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ABSTRACT

Lentivirus vectors (LVs) are efficient tools formgetransfer, but the nonspecific nature of tranegategration
by the viral integration machinery carries an immrrisk for genotoxicity. We modified the integoat
machinery of LVs and harnessed the cellular DNAkliestrand break repair machinery to integratesgjanes
into ribosomal DNA, a promising genomic safe harkite for transgenes. LVs carrying modified I-Ppol
derived homing endonuclease proteins were chaiaetein detail, and we found that at least 21% Ibf a
integration sites localized to ribosomal DNA whe¥ transduction was coupled to target DNA cleavdge.
addition to the primary sequence recognized byetidonuclease, integration was also enriched innchtio
domains topologically associated with nucleolittt@antain the targeted ribosome RNA genes. Targetfrthis
highly repetitive region for integration was nosasiated with detectable DNA deletions or negaitmeacts on
cell health in transduced primary human T cellse Tindified LVs characterized here have an oveoaller

risk for insertional mutagenesis than regular LYd aan thus improve the safety of gene and celtbknapy.



INTRODUCTION

Human immunodeficiency virus (HIV) 1 -based lentis vectors (LVS) are increasingly used in différgane
therapy trials ranging from the treatment of momigeliseases to cell therapy of cant&Despite being less
genotoxic than the more frequently used gammarietr®wectord LVs — like all integrating gene transfer
systems — possess a risk of causing undesired genewvents that can lead to new malignancies. The
genotoxicity risks of LVs are mainly related to af@t transcriptional activation or inactivation oéllular

genes and the induction of new splice variants pittentially oncogenic effects.

The HIV-1 integrase protein (IN) catalyzes permadni@corporation of vector-carried transgenes irte t
chromatin of host cell3It processes the viral long terminal repeats (TRéich flank the viral genome, so
that a 3' GT dinucleotide is cleaved off. CellulNA repair enzymes finish the integration reactignsealing
remaining gaps between the provirus and genomic DMainly through IN’s interaction with its cellularo-
factor LEDGF/p75, lentiviruses have a strong prafee to integrate within coding sequences of dgtive
transcribed protein-encoding geriésAlthough no severe adverse effects have been ibledcto date that
would result from the typical integration patterld/s?, permanent transgene delivery into target cellsldo
optimally take place in a predefined genomic regibat could house transgenes with minimal risks for

genotoxicity.

Ribosomal DNA (rDNA) consists of highly repetitivdbosome RNA (rRNA) genes, of which there are about
400-600 copies in each c&ltRNA genes are typically organized as tandem tsptht are separated by
intergenic spacer (IGS) regions (Figure 1A). Apfmam the 5S rRNA that is encoded from a cluster in
chromosome 1, the genes encoding for the RNA coemsnof ribosomes reside in the short arms of the
acrocentric human chromosomes 13, 14, 15, 21 arnka2Zorm the nucleoft Due to the wealth of rRNA genes
and the isolated location of nucleolar DNA distikam protein-encoding genes with oncogenic potémizNA

represents a promising genomic safe harbor fointiegration of therapeutic transgenes.

DNA double strand breaks (DSBs) are repaired it eehinly through two pathways, the non-homologend
joining (NHEJ) and homologous recombination (H&)Small insertions or deletions (indel-mutations)
frequently accompany NHEJ-driven DSB repair, buthbpathways have been used successfully for genome
editing and to integrate donor DNA molecules inpedific sites with the aid of different nucleast¥ Most
currently available nuclease-based techniques, Yenweely on transfection and require using at tida®
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separate vectors or molecules, which can reduceffrigency of desired modifications and hampensirtin

vivo use

We have characterized the full integration siteeregire of LVs that carry an enzymatically weakeiedning
endonuclease protein that was incorporated intorélators with the aim of targeting integration he DSBs it
generates. |-Ppol recognizes a 15 bp sequencenpriesthe 28S rRNA genes of eukaryotes (Figure £Aj.
The coupling of LV-transduction with target DNA aleage enabled an unprecedently high level of temsg
integration targeting into rDNA and decreased thaogoxicity risks associated with the use of LVe dene
transfer. These vectors retain the large packacgpgcity of LVs and are directly suitable for bethvivoand

in vivo gene transfer applications.

