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High-throughput monitoring of integration site clonality in
preclinical and clinical gene therapy studies

Frank A Giordano', Jens-Uwe Appelt??, Barbara Link? Sebastian Gerdes?, Christina Lehrer? Simone Scholz?, Anna Paruzynski? Ingo Roeder?,
Frederik Wenz', Hanno Glimm?, Christof von Kalle?, Manuel Grez®, Manfred Schmidt? and Stephanie Laufs?

Gene transfer to hematopoietic stem cells with integrating vectors not only allows sustained correction of monogenic diseases but
also tracking of individual clones in vivo. Quantitative real-time PCR (gPCR) has been shown to be an accurate method to quantify
individual stem cell clones, yet due to frequently limited amounts of target material (especially in clinical studies), it is not useful for
large-scale analyses. To explore whether vector integration site (IS) recovery techniques may be suitable to describe clonal contri-
butions if combined with next-generation sequencing techniques, we designed artificial ISs of different sizes which were mixed to
simulate defined clonal situations in clinical settings. We subjected all mixes to either linear amplification-mediated PCR (LAM-PCR)
or nonrestrictive LAM-PCR (nrLAM-PCR), both combined with 454 sequencing. We showed that nrLAM-PCR/454-detected clonality
allows estimating gPCR-detected clonality in vitro. We then followed the kinetics of two clones detected in a patient enrolled in a
clinical gene therapy trial using both, nrLAM-PCR/454 and gPCR and also saw nrLAM-PCR/454 to correlate to gPCR-measured clonal
contributions. The method presented here displays a feasible high-throughput strategy to monitor clonality in clinical gene therapy

trials is at hand.
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INTRODUCTION

Hematopoietic stem cell (HSC) gene therapy has provided sub-
stantial benefits to patients suffering from severe combined immu-
nodeficiency (SCID),"* chronic granulomatous disease (CGD)°
adrenoleukodystrophy,® Wiskott-Aldrich syndrome,” and human
immunodeficiency virus.?

Nevertheless, this innovative and promising therapy bears
the risk of inducing clonal imbalance and leukemia.®™? Such
side effects eventually arise as direct consequence of (proto)
oncogene activation by the promoter and enhancer elements
located in the long terminal repeats (LTR) of the transfer vectors.
A number of studies showed that integration of these vectors
is nonrandom a priori (reviewed in ref. 13), but also that in vivo
selection of clones that carry integrations located in recur-
rently targeted regions (so called “common” integration sites)
occurs." [t is believed that only a small fraction of transplanted
HSC actually carries survival-supporting integrations in “com-
mon” integration sites (IS) and even fewer might then contrib-
ute to hematopoiesis in a long-term manner.’® Furthermore, to
outcompete other “normal” clones, additional factors including
mutations are likely necessary for conferring significant growth
advantages to these few clones.'®'” However, it remains unclear
how clonal outgrowth is concerted, e.g., after second-hits, and,
even more important, how uncontrolled proliferation can be

detected before the clinical appearance of the transplanted indi-
viduals starts to deteriorate.

Cells transduced with oncoretroviral and lentiviral vectors are
individually marked by a highly characteristic insertion site profile.
Autologous transplantation studies in animal models and clinical
studies have the potential to shed light on issues such as the num-
ber of clones contributing to stable hematopoiesis, clonal succes-
sion, and lineage commitment. However, retroviral tracking studies
are often limited by insensitive detection methods, low numbers of
transplanted stem cells, and limited life span of immunodeficient
mice.

Screening for (potentially) harmful HSC clones can be achieved
using LAM- and LM-PCR (ligation-mediated PCR) combined with
next-generation sequencing techniques, where a special empha-
sis lies on directly quantifying individual clonal contributions using
the sequence retrieval frequencies (“read counts”) of individual ISs
over time."®'° Yet, although a suitable measure to identify dominant
clones, LAM-/LM-PCR-based IS read counting may be a rough esti-
mation and the mechanisms that skew the frequencies are to date
not fully understood.’*? Therefore, it is broadly accepted that domi-
nantly appearing clones have to be validated using an indepen-
dent and precise method, the gPCR (quantitative real-time PCR)—a
strategy that has already found its way into ongoing clinical gene
therapy protocols.
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As the number of users, the sample throughput and the variety
of kits and machines for qPCR constantly rises, potential sources of
error and artefact exist but are often neglected in daily laboratory
practice.’? Yet, in the light of the multitude of ongoing and novel
clinical HSC gene transfer studies, it is of highest importance to min-
imize operational and technical variability and, in consequence, to
apply uniform methodological and analytical standards.

