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The safety and efficacy of lentivirus-mediated gene therapy was
recently demonstrated in five male patients with Fabry
disease—a rare X-linked lysosomal storage disorder caused by
GLA gene mutations that result in multiple end-organ compli-
cations. To evaluate the risks of clonal dominance and leuke-
mogenesis, which have been reported in multiple gene therapy
trials, we conducted a comprehensive DNA insertion site anal-
ysis of peripheral blood samples from the five patients in our
gene therapy trial. We found that patients had a polyclonal
integration site spectrum and did not find evidence of a domi-
nant clone in any patient. Although we identified vector inte-
grations near proto-oncogenes, these had low percentages of
contributions to the overall pool of integrations and did
not persist over time. Overall, we show that our trial of lenti-
virus-mediated gene therapy for Fabry disease did not lead to
hematopoietic clonal dominance and likely did not elevate
the risk of leukemogenic transformation.

INTRODUCTION

Fabry disease is a rare X-linked lysosomal storage disorder with an
estimated incidence ranging from 1 in 117,000 to 1 in 40,000 world-
wide." This disease is defined by GLA mutations that result in
deficient a-galactosidase A (a-gal A) activity and, consequently,
the accumulation of glycosphingolipids, which cause various end-
organ complications.” The classic phenotype is characterized by
childhood-onset and multi-organ involvement, whereas other phe-
notypes present with later-onset and primarily cardiac involve-
ment.” End-organ complications include chronic kidney disease,
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which may progress to renal failure; left ventricular hypertrophy
associated with arrhythmias and myocardial fibrosis; auditory loss;
transient ischemic attacks; and strokes.” These complications ulti-
mately lead to premature death and shorten the life expectancies
of women and men by 15 and 20 years, respectively.' Enzyme
replacement therapy can decrease cardiac mass, stabilize kidney
function, and improve symptoms of neuropathic pain, sweating,
gastrointestinal symptoms, hearing loss, and pulmonary symptoms."
However, enzyme replacement therapy requires intrusive biweekly
treatment and is not curative.

We recently demonstrated that infusion with autologous CD34"
hematopoietic stem/progenitor cells engineered via lentiviral
transduction to express o-gal A in five adult males with type 1 (clas-
sical) phenotype Fabry disease was safe, had no short-term gene
therapy-related severe adverse events, and exhibited evidence of
biochemical phenotype reversal.” All patients in our trial produced
a-gal A to near-normal levels, and levels of plasma and urine globo-
triaosylceramide (Gbs) and globotriaosylsphingosine (lyso-Gbs) were
reduced over time after transplantation of the gene-modified cells.”

Despite its promising curative potential, gene therapy is associated
with several adverse effects, including clonal dominance and
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Table 1. Integration site data

Time point ISA on native ISA on WGA Successful PCR2 Reads aligning Sonic Total

(months) VCN material material amplicons to hg38 lengths integrations UIs
Controls
Cl4 - 0.98 4 0 2 442,878 4,361 15 3
NIBSC_18_142 - 0 2 1 0 0 0 0 0
NIBSC_18_126 - 1.11 2 2 2 490,080 5,232 30 9
NIBSC_18_132 - 5.67 2 2 3 789,763 18,587 128 26
NIBSC_18_144 - 8.91 3 4 7 1,623,829 33,633 460 65
Patient
1 PTX 0.01 2 1 0 0 0 0 0
1 6 0.37 1 2 2 851,690 6,960 3,936 1,097
1 42 0.06 2 1 1 435,470 968 677 349
2 PTX 0.00 1 4 0 0 0 0 0
2 6 0.38 1 4 3 1,761,338 5,871 4,291 2,018
2 24 0.28 1 4 1 392,098 1,629 1,280 698
3 PTX 0 1 1 0 0 0 0 0
3 6 0.51 2 2 4 1,563,935 16,586 14,127 6,005
3 24 0.20 1 2 2 1,183,394 7,228 4,734 769
4 PTX 0.00 1 0 0 0 0 0 0
4 6 0.40 1 0 1 84,744 2,144 1,884 1041
4 18 0.21 1 0 1 118,614 1,339 1,141 618
5 PTX 0 1 0 0 0 0 0 0
5 6 0.84 1 0 1 113,470 99 77 31
5 18 0.52 1 0 1 97,452 5,565 4,915 2,800

