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General safety and toxicology assessments supporting in vivo lentiviral vector-based therapeutic devel-
opment are sparse. We have previously demonstrated the efficacy of a lentiviral vector expressing fu-
marylacetoacetate hydrolase (LV-FAH) to cure animal models of hereditary tyrosinemia type 1. Therefore,
we performed a complete preclinical toxicological evaluation of LV-FAH, in a large cohort (n =20/group) of
wildtype mice and included matched groups of N-nitrosodiethylamine/carbon tetrachloride (DEN/CCly)—
induced liver injury mice to assess specific toxicity in fibrotic liver tissue. Mice receiving LV-FAH alone
(10° TU/mouse) or in combination with DEN/CCl, presented clinically similar to control animals, with
only slight reductions in total body weight gains over the study period (3.2- to 3.7-fold vs. 4.2-fold). There
were no indications of toxicity attributed to administration of LV-FAH alone over the duration of this
study. The known hepatotoxic combination of DEN/CCl, induced fibrotic liver injury, and co-
administration with LV-FAH was associated with exaggeration of some findings such as an increased
liver:body weight ratio and progression to focal hepatocyte necrosis in some animals. Hepatocellular
degeneration/regeneration was present in DEN/CCl,-dosed animals regardless of LV-FAH as evaluated by
Ki-67 immunohistochemistry and circulating alpha fetoprotein levels, but there were no tumors identified
in any tissue in any dose group. These data demonstrate the inherent safety of LV-FAH and support
broader clinical development of lentiviral vectors for in vivo administration.
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INTRODUCTION

HEREDITARY TYROSINEMIA TYPE 1 (HT1) is an inborn
error of liver metabolism resulting from mutation
of the gene (Fah) for fumaryl acetoacetate hy-
drolase, the enzyme that catalyzes the last step of
tyrosine metabolism. HT1 is fatal if untreated,
and the only current cure is liver transplantation.
Patients are clinically managed with daily self-
administration of the protective drug 2-(2-nitro-
4-trifluoromethylbenzoyl)-1,3-cyclohexanedione
(NTBC) and dietary modulation of protein intake.
However, patients can still proceed to fibrosis, cir-
rhosis, and hepatocellular carcinoma (HCC) while
taking NTBC,? and as many as 10% of patients are
unresponsive to NTBC,? subsequently requiring li-
ver transplantation to cure their disease. Of those
patients for whom NTBC is an effective metabolic

treatment, cognitive impairment is a major concern.
Indeed, duration of continued NTBC administration
in humans has been negatively correlated with in-
telligence quotient.* Variations in dosing regimen
continue to be evaluated to improve metabolite
profiles,® but cognitive impairment is likely due to
chronically elevated tyrosine levels in the blood® that
would be largely unaffected by minor dose adminis-
tration variations. Furthermore, mouse models of
HT1 have been shown to develop HCC as early as 18
months despite NTBC administration and protein-
restricted diet,” indicating that NTBC adminis-
tration is not completely preventative of disease
progression. HT1 patients currently await a true
cure that does not incur neurotoxicity or have the
lifelong implications of daily maintenance therapy,
dietary restrictions, or liver transplantation.

*Correspondence: Dr. Joseph B. Lillegard, Mayo Clinic, 200 1st Street Southwest, Rochester, MIN 55905. E-mail: jlillegard@msn.com
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Gene therapy provides an ideal cure for mono-
genic loss-of-function diseases, such as HT1. Fur-
thermore, lentivirus presents an interesting vector
to provide long-term correction and durable cures
based on genomic integration of the delivered
transgene.® Therefore, we have generated a lenti-
viral vector expressing fumarylacetoacetate hydro-
lase, the gene defective in hereditary tyrosinemia
type 1 for evaluation as a clinical gene therapy
candidate. We have previously demonstrated the
efficacy of lentiviral vector (LV)-FAH to stably in-
tegrate into mouse and pig hepatocytes, effectively
curing small and large animal models of HT1. In
both mice and clinically relevant porcine models of
HT1° ex vivo gene therapy using this vector on au-
tologous hepatocytes completely cures the test sub-
jects,'® showing durable efficacy.!! However, the
genomic integration that supports such duration of
effect also causes concern for insertional mutagen-
esis relative to nonintegrating vectors, such as ad-
enoviral and adeno-associated viral (AAV) vectors.
This concern has largely limited previous lentiviral
vector development to ex vivo approaches to mini-
mize systemic viral exposure and mitigate geno-
toxicity of off-target tissues.