Adhering to the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) guidelines,?? we
have previously established an integration-site specific gPCR that
allows to accurately and sensitively trace individual growth kinetics
of transduced HSC clones in clinical gene therapy applications.?*?*
However, quantification of individual clonal growth is dependent
on the IS that is present in the clone of interest. Thus, establish-
ing the assay can be challenging, especially since various vectors
exhibit preferences for inserting in or near to repetitive elements.?®
Furthermore, large amounts of sample material are required.

Recent studies have postulated that the progeny of a single gene-
marked clone may be quantified by counting the number of cor-
responding IS sequences recovered by linker-mediated PCR strate-
gies.’®192¢ To test this hypothesis, we have constructed artificial IS
standards (arlS) of different sizes (ranging from 50 to 500 base pairs
of size), which we mixed in various ratios to model balanced and
imbalanced clonality of hematopoiesis. We validated all arlS mixes
using gPCR and subjected them to linear amplification-mediated
PCR (LAM-PCR¥) and nonrestrictive LAM-PCR (nrLAM-PCR') fol-
lowed by amplicon sequencing using a 454/Roche system. We
then compared clonal contributions calculated from the number of
recovered reads to qPCR data to assess the robustness of the indi-
vidual estimation. Finally, we used sample material from a clinical
gene therapy study on CGD?® to prove the feasibility in the context
of in vivo gene therapy.

RESULTS
Design and validation of internal standards for definition of
size-adapted read count

In the current study, we sought to investigate whether combined
IS detection/sequencing techniques allow estimating clonal con-
tributions using predefined mixes of artificial internal standards
(arlS) of different sizes (Supplementary Figure S1a). Each arlS can
be cut using the restriction enzymes Plel and BsmAl and will deliver
an LTR-genome fragment. We have mixed different ratios of the
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different arlS. In mix A7 the ratios of arlS 25, arlS 50, arlS 100, arlS
300 and arlS 500 were balanced with a 20% contribution of each
arlS (Supplementary Figure S1b). In mixes H, |, and J, we wanted to
create an 10:1:1:1:1 ratio setting for the clone delivering the smallest
(arlS25 with 25bp in mix H), a clone delivering a medium-size (arlS
100 with 100 bp in mix ) and a clone delivering the largest LAM-CPR
fragment (arIS500 with 500 bp in mix J). These different mixes closely
reflect the situation in clinical IS analysis, where poly-, oligo-, and
monoclonal patterns were observed. The exact proportions of each
arlS in the mixtures were validated using gqPCR. This method was
validated before by our group allowing to detect the proportion of
an individual plasmid down to 10 copies in a total plasmid number
of 10° (ref. 24). Mix A7 should contain five arlS, each making up 20%
of all detectable clones. In this balanced mix, clonal contributions
ranged from 15.1+£0.8% to 25.6+1.8%. In the unbalanced mixes,
the dominant clone should make up 71.4% for arlS 25 in mix H, for
arlS 100 in mix 1 and for arlS 500 in mix J, respectively. In all mixes, we
verified the clonal contributions of the dominant clone which made
up 69.8+0.6% (mix H), 74.9+£1.9% (mix I) and 67.2+1.3% (mix J).
These gPCR data were then taken as the reference standard against
which the LAM-/nrLAM-PCR retrieved ratios was compared. Thus,
although we used two independent methods for the determination
of concentrations (NanoDrop and Agilent), we still obtained a fluc-
tuation of ratios when validating, revealing the high importance of
a thorough qPCR validation after mixing of plasmids.

Consistency of amplicon sequencing-based clonal assessment
LAM-PCR as well as nrLAM-PCR were repeated twice to assess the
reproducibility of amplicon sequencing-based clonal assessment
(Supplementary Figure S2). When counting LAM-PCR-recovered
amplicon sequence reads, we saw a correlation coefficient between
the two different runs of R? = 0.9294 (Figure 1a). For nrLAM-PCR, the
correlation was considerably higher (R* = 0.9992; Figure 1b).

