days.'® Surprisingly, immunofluorescence (Figure 1C) of GFP at
day 15 postinjection revealed significantly fewer GFP™ cells in
the liver of F8"%C compared with control mice. Only large hepatic
veins contained GFP" cells in the F8™© liver (Figure 1C).
Whole-liver enzyme-linked immunosorbent assay (ELISA) also
indicated that GFP expression in the liver was significantly lower
in F8TK© compared with control mice (Figure 1D). Similar to the
15-day timepoint, we identified fewer GFP* cells in F8™*C liver
30 days postinjection (Figure 1E). On day 30, however, the total
percentage of GFP™ cells was higher than on day 15 (Figure 1E-
F; supplemental Figure 1A), but it remained significantly lower
when compared with control mice. Notably, we still found GFP
staining in the large hepatic veins in F8™%° mice that was not
present in control liver at day 30 postinjection (Figure 1E).
Finally, the reduced GFP expression was confirmed using a
Western blot assay, which revealed consistently low GFP protein
expression in F8™C liver compared with controls on days 15 and
30 postinjection (Figure 1B). Consistent with IP injection, IV
injection, even at a lower dose, resulted in a similar delay in GFP
transduction in F8™C animals at 8 weeks as seen by both immu-
nofluorescence (Figure 1G), ELISA (Figure 1H), and western
blot assays (supplemental Figure 1F). Identical to F8™© mice, a
second strain of FVlll-deficient mice (B6; 129S-F8tm1Kaz/J)
exhibited a similar delay in AAV8-GFP transduction compared
with control mice at 8 weeks following IV administration of
AAV8-GFP (supplemental Figure 1C-E).

The recombinant AAV8-vector efficiently transduces target tissues
by passing across'’ the permeable barrier of endothelial cells.'®
We hypothesized that the reduced GFP transduction in F8%© mice
was due to endothelial cell death upon AAV8 administration. Sup-
porting our hypothesis, caspase-3 staining revealed significant
enrichment in the liver of F8™%C mice compared with control mice
after AAV8-GFP administration at both the 15- and 30-day time-
points (Figure 11). To further confirm apoptosis of LSECs, we next
used liver intravital imaging to visualize LSECs in F8™© mice at
baseline and upon AAV8-GFP administration. TXR-dextran (red) and
AF488-anti-CD31 antibody (green) were IV administered to visualize

Figure 1 (continued) AAV8-driven liver-directed gene transfer is significantly delayed in hemophilia A mice. (A) Schematic showing delivery of AAV8-TBG-GFP

to hemophilia A (F8™©) or control (unaffected littermate heterozygous) mouse. (B) Western blot analysis of GFP in control and F87C mice after 15- and 30-days
post—AAV8-GFP administration (IP). (C) Immunofluorescence of GFP staining in control and F87%C mice 15 days post-AAV8-GFP injection (IP). The dotted regions are zoomed
in as inset. (D) ELISA assay of total liver GFP amount in control and F8™%© at 15 days post—-AAV8-GFP injection (P = .04). (E) Immunofluorescence of GFP staining in control
and F87C mice 30 days post—AAV8-GFP injection (IP). The dotted regions are zoomed in as inset. (F) ELISA assay of total liver GFP amount in control and F8™° 30 days
post-AAV8-GFP injection (P = .06). (G) Immunofluorescence of GFP staining in control and F8™© mice 60 days post-AAV8-GFP injection (IV). The dotted regions are zoomed in
as inset. (H) ELISA assay of total liver GFP amount in control and F8"%C at 60 days post-AAV8-GFP injection (P = .07). (I) Immunofluorescence for caspase-3 showed an increased

accumulation in F8"© mouse liver 15- and 30-days post-AAV8-GFP administration, which was not seen in matched control liver. All control mice used were unaffected littermate

heterozygoes mice.
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hepatic blood flow and LSECs, respectively. At baseline, both con-
trol and F8 mice showed normal blood flow and enriched expres-
sion of AF488-anti-CD31 (Figure 2A). However, there were fewer
AF488-anti-CD31 " endothelial cells in F8C than control mice at
day 15 post—AAV8-GFP treatment (Figure 2A), suggestive of apo-
ptosis of LSECs in F8*C mice post—AAV8-GFP administration.