However, ex vivo gene therapy is a complicated,
invasive, and costly proposition, and an in vivo
lentiviral vector approach would offer many ad-
vantages, such as ease of access, minimal invasive-
ness, and improved consistency between patients
due to minimization of variability in patient cell
isolation, transduction, and autotransplantation. To
assess toxicity and specifically address hepatotox-
icity, we conducted a complete preclinical toxicology
study whereby a therapeutic dose of LV-FAH was
administered to wild type mice and mice subjected
to a chemical liver injury via DEN induction and
chronic CCl, exposure demonstrated to cause sig-
nificant liver injury.'?> While the wild type mice
would generate data to demonstrate any inherent
toxicity of the genomic integration of a replication
incompetent lentiviral vector in vivo, the chemical
injury model would demonstrate any contextual
toxicity of lentiviral vector exposure/integration in
ongoing profibrotic hepatocyte injury. This latter
condition is of interest because there would be a
modified gene expression profile in stressed cells,
and emphasis would be placed on the consequences
of additional integration sites of lentiviral vectors in
the genome. Although the relevance of this model to
any specific disease state or metabolic insufficiency
is important to consider during evaluation, these
data provide a unique opportunity to generally
evaluate toxicity of in vivo lentiviral vector admin-
istration to a healthy animal model. Furthermore,

they demonstrate possible additional consequences
of lentiviral integration in the context of cell injury,
having implications on patient enrollment criteria
for potential future clinical evaluations of in vivo
administration of lentiviral vectors in multiple liver
indications.

MATERIALS AND METHODS
Animals and animal care

All animals received humane care in compliance
with the regulations of the institutional animal care
and use committee at Mayo Clinic, Rochester, MN.
Mice for the study were wild type C57/bl6 back-
ground bred in house from the laboratory’s research
colony, with the exception of 3 HT'1 mice used to
demonstrate efficacy. Daily observations were per-
formed by animal care/laboratory staff, and any
clinical concerns were addressed by on-site veteri-
narians. Body weights were evaluated weekly as
part of the toxicological assessment and used as an
additional measure of animal health. Animals were
dosed intravenously via lateral tail vein (10° TU of
LV-FAH or vehicle) or by intraperitoneal injection
(1mg/kg DEN, saline, 0.2 mI/kg CCly, or olive oil).
DEN was obtained from Sigma Aldrich (St Louis,
MO). CCl4 was obtained from Acros Organics (Fair
Lawn, NJ). Olive oil was obtained from MP Bio-
medicals (Solon, OH). LV-FAH was formulated in
Dulbecco’s modified Eagle medium (Thermo Fisher
Scientific, Waltham, MA). Animals were sacrificed
by CO, asphyxiation followed by cervical disloca-
tion consistent with institutional policies for rodent
euthanasia. Blood samples were collected post-
mortem via the inferior vena cava at necropsy for
evaluation of clinical pathology parameters. Tis-
sues were collected immediately after termination,
dabbed to remove excess blood, and weighed for
calculation of ratios to terminal body weights.

Lentiviral vector construct

In order to generate the viral vectors, a plasmid
containing Fah under the control of the alpha-1
antitrypsin promoter, or green fluorescent protein
under control of the cytomegalovirus promoter,
was co-transfected with the packaging plasmid
p8.91 and the vesicular stomatitis virus glycopro-
tein G-encoding plasmid pVSV-G into 293T cells
using 1mg/mL polyethylenimine (Polysciences,
Warrington, PA). Viral supernatant was harvested
48h and 72h after transfection, filtered through a
0.45 um filter, and concentrated by ultracentrifu-
gation (25,000rpm, 1.5h at 4°C). After resuspen-
sion in serum-free media (Dulbecco’s modified
Eagle medium, Thermo Fisher Scientific), lentiviral
vectors were aliquoted and stored at —80°C. Total
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vector particles were determined by p24 enzyme-
linked immunosorbent assay and titer was subse-
quently determined by qPCR using the Lenti-X
Provirus Quantitation Kit (Clontech, Mountain
View, CA) to detect transduction (as actual inte-
grations into recipient cell genomes). A schematic
representation of the lentiviral vector carrying hu-
man FAH is provided in Fig. 1A.