This table shows controls and patients, time point of analysis, vector copy number (VCN) per diploid genome, number of integration site analyses (ISAs) on native and whole-genome-
amplified (WGA) material, the total number of reads aligning to the human genome, the sum of sonic lengths products, the total integrations, and unique integration sites (UISs) for

controls and patients.

leukemogenesis. In one study of retrovirus-mediated gamma(c) gene
transfer into autologous CD34+ bone marrow cells to correct
X-linked severe combined immunodeficiency (SCID-X1), two
patients developed uncontrolled exponential clonal proliferation of
mature T cells that carried retrovirus vector integration in proximity
to the LMO2 proto-oncogene promoter.” A follow-up study pub-
lished 5 years later reported that four of the nine patients treated in
the initial study developed T cell leukemia 31-68 months after the
retrovirus-based gene therapy.’ Blast cells from these patients had
vector integrations near one or more of three proto-oncogenes,
LMO2, BMI1, and CCND2.® Vector insertions near LMO2 were
also associated with leukemogenesis in two other trials of gene
therapy for SCID-X1.*” Genomic instability and clonal progression
toward myelodysplasia were reported in a retroviral-mediated
gene therapy trial for X-linked chronic granulomatous disease that re-
sulted in insertional activation of ecotropic viral integration site 1
(EVII).? Clonal dominance was also observed in a study that used len-
tiviral B-globin gene transfer to treat human PB-thalassaemia, with
vector-induced transcriptional activation of HMGA2 and elevated
expression of a truncated HMGA2 mRNA that was insensitive to
degradation by let-7 microRNAs.”

The risk of oncogenesis highlighted in several gene therapy trials calls
for greater caution and careful safety assessments. In this study, we con-
ducted a comprehensive insertion site analysis of genomic DNA from
peripheral blood cells of the five patients with Fabry disease who partic-
ipated in our gene therapy trial. Samples were drawn before transplan-
tation and at intervals ranging from 6 to 42 months after infusion of the
transduced cells. Here, we report our vector copy-number analysis,
clonality assessment, and vector insertion site profile, including the
top 10 insertion sites for each sample, common integration sites across
different samples, and the presence of high-risk integration loci.

RESULTS

Vector copy number

In order to extend the safety analysis of our interim study of five adult
males infused with autologous CD34" cells transduced with GLA,” we
analyzed lentiviral integration via whole-exome sequencing (WES).
As these patients were recruited and treated over a 25-month period,
we selected a 6-month time point for all patients and the latest time
point for each patient spanning from 18 (patients 4 and 5) to
42 months (patient 1) post-infusion. A complete list of patient mate-
rial and control samples is shown in Table 1. To determine the mean
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Table 2. Sequencing statistics highlight the polyclonal nature of transduced
cells

Time point

(months) Unique sites Gini Shannon UCs0
Controls
Cl4 - 3 0.67 0.01 1
NIBSC_18_142 - NA NA NA NA
NIBSC_18_126 - 9 0.71 1.17 2
NIBSC_18_132 - 26 0.85 1.65 2
NIBSC_18_144 - 65 0.93 1.76 2
Patient
1 PTX NA NA NA NA
1 6 1,097 0.33 6.31 172
1 42 349 0.31 5.67 105
2 PTX NA NA NA NA
2 6 2,018 0.34 7.38 491
2 24 698 0.25 6.42 239
3 PTX NA NA NA NA
3 6 6,005 0.19 8.61 2,332
3 24 769 0.26 6.5 249
4 PTX NA NA NA NA
4 6 1,041 0.17 6.88 421
4 18 618 0.19 6.33 240
5 PTX NA NA NA NA
5 6 31 0.33 3.22 9
5 18 2,800 0.15 7.88 1,150

The number of unique sites is shown for controls and patients. These are analyzed via
three distinct methods: Gini index, Shannon index, and UC50. The Gini index runs
from 0 to 1, and a low index suggests a polyclonal situation. A higher Shannon index
indicates a more polyclonal integration site repertoire The UC50 values shows the
number of integration sites contributing to 50% of the clonal repertoire.