RESULTS
3“ generation LVs used for targeted integration intaribosomal DNA

In order to generate targeted DSBs into rDNA, wedusn IN-1-Ppal-sa fusion protein that binds to and cleaves
the 28S rRNA gene, but affects cellular viabiligs$ than the wild type endonucle&s&hird generation LVs
containing the IN-I-Ppeksa were produced with our previously established metithat results in the
incorporation of both the IN-fusion protein and timegration deficient IN (IlNey) Molecules into vector
particles(Figure 1B), which improves their titers and funaility!® LVs carrying the IN-I-Ppglssa protein
(hereafter called D+H) were characterized sideilig-svith LVs carrying the enzymatically inactivatéd-I-
Ppoki1oa (D+N)**" to better delineate the effects of target DNA edgge on vector integration. Unmodified
LVs (INwt) were used as a control. All vectors wlasomplete integrome was analyzed contained an EGFP
transgene construct compatible with both LV-catetyand NHEJ-driven integration. The proportion ®RG5

lung fibroblast cells positive for EGFP expressioas 83-97% at day two or three post transductioenvh

genomic DNA was extracted for IS analysis (Tablg S2

IN-I-Ppol y7san119a-inclusion changes the global integration pattern ad genotoxicity risks of LVs



IS were analyzed separately for the non-repetiting repetitive portions of the human genome (Hg38g
total numbers of IS retrieved for the different tagctypes were 20789 for LV-INwt, 7181 for LV-D+Hd
2906 for LV-D+N. The proportions of IS that had tiple hits in the genome (MH-IS) of the total datas
found to be significantly higher in the IN-modifidd/s in comparison to the control LV (Figure 2A)hd
exactly mappable or unique hit (UH-) IS were usedétermine the overall integration pattern forheaector.
The chromosomal distribution of IS was similar betw the vectors apart from deviations in seven
chromosomes (Figure 2B). The distribution of IShivitgenes was more uniform throughout the codimgpre
for the IN-fusion protein containing LVs than fdretINwt LVs, which typically integrate less freqdigrin the
first tenth percentile of a gene’s length (Figu@).Z All analyzed LVs favored integration within geneser
integration in their upstream regions, but in corigzm to INwt LVs, there was a small but statidtica
significant increase in integration within the filskb upstream of genes with the IN-modified LV$eTIN-
fusion protein -containing LVs had fewer intrageticthan INwt LVs (Figure 2D), and hence a smaligk to
interrupt cellular genes with important functiodsvector’s tendency to integrate into or close tzagenes is
an important parameter of its safety, and HIV i®Wn to integrate into these areas more than woeld b
expected through chant&Both IN-fusion protein -containing LVs had few& within and near oncogenes in
comparison to INwt-LVs (Figure 2E and Table S3)eTN-fusion protein LVs mainly integrated withoN's

activity in contrast to INwt LVs, whose LTRs wer@st frequently processed (Figure S1).

rRNA and tRNA repeats are the most favored targetsor the IN-modified LVs within the repetitive

genome

The MH-IS were used to characterize the vectorsfgsences to integrate within different genomicesp
elements, which were identified using RepeatMaskéPpol has 12 perfect recognition sites in therenir
genome version (Hg38), and all but two of thesaliae to rRNA repeat -contained sequences pladbdrebn

the acrocentric chromosome 21 or in non-acrocemimmosomes that contain fragments of rRNA genes
(Table S1). For D+H LVs, 41.9% of the vector’'s Metds were within rRNA repeats (Figure 3A). In casty
D+N LV reads were most frequently associated witimdfer RNA (tRNA) genes (17.8%), SINE/Alu-repeats
and third most with rRNA repeats. tRNA genes wermiag the top three repeats also for the D+H LVswtIN

LVs preferred SINE/Alu (40.0%) and LINE/L1 repeét®.5%) and had very few integrations in either ARt



tRNA genes. Interestingly, also signal recognitpamticle (srp) and other repetitive non-coding REMRNA)
genes were more frequently targeted for integrabipithe IN-modified LVs than by the control vec{@igure
3A and Figure S2). Based on the differences betwlee®+H and D+N LVs it is evident that the intration

of DSBs increases vector integration into rRNA adpe

28S rRNA gene cleavage enables highly efficient agration targeting to rDNA

In addition to nucleolus-associated rDNA, rRNA geegments are also found in the non-nucleolar geflom
and a fraction of the uniquely mapping IS readsiliaed to these sites. The compiled IS data conmgrisoth

the unique and multiple hit IS reads was therefmmalyzed to determine the absolute numbers of rDNA-
localized integrations. For the D+H LVs, 21.3% #fl& localized to sequences contained within aiADunit
(Figure 3B) and the most favored locus within tR&A gene was the 28S rRNA (Figure 3C). rDNA-locatiz

IS comprised 2.6% and 0.08% of all IS for the ves@+N and INwt, respectively (Figure 3B), whichasll in

line with our previous characterizations of thesetors’® Similar to D+H LVs, the majority of D+N LV

proviruses clustered into 28S rRNA, but with a mimker frequency (Figure 3C).

