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Pioneer Perspective

Vector Integration and Tumorigenesis

Christof von Kalle,"? Annette Deichmann,"? and Manfred Schmidt"?

The Beginning

WITH SOME EARLY MOLECULAR WORK in oncology and
virology in Harald zur Hausen’s lab in Heidelberg,
Germany, a background in internal medicine and oncology
(courtesy of learning to treat Hodgkin’s disease from Volker
Diehl, Cologne, Germany), I had developed a fascination
with stem cell transplantation as a way to treat otherwise
intractable diseases in humans. So I jumped at the opportu-
nity to work on a gene therapy project in Rainer Storb’s
division at the Hutch in Seattle, together with Hans-Peter
Kiem and the late Friedrich Schuening.

Gene therapy was all the rage of the day; many people
convinced—or trying to convince others—that gene transfer
would solve many of the major medical problems of hu-
mankind. My own view, under the influence of Rainer’s sharp
scientific wit and guidance, was that perhaps the stably inte-
grating retrovirus vectors, biologically inert as we thought
they were, could at least help decipher the structure of human
hematopoiesis. At the very least, they could help to understand
its regeneration after hematopoietic stem cell transplantation—
that meant as soon as we would succeed making them enter
human blood-forming stem cells in significant numbers.

| Did Not Do It

All of what will be discussed in the next few pages is the
result of team science, working together, throwing ideas
back and forth, and several years of frustrating but important
tinkering interrupted by innovative spurts. Single-molecule
precision is hard work, punishing work, as well as wet lab
and very high-intensity dry lab work on the computer 24/7.
It is their work and pride, not mine: Manfred, Cynthia,
Annette, Ali, Anna, Anne, Christine, Eliana, Kerstin, Raf-
faele, Richard, Simone, Uwe, and many, many others.

The Behavior of Retroviral Vectors

Integration of retroviral vectors into the host genome re-
sults in a unique fusion sequence of the provirus with the
genome sequence that will be passed on to all progeny cells.
This vector—genome fusion sequence serves as a molecular
marker of a single cell, allowing the determination of the
number and clonal contribution of individual gene-modified
cells (Scherdin et al., 1990; Collas et al., 1996). Such

clonality analyses can be applied in preclinical and clinical
gene transfer studies to investigate the physiology of hema-
topoiesis and the biology and pathogenesis of cancer (Dilloo
et al., 1996; Kohn, 1997; Rosenberg et al., 1997). They allow
conclusions about self-renewal capacity, differentiation ca-
pacity, and long-term activity of initially transduced cells
(e.g., hematopoietic stem and progenitor cells) and the de-
tection of vector-induced side effects (Guenechea et al.,
2001; Lemischka and Jordan, 2001; Hacein-Bey-Abina et al.,
2003a, 2008; Schmidt et al., 2003, 2005; Glimm et al., 2005;
Ott et al., 2006; Howe et al., 2008a).

Admiring the purity and simplicity of the polymerase
chain reaction (PCR) (Mullis e al., 1986) encouraged me to
try and solve our little gene vector insertion problem at hand
by hard thinking before venturing into broad experimenta-
tion. Some say PCR is just the right amount of molecular
biology that medical doctors can still understand. More
importantly, the considerations on the efficiency of poly-
merase, which is close to one (Saiki ef al., 1988), reprodu-
cing a copy from each template at every cycle, made it
instantly clear to me (an MD by training) that a process
could be generated for sequencing unknown DNA segments
adjacent to known sequences also with an efficiency of close
to one, if the polymerase would be the only or the first
enzyme in the order of steps of a strategy. None of the
protocols like inverse PCR (Silver and Keerikatte, 1989) or
ligation-mediated PCR (Pfeifer et al., 1989) or any other
protocols to characterize unknown flanking DNA we knew
had succeeded to address this problem, making them ineli-
gible for the analysis of highly complex mixtures, low copy
numbers, or large clonal diversity.