Vector copies per genome

Three mice each were randomly selected from
groups that did not receive LV-FAH (groups 1 and 2)
to establish lack of exposure and reasonable data cut
points for lentiviral vector integration positivity,
while 7 (of 20) animals were randomly selected from
each of the groups that did receive LV-FAH (n=14
total from groups 3 and 4). Liver tissue was recov-
ered from paraffin blocks using Gentra Puregene
Tissue Kit (QIAgen, Hilden, Germany) per the
manufacturer’s instructions. Genomic DNA was di-

luted in Tris-EDTA buffer to 300 ng/uL in 50 uL final
volumes for quantitative PCR. A standard curve and
duplicates of each liver sample were amplified using
SYBR green qPCR with included forward and re-
verse primers (proprietary to Lenti-X Provirus
Quantitation Kit, Takara Bio, Mountain View, CA,
formerly Clontech). Reactions were performed in the
ViiA 7 System (Applied Biosystems, Carlsbad, CA).

Biochemical analysis

For clinical chemistry analysis, serum was an-
alyzed with the Piccolo Xpress chemistry analyzer
(Abaxis, Union City, CA) according to the manu-
facturer’s instructions. For hematology analysis,
whole blood was analyzed with the VetScan HM5
analyzer (Abaxis) according to the manufacturer’s
instructions. Alpha-fetoprotein (AFP) was ana-
lyzed in serum with the Beckman Coulter Access
AFP immunoenzymatic assay on the Beckman
Coulter UniCel DXI 800 (Beckman Coulter Inc.,
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Figure 1. Transduction of lentiviral vector fumarylacetoacetate hydrolase (LV-FAH) into wild type and chemical liver injury mice. (A) Diagram of LV-FAH
containing a human FAH transgene regulated by the alpha-1 antitrypsin promoter. The construct also includes LTRs with the 3" AU3 mutation, ¥ element, RRE,
and cPPT. (B) Diagram of study design with body weights by group showing the timing of the initiator N-nitrosodiethylamine (DEN) dose on day 1 (red dotted line
[1]), administration of the LV-FAH on day 8/9 (green dotted line [2]) and carbon tetrachloride (CCl,) repeat dosing phase of the study from days 43-106 (shaded
gray region). Although body weights were similar throughout the study, the lentivirus DEN/CCI, (LV+DC) group (group 4) was statistically lower than control
(group 1) from day 71 through the end of the study (*p<0.05). (C) Bar graph showing the body weights on day 1 (left bar of each set, angled lines) compared with
the end of the study, day 106 (right bar of each set, solid) for each group. Notably, DC and LV groups were statistically heavier than control and LV+DC at the
initiation of the study despite age matching (*p<0.001 compared to control and LV+DC groups). (D) Analysis of genomic DNA demonstrated that in the LV group
and LV+DC group 1-2% of cells were integrated with LV-FAH by the end of the study, while control and DC groups had negligible lentiviral vector genomes
detected, similar to negative control sample (*p<0.01 compared with control and DC groups). AAT, alpha-1 antitrypsin promoter; cPPT, central polypurine track;
DEN, N-nitrosodiethylamine/chronic carbon tetrachloride; hFAH, human FAH transgene; LTR, long terminal repeat; RRE, rev response element.
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Fullerton, CA). Tyrosine values were determined
using tandem mass spectrometry and chromatog-
raphy via Mayo Clinic’s internal biochemical phe-
nylketonuria test.