Comparison of LAM-/nrLAM-PCR-based clonal assessment with
qPCR data

To find out whether LAM-PCR and nrLAM-PCR amplicons were
sequenced in relation to the individual clonal size and thus reflecting
the clonal contribution, we compared LAM-based read counts and
nrLAM-based read counts with qPCR data, respectively. While both
techniques detected all arlS clones mixed, several differences were
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Consistency of duplicate data. LAM-PCR (a) and nrLAM-PCR (b) were performed twice on each of the different mixtures. Following 454-based

sequencing and bioinformatical analysis of the read counts, the resulting clonal compositions of both duplicate runs were correlated in a scatter plot.
For each correlation, the linear regression equation and the Pearson correlation coefficient (R?) were calculated.
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noted. In the majority of cases, the LAM-PCR-based estimation of
clone copy numbers deviated significantly from the qPCR data, the
assessment detected a dominant clone if the flanking site was not
larger than 100 base pairs (Figure 2a). In line with the observation
that larger fragments are weakly recovered using biotin-streptavi-
din capturing, the largest arlS was significantly underrepresented
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in all experiments and, most importantly, in the mix with arlS 500
being the dominant clone. The same mixtures were measured with
nrLAM-PCR again compared with gPCR. In contrast to LAM-PCR
data, nrLAM-PCR turned out to deliver close-to exact ratios in most
clonal situations as measured by qPCR (Figure 2b). As expected,
the subsequent correlation analyses of both methods revealed a
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Figure2 Clonal compositions detected with LAM-PCR and nrLAM-PCR compared to qPCR. LAM-PCR (a) and nrLAM-PCR (b) were performed twice
and, following 454-based sequencing and bioinformatical analysis, clonal compositions were correlated with qPCR data (calculated from triplicates).
Error bars represent standard deviations. The compositions of the mixes obtained with LAM-PCR (c) and nrLAM-PCR (d) -based clonal assessment were
correlated in a scatter plot. For each correlation, the linear regression equation and the Pearson correlation coefficient (R?) were calculated.
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coefficient of determination for LAM-PCR versus qPCR of R? = 0.5828
and a considerably higher coefficient of determination for nrLAM-
PCR versus qPCR of R? = 0.9976 (Figure 2¢,d).

Detection of small clones and influence of background DNA

There is uncertainty whether or not background DNA may lower
the detection limit of nrLAM-PCR and LAM-PCR. To assess the ability
of both methods to quantify small clones, we established mixes L
and O, containing minimal amounts of artIS100. Additionally, to find
out whether the assays are biased by the presence of human DNA,
we also spiked 100 ng of genomic background (BG) DNA into both
mixes (Supplementary Figure S3). Both methods reliably detected
smallest clonal contributions in the range below 1% (detection of
artlS 100 in mix L: qPCR 0.7 £0.5%; LAM-PCR 1.4£0.5%; nrLAM-PCR
0.7 £0.2%) without being significantly skewed by background DNA
(detection of artlS 100 in mix L+BG: qPCR 0.3+0.01%; LAM-PCR
0.5+0.01%; nrLAM-PCR 0.4+0.1%; Figure 3). Similar results were
obtained in mixes with roughly 1% contribution of artlS100 (detec-
tion of artlS 100 in mix O: qPCR 1.9£0.02%; LAM-PCR 4.7 +2.2%;
nrLAM-PCR 1.2£0.07%; detection of artlS 100 in mix O+BG: gPCR
1.1£0.08%; LAM-PCR 1.3+0.2%; nrLAM-1.2£0.06%).

Clonal assessment using qPCR in a patient with CGD
To investigate if nr(LAM-PCR-based clonal assessment is also appli-
cable and reliable in an in vivo setting, we analyzed the clonal rep-
ertoire in a patient included in a clinical gene therapy study for
X-linked CGD (X-CGD). We designed a qPCR for the quantification of
two clones (“F02”and “A02") present in a patient.” One of the clones
(F02) was shown to be gaining clonal dominance which in turn led
to the development of MDS and myeloid leukemia."” Since the ISs
have already been identified previously, we extracted the vector-
flanking downstream sequences using the UCSC genome browser
and constructed LTR-genome junction sequences (Supplementary
Figure S4a,b), which were used to design primer sets thatamplify the
vector-genome junctions. Following cloning of the vector-genome
junction, plasmid amplification and copy number calculation, test-
ing of different primer pairs for specificity and cross-reactivity, ade-
quate pairs were selected and standard curves were established as
described before (Supplementary Figure S5).224