vector copy number (VCN) per cell, we analyzed 100 ng genomic
DNA from each of the five untransduced pre-transplantation
(PTX) samples, 10 peripheral blood patient samples, and five controls
(C14, NIBSC codes: 18/142, 18/126, 18/132 and 18/144). C14 is a
human induced pluripotent stem cell (iPSC) clone with a pre-deter-
mined vector copy of one.'” We used it as a monoclonal control in
VCN determination and integration site analysis. Furthermore, we
analyzed lentiviral reference samples from the National Institute for
Biological Standards and Control (NIBSC). The VCN standard
NIBSC 19/158 consists of three reference samples with the following
consensus VCNs: 0 (NIBSC 18/142), 1.05 (NIBSC 18/126), and 5.60
(NIBSC 18/132). Additionally, we included the first World Health
Organization (WHO) reference reagent for lentiviral integration
site analysis (ISA; NIBSC 18/144). Our analysis of the control samples
is shown in Table 1. The C14 clone showed the expected VCN of
0.98°. For the NIBSC standards, we were able to efficiently reproduce
the reference values for 18/142 (mean VCN: 0), 18/126 (mean VCN:
1.11), and 18/132 (mean VCN: 5.67). For the WHO integration site
standard 18/144, we determined 8.91 copies per diploid genome.
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Table 1 also shows the VCNs for patient samples at PTX and at
various time points, ranging from 6 to 42 months after transplant.
VCN s ranged from 0.37-0.84 at 6 months. Final time points varied
from 18 months for patients 4 (VCN = 0.21) and 5 (VCN = 0.52),
respectively, to 42 months for patient 1 (VCN = 0.06). These values
compared favorably with our previously reported study,” indepen-
dently confirming the fidelity of the VCN assay performed in two
distinct laboratories (Figure S1).

For ISA, we amplified vector-genome junctions using the integration
site pipeline for paired-end reads (INSPIIRED) workflow, as
described by Sherman and colleagues.' "> A complete list of analyzed
samples is shown in Table S1. For a subset of samples, we performed
whole-genome amplification of the limited available genomic DNA
(gDNA). All obtained Illumina sequences were demultiplexed, quality
filtered, vector trimmed, and aligned to the human genome. As ex-
pected, there were no alignments for untransduced PTX samples
and NIBSC_18_142 because they lacked vector insertions. To inves-
tigate whether WGA processing alters the clonal complexity of sam-
ples, we compared native and whole-genome-amplified material of
NIBSC 18/144; this WHO lentiviral vector (LV) integration site stan-
dard was developed in an international collaborative study with 31
laboratories from 13 different countries.'” According to the instruc-
tions for use, 10 consensus integration sites (SEMA3F-AS1, SMYD4,
ADAMSY, CBWDI, FOXP2, RPS10-NUDT3, GRID2, ENTHDI,
AGPAT3, R3HDM?2) must be detected by the ISA method of choice.
For 10 out of 11 reactions (n = 2 for native, n = 9 for WGA), we
confirmed the presence of the consensus integration sites. We
further compared the sonic abundance of all integration sites and
found that the 10 consensus integrations, together with one integra-
tion near ZNF598 (not part of the consensus integrations but
described to be commonly found in the WHO report), contributed
with 95% + 4.2% to the clonal repertoire (Figure S2). This was true
for both native and WGA material. As expected, we were able to
detect more integrations with a low contribution for the WGA mate-
rial (67 + 51 integrations) compared with the native DNA sample
(26 and 21 integrations across the two reactions). Next, we performed
independent INSPIIRED reactions on native or WGA material from
patients 2 and 3 at 6 months post-treatment and found that the WGA
treatment did not change the polyclonal nature of the sample (Fig-
ure S3). We sequenced the INSPIIRED amplicons of all patients
and controls in four different next-generation sequencing (NGS)
libraries and found that a total of 527 x 107 reads yielded
1.03 x 107 alignments to the host genome and 3.78 x 10* unique
integration sites (Table S1).