We hypothesized that the reduced GFP transduction and
increased apoptosis of LSECs in F8"%C mice were caused by
endogenous endothelial structural changes that prevented mole-
cule passage to the liver.'® To gain access to the liver paren-
chyma, liver-directed molecules typically pass through fenestrae
present in LSECs."'”'2° As the diameter of LSEC fenestrations is
smaller than the resolution of standard light microscopy, we used
SEM to visualize them. As shown in Figure 2B-D, the endothelial
fenestration in the liver of F8™C and B6; 129S-F8tm1Kaz/J
mice was dramatically reduced compared with control mouse
liver. Furthermore, grouping of fenestrae and overall pore size
were also reduced in F8C mice as well as B6; 129S-
F8tm1Kaz/J mice (Figure 2B,D). The absence of fenestrae has
been associated with LSEC capillarization, which promotes base-
ment membrane formation while decreasing permeability.?'? There
was significant upregulation of LSEC markers associated with capil-
larization, including CD31, vascular endothelial growth factor
(VEGF), ICAM1 (Intercellular Adhesion Molecule-1), stabilin2, ID1
(Inhibitor of DNA Binding-1), Gata4, and Ehd3 (EH Domain Contain-
ing-8) in F8™MC mice by quantitative reverse transcription polymerase
chain reaction (QRT-PCR) and western blot (Figure 2E-F; supple-
mental Figure 1G). gRT-PCR also confirmed the upregulation of
basement membrane markers collagen types | (a1), lll (1), and
a-smooth muscle actin in the liver of F8%C mice (supplemental Fig-
ure 1D). Finally, immunostaining for the LSEC markers PECAM and
LYVE1 demonstrated increased LSCE capillarization in F8"<° mice.
As a result of the morphological modification of those cells, staining
for both Lyve1 and PECAM (Figure 2G-H) was enhanced through-
out the liver tissue, suggestive of increased LSEC capillarization. Our
current study is the first to highlight endothelial maladaptive structural
changes in FVlll-deficient mice and their deleterious impact on the
efficacy of liver-directed gene transfer. Indeed, abnormal endothelial
function was recently recognized in patients with hemophilia.?*> Our
current findings will inspire future investigations looking at the molec-
ular mechanism underlying loss of endothelial fenestration associated
with FVIII deficiency and whether or how this possibly could be
affecting liver gene therapy in hemophilia.
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Figure 2 (continued) FSTKO mice show defenestrated vascularized LSEC with decreased permeability. (A) Liver intravital imaging of control and F8 liver at
baseline and 15 days post-AAV8-GFP administration injected with TXR-dextran and AF488-anti-CD31. (B) SEM images show LSEC fenestrae are significantly less in a

representative F8"C

mouse as compared with a control mouse. (C) SEM images show LSEC fenestrae are significantly less in a representative B6; 129S-F8tm1Kaz/J mouse as

compared with a control mouse. (D) Quantification of pore grouping and total number of fenestrae per field of view in the liver of control B6; 129S-F8tm1Kaz/J and F8™ mice.
(E) Heatmap consisting of gRT-PCR analysis of endothelial-specific genes (CD31, VEGF, ICAM1, stabilin2, ID1, Gata4, and Ehd3) in control and F8™O mice liver. (F) Western
blot analysis of VEGF and CD31 in control and F8%C mice at baseline. Immunofluorescence for PECAM (G) and LYVE-1 (H) showed an increased accumulation in F8"© mouse

liver tissue at baseline, which was not seen in age-matched control liver. All control mice used were unaffected littermate heterozygoes mice.
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