We first analyzed the individual kinetics in the peripheral blood
of one patient from ~3 months (d119) until 3.5 years (d1309) after
transplantation of gene-corrected HSC using qPCR (Figure 4a).
Between d119 and d245, we detected clone 87429 F02 to make
up between 0.5% (+0.01) and 0.7% (+0.01) of total hematopoiesis.
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Starting from d250-300, this clone expanded to 51.9% (+5.9) of total
hematopoiesis at day 560 and 45.6% (+2.3) at d924. Interestingly,
pancytopenia and mild hypocellularity in BM were first noted at
d840 and d990, respectively.”” On d990, loss of chromosome 7 was
first noted. Since then, the clone reached 65.1% (+11.3) on d1309,
when BM analyses were consistent with refractory cytopenia with
multilineage dysplasia. The patient underwent allogenic stem cell
transplantation about 6 weeks later (d1350). We also quantified the
clonal contribution of clone A02 to all cells. Similar to clone F02, the
clone initially contributed between 2.8% (+0.2) and 9.6% (£1.2) to
total hematopoiesis from d119 to d245 and ranged between 20 and
30% between d560 and d990. Six weeks before allogenic stem cell
transplantation (d1309), the clone abruptly retracted to 4.1% (+0.6).

Comparison of gPCR to LAM-PCR- and nrLAM-PCR-based clonal
analysis

We next aimed to compare the gPCR obtained values with LAM-
PCR and nrLAM-PCR-based clonal assessment in the analyzed
CGD-patient. Since LAM-PCR and nrLAM-PCR will only recover
IS-bearing cells/clones and deliver no information on the com-
plete hematopoietic cell pool, we initially quantitatively assessed
clonal contributions to the complete transgenic pool (expressed as
gp91Px-positive cells; Figure 4b,c). Of note, due to limited template
material, LAM-PCR and nrLAM-PCR were only performed once. All
three methods revealed a linear increase of the clonal contribution
of FO2 to the total transgenic population between d245 (qPCR: 0.9%
+0.01; nrLAM-PCR: 0.5%; LAM-PCR: 0.2%) and d1378 (qPCR: 78.2% +
7.5; nrLAM-PCR: 99.2%; LAM-PCR: 93.6%), indicating a constant loss
of competing clones since this clone is not significantly growing
in this period (as compared to the total cell pool, see above). A02
contributed to ~10-15% to the transgenic population until d1171,
when it was seen to contribute a maximum of roughly 34% with
qPCR (qPCR: 34.7% =+ 7.5; nr(LAM-PCR: 17.3%; LAM-PCR: 0%).

DISCUSSION
After the adverse effects seen in clinical gene therapy studies over
the past decade, a thorough workup of the biological events that
may cause clonal outgrowth has been initiated.”® The increased
safety profiles of novel, self-inactivating vectors that are now enter-
ing the stage have led to a variety of novel preclinical stem cell gene
therapy studies and subsequently to an increased need of feasible
high-throughput methods to monitor clonal compositions.

Several sophisticated and well-described techniques exist to
detect and track integration-bearing cells, most of which include
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Figure3 Clonal compositions detected with LAM-PCR and nrLAM-PCR compared to quantitative polymerase chain reaction (qPCR). LAM-PCR and
nrLAM-PCR were performed twice and, following 454-based sequencing and bioinformatical analysis, clonal compositions were correlated with gPCR
data. Mix L and mix O were analyzed with and without background DNA (BG).
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Figure 4 Quantitative polymerase chain reaction (qPCR)-measured
kinetics of two clones present in a gene therapy patient. (a) /n vivo
growth kinetics of two clones (F02, black curves and A02, gray curves)
were followed using qPCR for more than 1,300 days after HSC gene
therapy. Here, the clonal contributions in relation to all DNA containing
cells in the peripheral blood (i.e., numbers were normalized to hEpoR)
are shown. na, sample not analyzed. Correlation of clonal compositions
detected. qPCR, LAM-PCR, and nrLAM-PCR-based clonal assessments
of clone F02 (b) and clone A02 (c) are compared. qPCR was performed
in triplicates (error bars denoting standard deviations), LAM-PCR and
nrLAM-PCR were performed once due to limited availability of template
material. * Clone not detected at this time point. na, sample not analyzed.