Histology analysis

For histological analysis, tissue samples were
fixed in 10% neutral buffered formalin (Protocol,
Fisher Scientific, Pittsburgh, PA) and processed for
paraffin embedding and sectioning. For hematoxylin
and eosin staining, slides were prepared with stan-
dard protocols and evaluated by a board-certified
veterinary pathologist for variations. Ki-67 immu-
nohistochemistry was performed using a monoclonal
anti-Ki67 primary antibody (MIB-1; Dako/Agilent,
Santa Clara, CA) as performed with a Bond III
automatic stainer (Leica, Buffalo Grove, IL) with a
20-min antigen retrieval step using Bond Epitope
Retrieval Solution 2 (Leica), and stained with dia-
minobenzidine (Leica). FAH immunochemistry was
performed as previously described.!® Slides used to
evaluate fibrosis were stained with Masson’s tri-
chrome stain using standard protocols. Ki-67 quan-
tification was performed by selecting up to three
random cross sections per slide manually verified
to avoid staining artifacts. Areas were analyzed and
quantified using an Aperio ImageScope algorithm
that quantifies nuclear staining. Results are re-
ported as percentage of nuclear positivity among
cells analyzed.

Statistical analysis

Numerical data are expressed as mean (+ stan-
dard deviation). Calculations and statistical anal-
ysis were performed using Microsoft Excel 2010,
and additional statistical analyses were performed
with GraphPad Prism software version 7.03 (San
Diego, CA). All numerical data were analyzed by
2-tailed Student’s ¢-test, and differences were con-
sidered significant at p <0.05.

RESULTS

A total of 86 mice were randomized into one
of four groups (Table 1) to receive either vehicle

Table 1. Experimental design

(groups 1 and 2) or LV-FAH (groups 3 and 4), with
(groups 2 and 4) or without (groups 1 and 3) in-
duction of chemical liver injury. A maximum fea-
sible dose of lentivirus was evaluated to maximize
potential to characterize toxicity, which was de-
termined to be 1x10° TU based on volume (6.3—
6.9x10'° TU/kg), which is sufficient for transduc-
tion of hepatocytes and sufficient to cure the HT1
mouse model with eventual complete repopulation
(Supplementary Fig. S1). Mice were vehicle treated
or induced with DEN on day 1, administered LV-
FAH (Fig. 1A) on day 8/9, and received twice
weekly intraperitoneal injections of CCly or olive
oil beginning on day 43 (Fig. 1B), and body weights
were evaluated weekly (starting and ending group
mean body weight presented in Fig. 1C). Mice were
observed for 106 days based on previously pub-
lished accounts of the chemical injury model,'? at
which time all mice were necropsied for post mor-
tem evaluations of toxicity. There were 9 early
procedural deaths on the study, primarily result-
ing from frequent injections of CCly or olive oil ve-
hicle, with no increased incidence from LV-FAH or
CCl, administration (5, 2, 1, and 1 early deaths in
groups 1-4, respectively). There was no measur-
able exposure to LV-FAH for mice in groups 1 and
2, while animals in groups 3 and 4 were positive for
0.021 and 0.011 lentiviral vector copies per mouse
genome, respectively, consistent with 1-2% trans-
duced hepatocytes by the end of the observation
period (Fig. 1D).

There were no effects of DEN/CCl,, LV-FAH, or
their combination on observational data (not shown).
Changes in clinical observations were limited to
background findings with similar frequency and se-
verity between groups, including control animals.
Although animals in all groups gained weight over
the course of the study, there was a slight attenua-
tion of total body weight gains in all treated groups
relative to the control cohort, whereby weight in
control animals increased 4.2-fold over their starting
weight of 8.0+ 1.0 g compared with 3.2-, 3.3-, and 3.7-
fold over starting weights of 9.8+1.1g, 9.5+09g,
and 8.2+0.9 g for DEN/CCl, (DC), LV, and LV+DC

DEN in PBS Volume CCly in Olive Volume LV-FAH n Necropsy
Group n (males) (mg/kg) (mL/kg) 0Oil {ml/kg) (mL/kg) (TU)? TU/kgl’ day 106
1 21 0 15 0 15 - 0 16
2 22 1.0 15 0.2 15 - 0 20
3 21 0 15 0 15 10° 63x10" 20
4 22 1.0 15 0.2 15 10° 6.9x10'" 21

a_" Indicates treatment not administered to this group.