Sequencing statistics and clonality assessment

We identified the number of unique insertion sites for each sample
and used three metrics (Gini index, Shannon index, and UC50) to
assess clonality as shown in Table 2. The Gini index runs from 0 to
1, and a low index suggests a polyclonal situation, whereas a high in-
dex reflects the unequal contribution of more dominant sequences to
the overall sequence pool.'* In contrast, a higher Shannon index in-
dicates a more polyclonal integration site repertoire.'” The UC50
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Figure 1. Unique integration sites at 6 months correlate with the number of
infused CD34* cells/kg

We observe a trend regarding the number of unique integration sites (UISs) and the
number of CD34™ cells infused in each patient, plotted as a function of CD34" cells/
kilogram. Linear regression was performed, and the equation, non-parametric
correlation (Spearman) co-efficient, and p value are illustrated.

value describes the number of integrations in a sample that contrib-
utes to 50% of all sequences.

Analysis of the monoclonal C14 control using the metrics described
above appropriately identified one prominent insertion (UC50 of 1,
with the LINC02010 integration contributing 99.93% of all measured
sequences) and demonstrated clonal dominance with a low Shannon
index of 0.01 and a high Gini index of 0.67. These results were in line
with our previously published results for this clone.'” The negative
control NIBSC sample (NIBSC_18_142) and the patient-specific
negative controls (PTX samples) did not lead to amplicons or align-
ments to the human genome and therefore were not analyzed using
the metrics described. Except for the 6-month time point for patient
5, all patient samples were polyclonal with > 349 unique integration
sites (UISs) each. The overall Gini index was low at 0.24 + 0.07, the
overall Shannon index was high at 6.82 + 0.83, and the overall
UC50 value was 538 + 659, collectively demonstrating that the sam-
ples were polyclonal. The samples from patient 5 showed only 31 UISs
after 6 months. However, the number of UISs in this patient’s periph-
eral blood increased to 2,800 by 18 months. The reason for the very
low integration sites at 6 months could be a technical issue given
that the 6-month sample produced only 99 sonic-length products
(SLPs), whereas for all other INSPIIRED reactions 6 months post-
treatment, we obtained 1,499 + 576 SLPs (15-fold higher). Due to
the polyclonal nature of the samples, the number of UISs in material
from patients 1 to 4 was similarly high with 1,181 + 522 integrations
at 6 months post-treatment. Taking the ratio of SLPs to UISs (factor
0f 0.79) into account, in an ideal situation with similarly high SLPs for
patient 5 compared with other samples (adding a 15-fold correction
factor), we would assume 367 integration sites after 6 months
(31 x 15 x 0.79 = 367).

Infused CD34 cell number and unique integrations found
We observed a positive trend between the number of CD34" cells/kg
infused and the number of UISs in samples collected 6 months after

infusion (Figure 1). This correlation suggests that our lentivirus vec-
tor effectively integrated into a diverse population of CD34" cells and
that these cells or their progeny persisted across 6 months without be-
ing outcompeted by a dominant clone. Patient 5 data were excluded
from this analysis due to the low sonic abundance values, and UIS
values were normalized for the number of resampling times (as
further detailed in Table S2) given that in a polyclonal situation, as
observed for patients 1-4, the number of detected UISs can be influ-
enced by the repeated analyses of the same sample (resampling).

Pool size estimation

We analyzed the 6-month samples from patients 2 and 3 in inde-
pendent reactions to determine the pool size of integrations
(Table S3). For patient 2, we performed three individual
INSPIIRED reactions on WGA material. We detected 547, 740,
and 1,084 integrations. A pool size calculation using the Chapman
estimator implied a repertoire of 4,384 + 368 integrations in the
WGA material. Each resampling of the same DNA detected around
17.9% =+ 1.8% of the clonal landscape. For patient 3, we compared
one native INSPIIRED reaction with two independent WGA reac-
tions 6 months after treatment. As described in the materials and
methods, after PCR1, 2 pL of each amplification product was
used in two technical replicate PCR2 reactions (true for all reac-
tions described in this article). The technical replicates of the
nested PCRs suggested a detection of 83.5% + 3.2% of all integra-
tions within the same PCR2-amplified material. A similar number
was obtained when the same PCR2 replicates of patient 1 (6 months
after treatment) were analyzed in two different NGS libraries
(87.1% coverage). The pool size estimation with the WGA
material of patient 3 argued for a 10-fold higher clonal complexity
(40,651 integrations) compared with patient 2. When including the
native material in the calculation, we could only cover between
0.1% and 0.3% of the total clonal landscape per INSPIIRED
reaction.