How Hypermutation of B Cells Can Influence
Retrovirus Sequencing

Ralf Kiippers (Essen, Germany) is a brilliant geneticist
and immunologist from the school of Klaus Rajewski
(Harvard, Boston), as straight as they come, and discussions
with him are always enlightening and beautiful—all con-
tents, no politics. Jan and his team were trying to figure out
the role of immunoglobulin hypermutation in B cell immune
responses, reasoning that capturing and sequencing open
DNA strands from B cells should tell them when, where,
and why B cell immunity readjusts to its proper targets.
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Trying to write a convincing grant proposal on insertion site
sequencing, I discussed with him our desire to more directly
sequence such events than by cloning. He made me aware of
the work by Mueller and Wold (Mueller and Wold, 1989)
using ligation of abundant oligonucleotides for cloning and
direct sequencing of any unknown DNA strand.

My Little Eureka Moment

From the available literature and our own set of experi-
ments, we had figured out that the efficiency of ligating
strands of DNA in a reproducible order and fashion was
indeed much worse than in the ideal world of polymerases,
around 1% of available molecules or less. The efficiencies
of combinations of DNA restriction digests, purifications,
and then ligations were even much more catastrophic. One
morning in 1997, while in the shower getting ready for my
day job as a physician on the intensive care unit, I went over
the different steps of obtaining an amplifiable stretch of
DNA around an insertion site once more in my mind. It
must be in there somewhere, it must be in there some-
where . ... Formerly preoccupied with the idea of obtaining
known DNA sequences and both ends of the site to be
discovered, I realized, all of a sudden, that we could harness
the superior efficiency of polymerases for writing not an
exponential, but at least a linear, multiple number of copies
for each insertion event prior to engaging less efficient steps
in the procedure, offsetting the later losses early on. Let us
worry about the second strand later, I thought. My skin was
a bit wrinkled, and I had no time for breakfast, but the idea
proved kind of useful.

Manfred Schmidt immediately figured out that, all things
combined, it would take 50-200 cycles of linear amplifi-
cation to generate a number of copies that would bring the
likelihood of discovering each individual event into the
vicinity of one. The advantage of that scenario was that we
could now prepare a second strand, restriction digest, and
ligation for a much more robust double-stranded technol-
ogy: the idea of linear amplification-mediated (LAM) PCR
was born. It allowed the precise characterization of pro-
viral insertion flanks directly from patient samples down to
the single-cell level (Schmidt er al., 2002, 2007). This
method has also allowed for the first time the compre-
hensive determination of the clonality in hematopoietic
repopulation after transplantation in humans, helping, as
we hoped, to render gene therapy clinically feasible, safe,
and efficient.

Trashed, Scooped, and Still Happy ...

It still took a couple of man-years of experimentation to
figure out all the parameters to really make it work as of
then. To make things worse, the department we were
working for had fallen on hard times; our funding threatened
to go away completely. In addition, we of course had not
invented the principle of insertion site analysis in gene
transfer as such. Jan Nolta’s extremely elegant article in
PNAS showed the feasibility of clonality analysis in a xe-
notransplantation experiment (Nolta et al., 1996).

We believed in the LAM-PCR idea, with the potential of
the precise characterization of proviral insertion flanks
directly from patient samples down to the single-cell level.
In our first experiments, we observed promising results: the
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competitiveness of the amplification reaction in polyclonal
samples seemed to allow a fairly quantitative analysis of
clone copy numbers as long as the fragment size was in the
same ballpark. More information must be in there some-
where, we figured, and started collaborating with Cynthia
Dunbar at the NIH and Hans-Peter Kiem at the Hutch, who
had the most advanced large animal models for gene
transfer. With these analyses it could be shown that he-
matopoiesis in nonhuman primate gene-marking models
(rhesus monkey and baboon monkey) is polyclonal and
driven by long-term active clones. It has further been
demonstrated that the initial transduction occurred also in
primitive hematopoietic progenitor and stem cells
(Schmidt et al., 2002). This method allowed the compre-
hensive determination of the clonality in hematopoietic
repopulation after transplantation in nonhuman primates.
The long-term follow-up suggested that clonal activity
in vivo is influenced to some extent by the retroviral in-
sertion (Schmidt et al., 2002; Hematti et al., 2004; Calmels
et al., 2005).