PBased on mean group starting body weights of 15.8 g (group 3) and 14.4 g (group 4).
FAH, human fumarylacetoacetate hydrolase; LV, lentiviral vector; TU, transducing units.
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Table 2. Serum chemistry parameters

Group Na K co, Cl Glu Ca BUN Cre ALP ALT AST Thil Alb TP

1 Mean 148.5 7.1 203 109.5 201.3 9.8 195 0.20 475 53.0 380.0 0.2 1.7 5.1
SD 1.7 05 28 1.7 1.3 03 1.0 0.00 45 15.7 189.2 0.1 0.1 0.1

2 Mean 151.0 8.1 202 107.6 1796 9.8 19.8 0.20 492 169.8 896.3 0.2 19 54
SD 1.9 0.5 2.3 2.3 328 0.8 25 0.00 45 55.6 765.1 0.0 0.1 0.3

3 Mean 150.4 16 18.0 1104 192.8 9.7 202 0.24 438 748 618.4 0.2 1.7 5.1
SD 26 03 34 28 126 04 4.0 0.05 8.6 47.0 594.3 0.0 0.1 0.2

4 Mean 150.6 8.1 21.0 106.8 142.8 9.7 234 0.24 48.2 221.0 1037.6 0.4 19 52
SD 1.5 0.4 23 23 195 04 3.0 0.09 122 197.5 4227 0.4 0.1 0.2

Alb, albumin (g/dL); ALP, alkaline phosphatase (U/L); ALT, alanine aminotransferase (U/L); AST, aspartate aminotransferase (U/L); BUN, blood urea nitrogen
(mg/dL); Ca, Calcium (mg/dL); Cl, chloride (mmol/L); CO,, carbon dioxide (mmol/L); Cre, creatinine (mg/dL); Glu, glucose (mg/dL); K, potassium (mmol/L); Na,
sodium (mmol/L); SD, standard deviation; Thil, total bilirubin (mg/dL); TP, total protein (g/dL).

groups, respectively (Fig. 1C). This resulted in a
slight net decrease in final body weights for the
treated groups compared to control animals that was
statistically significant in the LV+DC combination-
treated group only (group 4). Although the final
difference for all groups was minimal, the DC
group and the LV group (groups 2 and 3) had sta-
tistically higher body weights than the control
animals at day 1.

LV-FAH administration alone was not associ-
ated with changes in clinical pathology parame-
ters by the end of the study (group 3; Tables 2 and
3). The DEN/ CCl, chemical induction of liver in-
jury (group 2) was associated with a 2.4 xincrease
in AST and a 3.2 xincrease in ALT compared with
control values (Fig. 2A and 2B, respectively), and
co-administration with LV-FAH trended toward
further increases (2.7xand 4.2x, respectively).
There was a slight elevation in blood urea nitrogen
(BUN) in the combined treatment group only
(Fig. 2C) which was present in most animals, and
slight elevations in creatinine above the lower
limit of detection in a few animals in both LV-FAH-
treated groups (Fig. 2D); however, the kidneys were
morphologically normal based on histopathology,
therefore the slight variations in BUN and creati-
nine levels were considered not to be toxicologically
meaningful. Complete group mean serum chemistry

Table 3. Hematology parameters

data from Day 106 are presented in Table 2. There
were no noteworthy changes in any dose group in
hematology parameters tested on Day 106 (Table 3),
although LV-treated groups trended toward slightly
lower red blood cell parameters, hematocrit was
similar in all groups (HCT 31-37%) and within ex-
pected variation.