Overall, these data further support the polyclonal nature of the
samples.

Top 10 insertion sites

To further explore the significance of lentiviral integrations in our
study, we characterized and compared insertion sites across patient
samples. Figure 2 identifies the top 10 integrations with highest
sequence contributions in control (Figure 2A) and patient samples
(Figure 2B). As expected, we found a dominant integration near
LINC02010 for the control sample, C14, as well as the previously
described integration sites for NIBSC_18_144 and NIBSC_18_132.'""*
Analysis of the integration sites across our patient samples demon-
strated that all samples except the 6-month sample from patient 5
were polyclonal. Excluding this sample, the maximum contribution
of a single integration site in all other samples was 2.38%, and the
mean contribution of the top 10 most abundant integrations over all
patients was only 0.50% =+ 0.38%. Importantly, none of the top 10 in-
tegrations was found twice in the same patient at both the 6-month
and final time points. While it is possible that a repopulating clone
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Figure 2. Top 10 integration sites

The top 10 integration sites of control samples (A) and

patients 1-5 at the different time points (B) are shown

here. Each colored bar represents a separate insertion

% contribution

site, and the gray bars represent all other insertion sites.
Below each bar, the gene symbols closest to the inte-
gration sites are listed. *, integration was within a
transcription unit. ~, insertion was within 50 kb of a
cancer-related gene. UIS, unique integration sites.

gration sites. We assessed the tendency to inte-
grate in the vicinity of CpG islands; GC-rich re-
gions; proximity to genes (refSeq_counts);
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may have persisted at low levels across the 6-month and final time
points without being detected due to insufficient sampling, our findings
collectively support a polyclonal situation in almost all samples.

Insertion site profile

To further characterize the insertion sites, we used the INSPIIRED
genomic heatmap tool to analyze genomic features closest to the inte-

266

and final sampling time points for each patient
and analyzed the contributions of overlapping position IDs to the over-
all sequence pool. As shown in Tables 3 and 4, we further compared the
genes closest to insertion sites in each patient to identify whether there
was significant overlap across patients.

For patients 1 and 5, there were no overlaps between integrations with
the same chromosomal position ID. Patients 2, 3, and 4 each had only
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Figure 3. Tendency for vector integration in genes and close to proto-
oncogenes compared with matched random control sites

We found a higher tendency for vector integrations inside transcriptional units
(A) and within 100 kb of proto-oncogenes (B) compared with matched random
control (mrc) sites). *Puann-whitney < 0-05, **Pmann-whitney < 0.001.

one or two overlaps, with the highest percentage of contributions for
overlapping integrations being 0.18%.

When the genes closest to integration sites were compared across pa-
tients, we found a high degree of overlap at 67.1% + 8% which may sug-
gest a similar cell-type-specific integration profile for all patients. How-
ever, when we compared each patient’s top 10 contributing integrations,
we found no overlap of genes. These findings collectively suggest that
there was no clonal selection from vector-mediated gene dysregulation.

We analyzed the genes closest to the integrations for common inser-
tion sites (CIS), defined, based on Grubbs outlier analysis, as at least
12 individual integrations per gene. We found high similarity between
CISs from patients 1-5 and previously published CISs from three
clinical trials that used LVs to treat metachromatic leukodystrophy
(MLD), adrenoleukodystrophy (ALD), or Wiskott-Aldrich syndrome
(WAS)."*'® In the MLD study by Biffi and colleagues, CIS data of
three patients overlapped nearly entirely with CISs from the ALD
study, with the exception of one gene cluster.'®'® In total, 32 of the
39 CISs reported for the MLD trial and 27 of 32 CISs of the WAS trial
overlapped with CISs of patients 1-5 in our study. Table S4 further
illustrates that CISs with the most integrations per gene (KDM2A,
PACSI, NF1, FCHSD2, EIF4G3, TSBP1I) in our study were also among