Furthermore, we examined the clonality of gene-
corrected cells in Don Kohn’s first successful admirable
clinical gene therapy trial treating adenosine deaminase
deficiency (ADA-SCID). The treatment had worked on a
percentage of the patients’ cells long term but did not result
in complete correction of the genetic defect (Kohn et al.,
1998). With LAM-PCR it could be shown that the lym-
phopoietic regeneration in both patients remained stable but
mono- to oligoclonal. In contrast to later trials in X-SCID,
no malignant monoclonal cell proliferation could be ob-
served. T cell receptor analyses could demonstrate that most
of the gene-modified cells originate from a prethymic stem
or progenitor cell, and that the LAM-PCR works also on
human peripheral blood leukocytes: It is in there (Schmidt
et al., 2003)!

In 2000 the first therapeutically successful clinical gene
therapy was carried out on SCID-X1 patients—a great
success for Marina Cavazzana-Calvo and Alain Fischer
from the Hopital Necker in Paris (Cavazzana-Calvo et al.,
2000) and for the whole field of gene therapy. Shortly
thereafter, Adrian Thrasher and Bobby Gaspar from the
University College of London reached the same success in
their SCID-X1 trial (Gaspar et al., 2004). Insertion site data
provided the first molecular evidence that gene-corrected
CD34+ cells with both lymphomyeloid potential and self-
renewal capacity are involved and can maintain blood for-
mation (Schmidt et al., 2005).

Sailing the Integrome with a Genomic Map

Based on the advent and public availability of the almost
complete murine and human genome sequence in 2002 and
2003, the characteristics of insertion of viral vectors have
been extensively reevaluated (Schroder et al., 2002; Wa-
terston et al., 2002; Wu et al., 2003). Frederic Bushman and
his group have put a lot of effort into this, especially regarding
the exploration of the wild-type virus insertion patterns.
These studies have not only refuted the theory that retroviral
integration is a more or less random event but also identified
significant integration preferences for different retroviruses.
For the human immunodeficiency virus type 1 (HIV-1) and
derived vectors, it has been shown that gene-coding regions
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are preferred integration sites (IS): about two-thirds of all
integrates were uniformly distributed within gene regions
(Schroder et al., 2002; Mitchell et al., 2004). In contrast,
oncoretroviral vectors derived from murine leukemia virus
(MLV) or spleen focus-forming virus showed a significant
accumulation of IS around the transcription start site of a
gene and in gene regulatory CpG islands (Wu et al., 2003;
Mitchell et al., 2004). This integration preference of MLV is
found also in human hematopoietic cells in the xenograft
model and in clinical trials (Laufs et al., 2003; Glimm et al.,
2005; Ott et al., 2006; Recchia et al., 2006; Aiuti et al.,
2007; Cattoglio et al., 2007; Deichmann et al., 2007,
Schwarzwaelder et al., 2007). However, the oncoretroviral
vector ASLV, which derives from avian sarcoma leukosis
virus, showed a random, uniform distribution over the entire
genome (Mitchell et al., 2004).

One thing that dawned on us in the early days of LAM-
PCR, however, was not to buy too deeply into the details on
biological inertness of retroviral vectors. I had initially
sought to save a copy of every article on gene therapy that
was published but had rapidly given up on that task in favor
of electronic searches that had recently become available.
Early on, I had stumbled on the wide body of literature
published by expert retrovirologists describing more or less
each brand of insertional virus as an ideal tool for inducing
and studying mutagenesis in living cells. At the time, the
clinical gene therapy field still was in a bit of denial on this
particular subject.

Be that as it may, we reasoned, to obtain the exact lo-
cation where insertional vectors integrated should be done in
a large-scale analysis also in patient samples, being highly
informative both for the purpose of barcoding individual
stem cell progeny themselves and to understand the muta-
tional side effects of genetic transfer, should any develop.

At that point, in June 2002, one of our wonderful, spirited
discussions and collaborations with Christopher Baum
and his team brought about the startling discovery that a
single retrovirus insertion can initiate a sequence of devel-
opment leading to malignant clonal outgrowth.

The End of the Beginning

Unfortunately, and completely unfairly for Alain and his
team, the beautiful X-SCID trial brought a rude awakening,
demonstrating the influence of insertional mutagenesis
caused by the vector insertion. Four of the nine patients
developed T-cell leukemia because of vector insertion
(Hacein-Bey-Abina et al., 2003a). The vector used in this
trial was based on a gamma-retroviral MLV vector con-
taining complete long terminal repeats (LTRs). These LTR
regions contained a powerful enhancer that was able to
activate the neighboring proto-oncogene LMO2 (Hacein-
Bey-Abina et al., 2003b).