Administration of DEN/ CCl, was associated
with slight decreases in heart weight:body weight
ratios (Fig. 3A) and increases in spleen weight:body
weight ratios (Fig. 3B), regardless of LV-FAH co-
administration, although the LV-FAH group tren-
ded toward greater increases in the spleen than
DEN/ CCl, alone. Administration of LV-FAH alone
was associated with a slight decrease in kid-
ney weight ratios relative to the control group
(0.93x; p<0.05) which was consistent with the
decrease present in the combined treatment group
(0.91 x; nonsignificant), indicating that this slight
variation may be associated with LV-FAH admin-
istration independent of DEN/ CCl; (Fig. 3C).
These decreases were not considered adverse based
on the marginal effect in the associated clinical
pathology parameters (BUN and Cre) and the ab-
sence of gross or microscopic lesions in the kidneys.
Interestingly, DEN/ CCl,—induced liver injury was
not associated with organ weight changes except
in combination with LV-FAH, where liver:body

Group WBC Lym Mon Neu RBC Hgb Het mcv MCH MCHC RDW Pit MPVY PDWe

1 Mean 343 2.77 0.29 0.38 172 13.3 352 46 17.7 389 16.3 16.4 7.1 332
SD 2.65 2.01 033 0.33 1.66 1.0 75 0 24 5.3 0.4 10.4 09 15

2 Mean 3.68 294 0.31 0.43 8.22 121 37.0 45 14.8 329 17.4 6.0 6.9 320
SD 1.37 1.21 0.13 0.13 0.64 08 3.1 0 08 1.8 03 12.3 1.0 2.1

3 Mean 272 1.90 0.06 0.76 6.71 95 304 45 14.3 316 16.7 18.8 6.8 327
SD 3.10 1.93 0.04 1.18 1.75 2.8 1.7 1 3.2 7.1 0.7 15.7 0.6 19

4 Mean 5.22 351 0.13 1.57 6.83 9.2 311 46 134 29.4 17.6 15.8 6.5 322
SD 5.3 3.0 0.1 2.3 1.8 42 8.1 09 48 10.7 09 18.4 05 22

Het, hematocrit (%); Hgb, hemoglobin (g/dL); Lym, lymphocytes (10%L); MCH, mean corpuscular hemoglobin (pg); MCHC, mean corpuscular hemoglobin
concentration (g/dL); MCV, mean corpsuscular volume (fL); Mon, monocytes (10%/L); MPV, mean platelet volume (fL); Neu, neutrophils (10%L); PDWe, platelet
distribution width (%); Plt, platelets (10%L); RBC, red blood cells (10'%/L); RDW, red cell distribution width (%); WBC, white blood cells (10%/L).
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Figure 2. Serum chemistry parameters of liver and kidney effects of chemical liver injury and LV-FAH. Results of serum chemistry analysis at the end of the
study (day 106) from mice by groups for (A) aspartate aminotransferase, (B) alanine aminotransferase, (C) blood urea nitrogen, and (D) creatinine. Results
indicate increased liver enzymes in the DC-treated groups, regardless of LV and slight elevations in kidney parameters in some animals in LV-treated groups.
Where applicable, upper and lower assay limits are indicated for aspartate aminotransferase and creatinine by dashed lines, respectively. *p<0.05 compared
to control. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen.

weight ratio was 45 mg/g compared to 41 mg/g in
control animals (Fig. 3D; p <0.05), contributed to
by both a marginal increase in raw liver weights
and a significant decrease in body weights. The
reduced bodyweight in this group did not appre-
ciably affect ratios of other organs.
Administration of DEN/CCl,; induced diffuse
hepatocellular hypertrophy and hyperplasia in the
livers of the mice, with karyocytomegaly, biliary
stasis and bridging fibrosis, and fibroplasia (Fig. 4,
left and central panels; see arrows). When com-
bined with LV-FAH, the DEN/CCl,-induced chan-
ges advanced to include hepatocyte degeneration
and necrosis. Neither the chemical liver injury nor
LV-FAH was associated with histological changes
in kidney (Fig. 4, right panels). Considering the
liver is the target organ for the pseudotype of the
LV-FAH (VSV), and the significant effects of DEN/
CCly present on liver weight and pathology, we
evaluated circulating levels of AFP as a biomarker