Table 3. Some integrations persisted in an identical locus across sampling
time points for the same patient

Patient Overlaps (months) Posid Highest contribution (%)
1 6-42 0 -

2 6-24 2 0.18

3 6-24 2 0.17

4 6-18 1 0.08

5 6-18 0 -

The number of overlaps is depicted for each patient from 6 months to the latest time
point. The highest contribution of an overlapping position ID (specific locus) to the
overall sequence pool of the latest time point is shown.

the top CISs in the lentiviral MLD and WAS trials. The genomic po-
sitions IDs for each patient and time point were also analyzed for
overrepresentation of gene functions. We considered Gene Ontology
(GO) classes to be significant if the binomial and the hypergeometric
test had a false discovery rate below 0.05 and a region fold enrichment
greater than two. We highlighted the substantial overlap with GO
data from the MLD gene therapy trial in Table S5. In summary, the
CISs that we identified in our study showed substantial overlap
with those reported in other lentivirus-mediated gene therapy clinical
trials.

Presence of high-risk integration loci

To further evaluate the risk of clonal dominance, we looked for
integrations within 100 kb of six high-risk loci, LMO2, IKZFI,
CCND2, HMGA2, MECOM, and PRDM16. We found no high-risk
insertions inside or within 100 kb of CCND2 or MECOM. However,
there were integrations near the remaining four loci, and these are re-
ported in Table 5. None of these contributed more than 0.15% to the
pool of integration sites, and none of the precise integration positions
persisted over time. At this stage, however, it is not possible to predict
the longer-term implications of these insertions.

DISCUSSION

We recently demonstrated that five adult males with Fabry disease
were safely infused with autologous lentivirus-transduced hemato-
poietic stem/progenitor cells engineered to express o-gal A.> The re-
sults of our trial showed preliminary evidence of efficacy and sup-
ported the curative potential of gene therapy. Gene therapy has
been associated with severe adverse effects, including clonal domi-
nance and oncogenic transformation.*”” However, it remains unclear
whether gene therapy has a direct causal role in oncogenic transfor-
mation. A clinical trial using lentivirus-mediated gene therapy for
sickle cell disease (ClinicalTrials.gov: NCT02140554) recently re-
ported that one patient developed MDS 3 years after treatment and
another developed AML 5.5 years after treatment.'””° Further anal-
ysis excluded insertional oncogenesis as the cause of MDS and
AML in these two patients. In the patient who developed AML, vector
integrations in blasts were primarily associated with VAMP4, a gene
previously documented to play a role in Golgi structure and function
but no prior role in proliferation or oncogenesis.'® As for the patient
who developed MDS, CD34" blasts did not carry lentivirus vector in-
tegrations.”’ The underlying mechanism is likely due to the underly-
ing sickle cell disease and the transplantation procedure and its asso-
ciated risks, including exposure to the conditioning agent.
Nonetheless, given the potential risk of clonal hematopoiesis second-
ary to gene therapy, our study analyzed vector insertion sites in pe-
ripheral blood samples collected at different time points from five pa-
tients with Fabry disease who participated in our gene therapy trial.”

We first confirmed the presence of LVs in all patient samples at all
time points tested and found that the VCNs ranged from 0.06 to
0.84 per cell across different patients and time points. We also verified
that amplified vector-genome junctions aligned to the human
genome. Next, we identified the number of unique insertion sites
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Table 4. Substantial overlap in integrations near the same genes was
observed from different patients

Patient IS in # of genes  Overlaps Overlapping genes  Overlap (%)
1 1,080 to other patients 795 73.6

2 1,835 to other patients 1,285 70

3 3,554 to other patients 1,892 53.2

4 1,275 to other patients 909 71.3

5 1,950 to other patients 1,316 67.5

We identified roughly 50%-70% similarities in the genes that harbored or were close to
integration sites across all patients. Importantly, this table refers to insertions in or near
the same gene but not in identical insertion positions.