initial restriction digests, biotin capturing of vector-flanking sites,
linker ligation, and fragment amplification.’®?72-3 Yet, the use of
these techniques for estimating the clonal kinetics of gene-trans-
duced cells relies on three assumptions: (i) a low multiplicity of infec-
tion results in <1 integration per stem cell, (i) the genomic position
of the integration in the genome of such a progenitor “marks” the
clones derived thereof and (iii) for each of the individual clones,
the number of recovered identical (redundant) IS sequences (e.g.,
by next-generation sequencing) rises direct proportionally with
its growth. Especially, the latter point is currently controversially
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discussed as biased IS recovery due to the use of restriction
enzymes was reported.’? For example, in a recent study, we inves-
tigated MSCV-MGMTP*“*-transduced bone marrow progenitors
from mice that underwent alkylator treatment." Monoclonality
in one mouse was discovered using LM-PCR in combination with
(454-based) next-generation sequencing and subsequently con-
firmed by gPCR. However, when measuring contributions of two
nondominant clones, read count analysis showed to considerably
underestimate clonal contributions, indicating a skewed image of
clonality, most likely due to lack of restriction enzyme cleavage sites
around the inserted vectors as already seen in our analyses of the
clonal composition of peripheral blood from a patient of the British
SCID-X study.®®

With the development of a nonrestrictive LAM-PCR (nrLAM-PCR),
IS recovery has become independent of restriction motif distribu-
tion in the host cellular DNA that is flanking an integration.®'83637
We therefore hypothesized that each of the multiple integrations
present in a complex sample should be thus having equal opportu-
nities to be drawn by nrLAM-PCR, allowing a good estimation of the
contributions of each clone. To test this hypothesis, we constructed
artificial ISs (arlS) of different lengths that are flanked by restriction
motifs in 5" and 3’ direction. These arlS were cloned into standard
plasmids and several mixes were made to simulate balanced clonal-
ity, as well as oligoclonality of small, medium and large fragment-
delivering integrations (i.e., clones). Here, especially LAM-PCR
showed the expected restriction and amplification bias.*® Several
reasons could explain this: First, the recovering rate by biotin/strep-
tavidin-based DNA capturing will be considerably lower for larger
fragments due to secondary structures that either prevent efficient
primer binding or sterically interfere with the magnetic capturing
process. Second, the amplification efficiency during nested PCR
(after ligation of the adapter) will be eventually lower for larger
fragments than for smaller fragments. Although this bias might be
neglectable in the range up to 1,000 bp, LAM-PCR has to be seen as
a per se competitive reaction. Consequently, the parallel amplifica-
tion of insertion sites will always result in favored amplification of
smaller fragments. Third, the 454-based sequencing which we used
to estimate clonality here, also relies on a primer-based immobiliza-
tion of ssDNA fragments in the reaction chamber, which putatively
also favors enrichment of easily accessible (smaller) fragments over
larger, potentially convoluted fragments. Consequently, oligoclonal
fragments were detected in the two mixes with fragments of 25
and 100 bp flanking site length and underrepresented in an oligo-
clonal mix with a dominant 500 bp flanking site. This is fully in line
with the above mentioned in vivo findings and again underlines
the necessity to use multiple different enzymes to enable higher
genomic accessibility in gene therapy studies.® In contrast, nrLAM-
PCR results revealed the nature of the clonal mixes we established
(R*~1) and nrLAM-PCR derived clonal contributions were also nearly
exactly confirmed in a duplicate run (R*~1), proving the high reli-
ability and high reproducibility of the assay.