for tumorigenic potential and Ki-67 staining as
an indicator of hepatocyte proliferation. Indeed,
DEN/CCl, was associated with over 100-fold in-
crease in AFP compared with control or LV-FAH
groups (Fig. 5A; p<0.05 vs. control). Although
the difference between the combination treat-
ment and DC alone was an additional three-fold
increase, this trend was the result of exaggerated
responses in only 2 of the 5 animals tested and
was not significant between the DEN/ CCly
groups. LV-FAH alone had no effect on AFP lev-
els, which would not portend tumor formation as a
result of transduction and integration at this level
in hepatocytes. LV-FAH alone did not have an
effect on baseline Ki-67 positivity compared to
control animals (Fig. 5B and C). However, DEN/
CCl, treatment was associated with increased
Ki-67 positivity of hepatocytes, with a trend for
greater positivity in the context of LV-FAH co-
administration.
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Figure 3. Organ to body weight ratios for chemical liver injury and LV-FAH treated mice. Organ weights were collected at necropsy and normalized to
terminal body weights for (A) heart, (B) spleen, (C) kidney, and (D) liver. Heart to body weight ratio was slightly decreased in liver injury mice regardless of
LV-FAH administration. Spleen and liver weight ratios were greatest in the combination (LV+DC) group. *p<0.05 compared with control, **p<0.05 compared

with control and LV; ***p<0.05 compared with control, DC, and LV.

DISCUSSION

Gene delivery via lentiviral vectors is ideal for
gene therapy of many diseases to provide long-term
correction and durable cures based on genomic in-
tegration of the delivered transgene. However, ge-
nomic integration also causes increased concern for
insertional mutagenesis relative to non-integrating
vectors, such as adenoviral and AAV vectors, which
has largely limited lentiviral vector development to
ex vivo approaches that minimize systemic exposure.
We have generated a lentiviral vector expressing
fumarylacetoacetate hydrolase, the gene defective in
hereditary tyrosinemia type 1, intended for in vivo
application to cure the human disease. As part of
development toward human clinical application, a
thorough preclinical assessment must be made to
evaluate safety and toxicity of systemic lentiviral
vector administration.

Preclinical assessments of AAVs have been re-
ported, and a review of this subject with emphasis

on genotoxicity was prepared by Chandler et. al.
in 2017.'® Administration of different oncolytic
adenovirus has been associated with only tran-
sient and minor changes systemically or locally in
brain'* or transient lymphopenia and transami-
nitis following intravenous administration with-
out ®local (intraprostatic) administration.'® In a
separate published preclinical assessment, an-
other AAV caused no adverse effects in mouse or
beagles through multiple toxicity endpoints and
was not associated with immune responses in
guinea pigs.!® More specific to liver, AAVs ex-
pressing LacZ or VEGF were only associated with
mild to moderate regenerative changes in hepa-
tocytes at day 14 when administered with an
associated chemotherapy regimen.!” Adenovirus
and AAV are generally considered safe due to
the persistence as an episome, and the previous
demonstration that adenoviral integration into a
specific genomic locus was associated with HCC
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Figure 4. Liver and kidney histopathology for chemical liver injury and LV-FAH treated mice. Routine hematoxylin and eosin (H&E) and Masson's trichrome
staining were performed on sections of liver and kidney from mice in all groups. Lentivirus alone was not associated with histological changes in liver or
kidney. DEN/CCI, was associated with histological changes in liver including hepatocellular cytomegaly (H&E panels, yellow arrow), increased mitoses (H&E
panels, green arrow), inflammatory cell infiltrates (H&E panels, gray arrow), pigment-laden macrophages (H&E panels, blue arrow), and fibrosis (trichrome
panels, white arrows), with exacerbation to bridging fibrosis, cell necrosis (H&E panels, black arrow), and vacuolar degeneration (H&E panels, white arrow)
only when in combination with lentivirus. No histological changes were present in kidneys in any dose groups (right-hand panels).