for each sample and used three metrics to assess clonality. Almost all
patient samples were polyclonal across different time points, except
for one patient whose 6-month sample had only 31 unique vector
insertion sites but who then went on to have 2,800 unique insertion
sites at 18 months. The remaining 9 post-transplantation samples
were polyclonal, with a low overall Gini index of 0.24 + 0.07, a high
overall Shannon index of 6.82 + 0.83, and a high overall UC50 value
of 538 + 659. We also found that, with the exception of the 6-month
sample from patient 5, the maximum contribution of a single integra-
tion site in all other samples was 2.38%, and the mean contribution of
the top 10 most abundant integrations over all patients was only
0.50% = 0.38%. None of the top 10 integrations was found twice in
the same patient at both the 6-month and final sampling time points.
These findings collectively demonstrate that almost all samples were
polyclonal.

Having demonstrated that vector transduction did not cause clonal
dominance, we then investigated the risk of insertional mutagenesis
by looking for integrations within 100 kb of six high-risk loci,
LMO2, IKZF1, CCND2, HMGA2, MECOM, and PRDM16. We found
unique integrations near LMO2, IKZF1, HMGA2, and PRDM]I6 but
not CCND2 or MECOM. However, none of these integrations
contributed more than 0.15% to the pool of integration sites, were

Table 5. High-risk integrations within 100 kb of known proto-oncogenes

Time
Gene_Symbol Patient point (months) Position ID Contribution (%)
HMGA2 3 6 chr12 + 65858644 0.03
HMGA2 3 6 chr12 + 65856808 0.02
HMGA2 5 18 chr12 + 65957840 0.06
HMGA2 5 18 chr12 + 65858880 0.04
HMGA2 5 18 chrl2 + 65868202 0.04
IKZF1 5 18 chr7+50257797 0.04
LMO2 4 6 chrll + 33886115 0.15
PRDM16 3 6 chrl + 3397075 0.01

High-risk loci were selected based on reports of their potential contributions to leuke-
mogenesis. Percent contributions to overall pool are also highlighted. Integrations were
identified in some samples but with low frequency.
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only reported as solitary events, and did not persist across different
time points.

Overall, we demonstrated that our trial of lentivirus-mediated gene
therapy for Fabry disease did not lead to clonal dominance and likely
did not elevate the risk of leukemogenesis. Further, we observed a
typical lentiviral insertion site repertoire, and substantial overlaps
regarding CISs and GO findings compare with other lentiviral gene
therapy trials. Our findings are in line with a recent review and
meta-analysis of 55 gene therapy clinical trials encompassing 406
patients that demonstrated that LVs are safe with no genotoxic events
and have high rates of engraftment (98.7%).”"

An important feature of our clinical trial was the conditioning
regimen. As we were treating patients harboring a chronic disease,
we selected melphalan (100 mg/m?) administered at 50% maximal
tolerated dosage.” Our group has considerable experience with this
approach, performing autologous transplants for multiple myeloma
and amyloidosis. This strategy was preferred by our patient popula-
tion and our regulator, Health Canada. It is evident from these data
that full hematopoietic engraftment was observed, was polyclonal in
nature, and persisted up to almost 4 years in one patient. Further-
more, this therapy could be delivered in the outpatient setting, result-
ing in fewer adverse events, shorter hospitalizations, and decreased
costs.

The results of our phase I trial cast hope for a gene therapy-based cure
of patients with Fabry disease. Although it is too early to tell how long
the benefits of gene therapy will last, we are excited by the observation
that all patients in our clinical trial secrete o--gal A from transduced
cells and the three subjects who elected to pause enzyme replacement
therapy continue to rely on cell-secreted a-gal A and have not
resumed enzyme replacement therapy. Nonetheless, our interim find-
ings are still early and rely on a small sample of patients. It remains
unclear, for example, how long the transduced cells will sustain
a-gal A production and whether a certain threshold of VCNs is
required to attain lifelong a-gal A production. As the field of gene
therapy continues to mature, we anticipate that we will learn more
about the treatment parameters necessary for effective therapy and
possibly cure.