The pluripotency and long-term activity of individual
gene-modified clones can be monitored by a clone-specific
tracking PCR. In conjunction with provirus-specific primers
from the LTR region, the detected genomic insertion se-
quence serves as a template for the production of primers.
The quantitative assessment of the contribution of individual
clones within the examined material can be determined by
simultaneous coamplification (QPCR) of an artificial internal
standard that has shortened by a few base pairs.
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From 2002 on, depth and precision of insertion site
studies increased steadily, showing that a significant corre-
lation between transcriptional activity and HIV-1 and MLV
vector insertion exists (Mitchell er al., 2004; Deichmann
et al., 2007; Schwarzwaelder et al., 2007). It has further
been demonstrated that insertion of MLV vectors occurs
significantly more frequently in common fragile sites (Be-
ster et al., 2006) that are correlated with chromosomal
breakpoints in tumors (Popescu, 2003). The insertion pro-
cess of retroviruses and their derived vectors is obviously
not only influenced by the accessibility of the euchromatin.
Rather, there must be complex mechanisms that include
active binding of the preinsertion complex to cellular DNA
motifs or DNA-binding proteins (Bushman, 2003). For the
insertion of lentiviral vectors, it has been shown that lens
epithelium-derived growth factor (LEDGF/p75) is respon-
sible for the insertion in actively transcribed gene regions
(Ciuffi et al., 2005). Recently, bromodomain and extra-
terminal (BET) proteins have been validated as MLV in-
sertion targeting factors (De Rijck et al., 2013). Wang et al.
could demonstrate a clustering of gamma-retroviral IS in
enhancer and promoter areas associated with posttransla-
tional histone modifications and RNA polymerase II binding
(Wang et al., 2010).

Fine? Refine, Find, Define!

LAM-PCR development still had and has further life in
it. The recognition motifs for the enzymes used are not
uniformly distributed throughout the genome; a proportion
of insertion sites in transduced samples could not be rec-
ognized by insertion site analysis using LAM-PCR. Too
large of a distance (>1kb) to the nearest restriction site
leads to inefficient amplification of the PCR products; very
short distances (<20-30bp) generate, on the other hand,
fusion sequences that are too short to be aligned correctly
to the reference genome. To maximize the accessibility of
genomic insertion sites, we therefore went on to model
LAM on genome-wide restriction sites as well as doing
away with restriction enzymes altogether (Gabriel et al.,
2009).

The establishment and the use of high-throughput next-
generation sequencing technologies combined with the in-
dividual marking of nonrestrictive (nr) LAM-PCR products
by barcoding enabled the simultaneous sequencing of a
large number of different PCR products (Paruzynski et al.,
2010). The number of obtained sequence reads of an indi-
vidual cell clone can be used to estimate its individual clonal
contribution.

Throughout these first “‘big data’ years, David Williams
has been our wonderful mentor and staunch supporter,
helping us to accomplish scientifically and clinically
meaningful output and getting things organized as well.

One Log More Every Season

The advent of the information from the human genome
project on the web was an incredible boon to our field. Even
though in the beginning the information was not very pre-
cise (e.g., we had to readjust the coordinates of the LMO2
gene in the available release by realigning Thomas Boehms
original exome sequences), the human and murine genome
projects had thrown on the light switch for gene therapy’s
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little needle in a haystack project in a very big way. Even
more, the availability of high-throughput devices for se-
quencing had allowed us to process larger and larger
amounts of materials and information, arriving from a small
random sampling to a more complete repertoire analysis of
many, eventually all insertion events present in a system.

This will provide new possibilities to detect the clonal
repertoire of a sample. Because of the currently decreasing
sequencing costs, the enrichment of the proviral vector se-
quences combined with subsequent direct sequencing of the
DNA is manageable (Okou et al., 2007; Porreca et al.,
2007). The first promising experiments have been carried
out also in our laboratory. We enriched the integrated vector
sequences with custom-designed baits and were able to
detect the insertion sites by direct genome sequencing on a
third-generation sequencing platform (unpublished results).
In the future, whole-genome sequencing for the detection of
clonality will play a crucial role.