could be mitigated by dose, design, and timing of
administration.®

Conversely, there are not many preclinical ac-
counts of toxicity from in vivo lentiviral vector
administration, especially in wild type animals to
describe baseline toxicity of these vectors, pri-
marily from integration and not transgene ex-
pression. An interesting finding from our study is
that the total integration from a single lentiviral
dose without subsequent positive selection for
corrected cells was consistent with transduction
of 1-2% of the cells by the end of the study. Al-
though this initial population of corrected cells
would eventually completely replace all diseased
hepatocytes in HT1, findings from the current un-
expanded population are applicable to the majority
of metabolic diseases where there is no such selec-
tion/expansion. This low level of integration was of
no toxicological consequence in the wild type mice;
however, some aspects of the chemical injury model
appeared exacerbated by previous exposure to len-
tiviral vector. Consistent with the findings of Tup-

purainen et al.,'” we do not believe this was related
to the specific presence or expression of the Fah
transgene, but likely inherent to integration of
the lentiviral vector, the latter being the focus of
this safety study in wild type mice where actual
transgene expression was not assayable due to
endogenous FAH positivity. Lentiviral vector ad-
ministration has previously been described not to
be genotoxic in mice based on integration site anal-
ysis,'® but it is possible that the context of degen-
eration/regeneration in the fibrotic liver enhanced
effects of integrations that would be inconsequential
in healthier tissue. The slight trend for less lenti-
viral vector detection in the DEN/ CCl, group by the
end of the study might be a product of random var-
iation or sampling accuracy, but it also could be a
product of mild selection against the transduced
hepatocytes in the regenerative context. Initial
transduction rates were not evaluated in this study,
but it is possible they were similar, and the chemical
injury model resulted in a higher proportion of
transduced cells dying off, perhaps due to integra-
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Figure 5. Markers of tumorigenicity and regeneration from chemical liver injury and LV-FAH treated mice. (A) Alpha fetoprotein was increased in chemical
liver injury, regardless of administration of LV (note logarithmic y-axis). (B) Percent of Ki-67 positive cells in random sections of liver from mice for each
group. (C) Representative panels of Ki-67 immunohistochemistry from mice from each group. Ki-67 staining was markedly increased in response to chemical
liver injury, regardless of LV co-administration. *p<0.05 compared with control; **p<0.05 compared with control and LV.

tion in genes that were important for regenerative
capacity.

Lentiviral vectors have shown favorable safety
profiles in preclinical and limited clinical studies.
Therefore, preclinical studies designed with clini-
cal consideration in vector design, production, and
administration are translatable to indicate that
minimal genotoxicity would be expected in human
patients.?° Indeed, ex vivo lentiviral vectors ad-
ministered to hematopoietic stem cells did not af-
fect tumorigenesis, even in a tumor-prone mouse
model.?! In one instance where increased tumor-
igencity was observed in an ex vivo gene therapy of
a lentivector expressing alpha-iduronidase, there
was actually no increase over procedural control
groups. Therefore, it was attributed to an irradia-
tion protocol employed to prepare the mice, rather
than to the vector itself.??

Lentiviral vector integration is influenced by
activity of the targeted cell and cell division but
seems to be random within transcriptional units
of active genes in both dividing and non-dividing
cells.?® Genotoxicity of the current vector construct
would therefore be most likely due to inactivation
of tumor suppressor genes,?* which would require
a highly improbable bi-allelic disruption for tangible
risk. There was no evidence of tumorigenicity in any
group in this study, which is consistent with our
previous ex vivo work with this vector in mouse and

pig models of HT1,'®!! and the benign integra-

tion profile described by others.?® In one long-
term pig from our ex vivo study, no tumorigenicity
was present in the liver or elsewhere after 3 years
post-transplant.?® Finally, the use of a liver-specific
promoter further focusses any potential for geno-
toxicity from transactivation to hepatocytes, where
screening for tumorigenesis is already part of the
clinical management of human disease via frequent
imaging.

In combination with other studies performed,
the current preclinical data set addresses the
requirements of the European Medicines Agency
guideline for Nonclinical gene therapy studies
in 2008,%27 and the construct has been optimized
to mitigate risk of insertional mutagenesis as
described in the European Medicines Agency re-
flection paper in 2013%® such as vector design,
insertion profile analysis, dose, transgene prod-
uct, and target cells. With demonstration of
safety in wild type animals, and previous dem-
onstration of safety and efficacy in disease
models, in vivo administration of lentiviral vec-
tors such as LV-FAH is ready for clinical consid-
eration.
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