While this study provided reassuring evidence that gene therapy did
not increase the risk of malignant transformation in our patient pop-
ulation, it nevertheless remains possible that the integrations identi-
fied near proto-oncogenes could, over the course of many years,
contribute to a multi-step leukemogenic transformation. We will be
in a better position to judge the safety of our gene therapy trial after
several more years of follow up. To further evaluate the risks of
leukemic transformation, future studies could screen for mutations
associated with age-related clonal hematopoiesis prior to gene ther-
apy and at intervals post-transplantation.”> We continue to closely
follow the patients who participated in this trial, and, given our reas-
suring data, we remain cautiously optimistic that our gene therapy
trial will demonstrate long-term safety.
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MATERIALS AND METHODS

Standards for ISA and VCN determination

We used the WHO’s first Reference Reagent for LV ISA from the
NIBSC (South Mimms, UK) with NIBSC code 18/144 according to
the instructions for use. Additionally, we used the working standard.

Additionally, the working standard NIBSC RR for LV Integration
Copy Number Quantitation (NIBSC code: 19/158) was used.”” We
analyzed the log 10 consensus values and DNA concentrations in
the instructions for use and calculated vector copies per diploid cells.
These numbers were compared with measurements performed at
Hannover Medical School (Table S6). Further information on the
NIBSC material is available in a WHO report (WHO/BS/2019.2373)."

Determination of DNA concentration and whole-genome
amplification

DNA concentrations were determined by analyzing 1 pL per sample
on a Qubit device (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. For some samples, the available sample
volume was low. We used 50.5-1270 ng gDNA for whole-genome
amplification (WGA) with the REPLI-g Mini kit (Qiagen) according
to the manufacturer’s instructions. We used 2.5 pL template DNA as
input, incubated for 16 h at 30°C and denatured at 65°C for 3 min. A
list of all samples, the available volume, DNA concentration, and
details on WGA are shown in Table S1.

VCN determination

The mean VCN per cell was determined by Droplet Digital
PCR (ddPCR) with a Tagman approach on a QX200 system.
Samples were measured in triplicates using 100 ng gDNA. The num-
ber of viral sequences was normalized to a genomic reference
sequence. The WPRE element detected viral sequences, whereas
primers targeting the PTBP2 gene were used for normalization of
gDNA.”* The iPSC clone C14 with a pre-determined VCN of one
copy per diploid genome served as a reference value.'” In the trial,
the infused drug product VCN was 0.68-1.43 copies/genome.’

ISA

Samples were processed with the INSPIIRED workflow as previously
described.'”'>*> A complete list of native or WGA DNA samples is
given in Table S1.

DNA samples were resuspended in 120 pL nuclease-free water,
sheared, and washed with AMPure beads (0.7-fold bead-to-sample ra-
tio). After end preparation of fragmented DNA and dATailing, linkers
(linker blunt + sample-specific linker) were introduced. Following
further AMPure purification (0.7-fold bead-to-sample ratio), samples
were amplified in PCR1 and PCR2 as described before.” After PCR1,
2 uL of each amplification product was used in two technical replicate
PCR2 reactions. A list of specific self-inactivating-long terminal repeat
(SIN-LTR) primers and sample-specific linker primers are given in
Tables S1 and S7. PCR2 products were visualized on 2% TAE agarose
gels (figures available upon request) and/or measured by Qubit

(Table S1). Afterward, PCR2 reactions were mixed in equal volumes
to generate the final Illumina libraries 201006_INSPIIRED_RUN?27,
201015_ INSPIIRED_RUN28, 201109_INSPIIRED_RUN?29, 201116_
INSPIIRED_RUNS30, and 210324_INSPIIRED_RUN42.

The libraries were first column purified prior to two AMPure purifi-
cations with a 0.7- and 0.6-fold ratio of beads to sample volume. Li-
braries were transferred to the research core unit genomics (RCUG)
of Hannover Medical School for quality control via Bioanalyzer and
analysis by Illumina sequencing on flow cells with 1 or 15 million
clusters each. Protocols regarding quality control (QC) and library
preparation by RCUG can be provided upon request. Bioinformatic
steps were generally performed as described by Berry and col-
leagues.'' Modifications are described in Ha et al.*® The individual
files were aligned and annotated to the human genome (hg38). All
15,713 UISs are listed in Table S8. Pool size estimations of resampled
material from patients 1, 2, and 3 used the Chapman estimator,
described in Table $9.*°
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