After these encouraging findings we set out to test whether the
assay is also revealing a reliable clonal image in an in vivo setting. Two
patients were enrolled in the German CGD-trial and the analysis of
retroviral insertion sites by LAM-PCR has been described before.> In
one patient, the polyclonal population became clonally restricted
and dominated by clones containing retroviral integrations in the
MDS1-EVI1 gene locus. We used peripheral blood samples of this
patient to quantitatively assess the growth of two clones, one of
which was etiologically linked to the development of MDS and AML.
The integrations present in the clones were described earlier which
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enabled us to quickly establish site-specific qPCRs which we used as
gold standard. Using this “gold standard” we saw the clone that was
etiologically linked to the development of MDS and AML made up
more than 50% of total hematopoiesis at times long before pancy-
topenia and hypocellularity in BM were first noted.'”” One might sug-
gest that there is a “threshold clonality” located between 50 and 65%
(the timepoint of loss of chromosome 7p), which if crossed, causes
the initial symptoms of the disease. This correlates to data from clon-
ality screens in patients with RUNX-mutated acute myeloid leuke-
mia, where clonal sizes reached up to 50% at the time of the initial
diagnosis.®

When correlating gPCR data to nrLAM-PCR-based clonal assess-
ment, we were only able to perform one run since template mate-
rial of the clinical study was scarce. However, based on our findings
from the duplicate runs, we assumed that even repetitive sampling
will not reveal significant deviations. Although the correlation was
much weaker than in the highly artificial in vitro setting, possibly
indicating the strong influence of background DNA on the assay,
oligoclonal outgrowth (of clone F02) as well as normal clonal fluc-
tuations (clone A02) were distinguishable. In contrast to recent
comparisons of gPCR- and LM-PCR/454-based clonal assessments,
clonality is rather “over-estimated” by using nrLAM-PCR and 454
sequencing.

Taken together, we here present a valid strategy for large-scale
clonal assessments in gene therapy studies. Our findings on two
clones present in a gene therapy patient strongly advocate the
necessity to tightly track and robustly quantify suspicious clones in
current and future gene therapy studies.

MATERIALS AND METHODS
Design of artificial IS standards

Five artificial IS standards (arlS) were designed (Supplementary
Figure S1a), each consisting of the 3" end of a MLV-derived LTR fol-
lowed by a 50-500 bp spanning flanking sequence that is full-length
mapping to the human genome (Supplementary Table S1). The
flanking sequences had to fulfil several criteria: a BLAST or BLAT of
a sequence®*# had to retrieve an unambiguous (max score >> 2nd
score) or unique hit in the human genome, and match with 100%
identity (Supplementary Table S2). Furthermore, the sequences had
to have low rates of repetitive element content. All arlS were then
in vitro-synthesized into the multiple cloning site of a standard clon-
ing vector (Eurofins MWG GmbH, Ebersberg, Germany) with Plel and
BsmAl sites flanking each arlS ensuring that the whole arlS fragment
can be cut out using any of these two enzymes. Each sequence was
validated by Sanger sequencing. Finally, the plasmids were amplified
in One shot Escherichia coli (Invitrogen GmbH, Karlsruhe, Germany)
and plasmid preparations were serially diluted to a stock concentra-
tion of 107 copies/pl. Each plasmid elution was double checked in
quality by a NanoDrop Photometer and a 2100 Bioanalyzer (Agilent
Technologies, Waldbronn, Germany). Absolute numbers of arlS plas-
mid copies were then calculated based on the concentration and the
molecular weight of the plasmid: MW = BPSpmid-insert - 330Da-2 .
Next, the weight per molecule (WPM in g/molecule) was calculated

by applying the formula WPM = .The concentration ¢ (in

6,022-10%
ng/ul) of the plasmid stock was used to calculate the copy number

c
1/ul)as CN=——.

(1/ul) WP

Mixtures of artificial IS standards

We established eight different mixes of arlS (A7, H, |, J, L, L+BG, O,
O+BG), whereas A7 reflected balanced clonal contributions and
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mixes H, | and J clonal imbalances. Mixes L, L+BG, O, and O+BG were
established to simulate minor clonal contributions (<1%) either
with (+BG) or without addition of 100ng/reaction background
DNA. Each mixture was confirmed by quantitative real-time PCR in
triplicates.

Real-time quantitative PCR of arlS

We used a modification of a quantitative real-time PCR (qPCR) assay
as described before by our group?2* to quantify the different mixes
described above. In brief, serially diluted arlS mixes, ranging from
107 to 10% copies/pl, were generated and assayed in triplicates on
a 384-well plate in a qPCR (LightCycler 480 Real-Time PCR System,
Roche Diagnostics, Mannheim, Germany) using the QuantiTect
SYBR Green PCR master mix (Qiagen, Hilden, Germany) and 5 pmol
of corresponding primers (Supplementary Table S3). The following
protocol was used: activation 15 minutes at 90 °C, followed by 40
amplification cycles (95 °C for 15 seconds and 60 °C for 60 seconds).
Crossing point (C) values were determined automatically using the
second derivative maximum mode (see LightCycler 480 Handbook
for details).