With the exponential increase of sequencing data, the
need for fast and reliable analysis pipelines was high and
depended upon strong bioinformatics tools. We and others
have therefore developed analysis pipelines such as HISAP
(Arens et al., 2012), QuickMap (Appelt er al., 2009), or
SeqMap (Peters et al., 2008) for the characterization of in-
sertion sites. These pipelines allow for trimming of se-
quences, clustering to reduce redundancy, readout of read
counts, and alignment to a reference genome to obtain the
precise genomic location.

Really brilliant people (not all MDs then, probably) by
now had devised wonderful strategies that allow the statis-
tical comparison of the experimental insertion site profile
with the expected profile, considering the typical gamma-
and lentiviral distribution of insertion sites (De Ridder et al.,
2006; Abel et al., 2007, 2011; Berry et al., 2012). Bioin-
formatics is very important for a comprehensive analysis of
such a large number of sequencing data and often the bot-
tleneck for a fast analysis of the data.

The monitoring of vector insertions has been expanded
also to other vector types such as adeno-associated vectors
(AAV). We performed such analysis on a clinical trial for the
treatment of lipoprotein lipase deficiency (LPLD). This
clinical trial led to the first approval and marketing autho-
rization of a gene therapy vector (Glybera) in the Western
world by the European Medicines Agency. As expected, the
majority of the vector-fusion sequences represented episomal
concatemeric AAV rearrangements and showed large dele-
tions of the vector-inverted terminal repeat sequences (Nakai
et al., 2003; Inagaki et al., 2007; Li et al., 2011; Nowrouzi
et al., 2012). For the analysis of the AAV concatemers, we
designed a specific analysis pipeline that allows the identi-
fication of unique genomic insertion sites. In contrast to other
insertion studies, the insertions were distributed throughout
the genome with no preference for gene regions or other
regulatory regions. But we could identify AAV insertion
hotspots within the mitochondrial genome in samples with
intramuscular injection but not in samples with intravenous
injection of the vector (Kaeppel et al., 2013). This finding
might be useful for the treatment of mitochondria-based
disorders by AAV-mediated therapies (Yu et al., 2012).

On the wet lab side, we have generated amplicon se-
quencing protocols for all types of high-throughput ma-
chinery we could lay our hands on. The reproducibility of
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these systems has allowed us and the field to use random
sizing of DNA samples, getting away from the artifacts of
restriction enzyme digestion and quantification by electro-
phoresis. These advances together with one-touch pipelines
for the analysis of fragments have led to consistent growth
in our capacity and precision to analyze and understand data
and insertional repertoires. Rapidly, these repertoire analy-
ses will encompass the complete vector and the larger vi-
cinity of each event. Literally, over the last decade the
ability to study insertion has increased by more than a log
for each season, much to the dismay of some of our younger
lab members. “Considering that we are analyzing more
reads in one afternoon now than in the first five years of
doing this,” calculated one of our team members recently,
“we could have spent the first six years of this project on
the beach, with very little difference....”” Or so it seems.

Translation into the Clinic

All these activities have allowed a comprehensive anal-
ysis of the clonal inventory in human gene therapy trials
starting from our early days in 2003 up to now. Severe side
effects played a major role in this history. This analysis has
matured gene therapy with all types of vectors, making it
better. In 2002, the first proof of vector-mediated malignant
transformation was observed in a mouse model, with LAM-
PCR results confirming this finding (Li et al., 2002). In
2003, we could dissect the association between LMO?2 in-
tegration and associated leukemias in the two first patients
of the successful SCID-X1 trial (Hacein-Bey-Abina et al.,
2003a,b). Two other patients were followed in this trial, one
patient in the London trial. Fortunately, in four of the
five patients the leukemias could be treated successfully.
To know where and why a vector goes is, in essence, the
equivalent of classical pharmacodynamics in gene therapy
studies. This is now being performed in many preclinical
and clinical gene therapy trials to monitor in vivo the safety
of existing and new vectors as recommended by the national
regulatory authorities worldwide.

Because of the severe side effects in the first successful
SCID-X1 study, intensive studies of vector insertion sites
were carried out for other trials. The overall aim was to
improve the safety of gene therapy and to monitor the
clonality of gene-corrected cells in the treated patients to
make the therapy as safe as possible.

The activation of proto-oncogenes by gamma-retroviral
vectors containing a full LTR region was also observed in a
second clinical trial treating SCID-X1 patients (Howe et al.,
2008b) in a gene therapy trial for the treatment of chronic
granulomatous disease (Ott et al., 2006; Stein et al., 2010)
and for the treatment of Wiskott—Aldrich syndrome (Boztug
et al., 2010; Avedillo Diez et al., 2011; Braun et al., 2014).

Several other clinical trials used lentiviral vectors for
gene transfer. The first clinical trial using HIV-1-based
vector systems was applied for the treatment of X-linked
adrenoleukodystrophy, conducted by Nathalie Cartier and
Patrick Aubourg in Paris. The identification of identical IS
in the myeloid and lymphoid cell fraction could prove the
initial transduction of early progenitor cells. Our functional
insertion site analysis, the comparison of pre- and post-
transplant samples, and the analysis of preferred insertion
loci did not show any signs of a potential vector-induced
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expansion of gene-corrected cell clones. This and the
missing in vivo expansion of gene-corrected cells make
lentiviral vectors promising vehicles for various transgenes
(Cartier et al., 2009).

Current clinical protocols for the treatment of Wiskott-
Aldrich syndrome or metachromatic leukodystrophy use a
self-inactivating (SIN)-lentiviral HIV-derived vector to
overcome the problem of insertional mutagenesis as has
been successfully translated in San Raffaele, Milan. This
vector lacks a strong enhancer in the LTR region; instead, it
contains a weak internal promoter that allows the tran-
scription of the transgene (Aiuti et al., 2013; Biffi et al.,
2013). These groundbreaking vector safety improvements
were developed in the 1990s in Inder Verma’s lab at the
Salk Institute by Didier Trono and Luigi Naldini. The fol-
lowing years have shown that lentiviral and retroviral SIN
vectors are really much more inert to insertional mutagenesis
effects than the first generation of gamma-retroviral vectors.

A fascinating possibility is site-directed gene therapy
mediated by designer nucleases such as zinc finger nucle-
ases (ZFNs), transcription activator-like effector nucleases,
or the Crisp/Cas9 system. Our method for insertion site
analysis is able to identify the activity of such designer
nucleases not only for on-target but also for off-target in-
sertion sites. Together with Luigi’s group, we have per-
formed a comprehensive analysis of the off-target activity of
ZFNs for the human genes CCR5 and IL2RG for the first
time (Gabriel et al., 2011). The precision of this determi-
nation of off-target insertion events is very important for the
further development of this technology.

Outlook

With the implementation of more and more efficient next-
generation sequencing technologies, hundreds of thousands of
events are now visualized in preclinical and clinical clonal
repertoire studies. A sophisticated analysis of this vast amount
of accessible sequence data requires excellent practical and
bioinformatical tools and skills. As in former days, the re-
trieval of the relevant biological (and clinical) information
about vector-mediated influences on proliferation and selec-
tion of gene-corrected cells has remained the same.

I may hypothesize that we can learn from the ongoing
cancer omics studies that currently revolutionize our knowl-
edge of the molecular mechanisms driving primary cells into
malignant transformation. The steadily growing increase of
sequence output by minimizing costs renders it indispensable
that insertion site sequencing will be accomplished in the near
future by direct-sequencing approaches, avoiding excessive
PCR steps prior to sequencing. Targeted vector genome and
insertion sequencing as known from current all-exome se-
quencing studies should allow comprehensive and reliable
quantitative measurements on the diversity of the analyzed
insertion site pool, individual clonal contributions, and even
vector genome stability.

At the beginning of the gene therapy era, this new form of
treatment suffered a lot of setbacks, starting with ineffective
outcomes, and some serious adverse events caused by in-
sertional mutagenesis. All the more amazing and en-
lightening it is how much progress has been made over the
last decade—starting with the exponential improvement of
sequencing technologies accompanied by decreasing costs,
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the strong development of bioinformatical tools, and, of
course, the fascinosum of targeted editing. And it is great to
see what potential all these efforts carry for patients with
otherwise incurable diseases. I would never have dreamed of
such an acceleration of development.
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