Recovery of ISs with LAM-PCR and nrLAM-PCR

LAM-PCR and nrLAM-PCR were performed as extensively described
before.'®?” For the recovery of arlS fragments with LAM-PCR, we
used Plel and BsmAl. The primers arlS-fw-bio were used for initial
capturing of cleaved fragments, arlS-fw-1 and LC1 for all first expo-
nential PCRs, arlS-fw-2 and LC2 for second exponential PCRs and
bar-coded primers TitA1-4 together with TitB-linker for preparation
of 454-sequencing (Supplementary Table S4).

IS counting based on 454 reads

All LAM- and nrLAM-PCR-recovered amplicons were purified and
“tagged” for subsequent 454-sequencing (Roche/454) using a bar
coding system suggested by the manufacturer. Each run delivered
several thousand sequence reads, which we initially subjected to
trimming and processing tools described before.?*4'42 |n brief, the
tools map each sequence read to the most recent version of the
human genome and subsequently count identical (redundant)
reads, which allows to subsequently calculate read ratios.”

qPCR on patient samples

Genomic DNA was extracted from whole blood using the QlAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany). Integration-site spe-
cific gPCR was then carried out with 100ng DNA in a volume of 10
pl under similar conditions applied for the gPCR of arlS (see above).
Two virus-genome junctions (i.e., two clones) detected with nrLAM-
PCR were amplified from nested PCR products (see above) with the
LTR-specific forward primer arlS-fw and the two flanking site-spe-
cific reverse primers F02-A (5-GGAATAAGTAACAGCAGATGGTTGAG)
and A02-A (5-GTTTTCAGAAAAAAAAG TTCTACAGG). To relate the
frequency of each clone on the total cell pool we used a qPCR fitted
to agenomic fragment of the human erythropoietin receptor (EpoR)
geneusingthe primers Epo-fw (5"-CTGCTGCCAGCTTTGAGTACACTA)
and Epo-rv (5-GAGATGCCAGAGTCAGATACCACAA). To analyze the
frequency of each clone in relation to the transgenic pool
we amplified a part of the gp91P" ¢DNA using the primers
gp91-f (5-GGTTTTGGCGATCTCAACAGAA-3’) and gp91-r (5"-TGTATT
GTCCCACTTCCATTTTGAA-3’). Following cloning of all PCR frag-
ments (0GEM-T Easy Vector System, Promega, Mannheim, Germany)
and transformation of plasmids into chemically competent E. coli
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(DH50c Subcloning Efficiency, Invitrogen, Carlsbad, CA), insert-pos-
itive plasmids were extracted and purified after overnight culture
(peqGOLD Mini Prep Kit, Peqglab, Erlangen, Germany). Plasmid DNA
concentration was measured in triplicates using DNA spectropho-
tometry (NanoDrop Technologies, Wilmington, DE). Absolute num-
bers of F02, A02, EpoR, and gp91°"* plasmid copies were then cal-
culated as described above.

Mathematical considerations for clonal size calculations in vivo
Clonal contributions have to be calculated, whereas the indi-

vidual contribution C__of a clone (the copy count is expressed as

Ng,.o) to the corrected cell pool N, P"* should be expressed as
one! Gp91

Ceonr = MG’\:;#;)) -100% withthe corresponding standard deviation
2
2
N, SD{N, sb {NG grphox }
SD{CCO,,} ~ (N clone ( fvzc one} + 2 P C-rota| rep-
Gp91ph°" clone Gp91ph°"

resents the share of a clone on all DNA-containing cells (0.5 NhEpoR
due to biallelic presence of the human EpoR gene in euploid human

cells) with Cryry = —299%)_.100% and the corresponding standard
0.5N(EpoR)
2
N, SD{Nore ¥ SD{0.5N,
deviation SD{Ctoral} =( clone ( { clane} + { EPOR}

O-SNEpoR chlone O-SngoR
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