To verify the differences between the vectors italyaing targeted integration, we used a ddPCR<basethod
that detects integrated vector genomes within at&8Wwindow around the I-Ppol site in the 28S rRN&ng
(Figure S3). At day nine post transduction, 20.9the D+H LV proviruses were estimated to residehis
locus in transduced MRC-5 cells (Figure 3B; see dlable S4). The proportion of IS reads within Hzene
window was 9.9%. In comparison, for the LVs contagnD+N and INwt the proportion of IS reads was%.8
and 0.02%, respectively, and the ddPCR-based iaggestimates 0.2% and 0.1% (Figure 3B). Integratid
the IN-modified LVs occurred more frequently in serorientation both near the I-Ppol site (66% feiHDand
71% for D+N; Figure 3D) and within it (Figure 3H)ypical for DSB repair through NHEJ, integrationarihe
I-Ppol site involved small indel mutations, whiclene observed more frequently in the D+H LV -tredtsh in

the D+N LV -transduced cells (Figure S4).

The ddPCR result suggested that for LV D+H the alctevel of integration targeting into the immediat
vicinity of the I-Ppol site in the rRNA gene is latst two times higher than resolved with the I§usecing
method. Next we used vectors containing a selextatdrker for zeocin resistance to test whether28®

rRNA-insertions remained stable through condititvet require expression of the transgene. The ptiopoof
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proviruses in and near the I-Ppol site remainedlairbetween selected and unselected hTERT-RPHY, eal
verified with ddPCR (Table S5). Taken together, wh& transduction is coupled with the cleavage arfjet
DNA by a vector-carried endonuclease, stable agtiyiefficient targeted integration of transgeras irDNA

is achieved.

Integrase-I-Ppol fusion proteins target integrationinto strong hotspots that are distinct from the aeas

naturally preferred by HIV-derived LVs

Specific genomic loci have been identified thaturegs preferential integration loci, or integratiootspots, for
HIV-1 and lentivirus vector&?® Such common integration sites (CIS) were idertitie see if the inclusion of
the IN-I-Ppol-fusion proteins altered the natunadfprences of LVs. Significant CIS containing atdethree 1S
were characterized for their genomic coordinates fan the features they contained. In comparisothéoIN-
modified LVs, a larger proportion of INwt LV's unig¢ IS were engaged with integration hotspots, but
proportionally fewer IS formed the strongest ClISg(fe S5, File S1). The majority of the 15 strong@kS
(n=18 individual CIS) of the LV INwt were localizedgithin protein-encoding genes (77.8%) (Table 1jhwi
many of the hotspots residing in regions previougigracterized as preferred integration sites fés land
HIV-1 (Tables S6 and S7§-? The median CIS positions (CIS foci) of the sevearsyest hotspots of the D+H
LVs (n=26) were frequently found in intergenic 1q85%), and in many cases the RefSeq-gene witken th
hotpot or nearest to it was a ncRNA gene (31%) i@ aband Figure S6A). Altogether six D+H LV CIS foc
were within an rRNA repeat and five of them locadizto I-Ppol cleavage sites on separate non-admcen
chromosomes (Table 1 and File S1), verifying cdrrieBpol activity and NHEJ-driven insertion at the
generated DSBs. The five strongest CIS foci (n=2dividual CIS) of the D+N LVs revealed a similar
preference towards intergenic areas and ncRNA gemémity as was seen for D+H LVs, but instead RNA
gene repeats, the hotspots frequently associatbdRINA repeats (29%) (Table 1; Figure S6B). Altibge 9.5%
of all D+N LV’s unique ClS-associated IS were WithHRNA repeats, whereas neither tRNA nor rRNA répea
were found in the hotspot-contained IS of the INWs (n=8450) (Figure S6B). Analysis of all ClIS-asded
UH-IS confirmed that both IN-modified LVs had sifioantly more intergenic IS than the control vedieigure
4A). INwt-LVs’ ClS-associated IS localized into pear protein-encoding genes more frequently thasettof

D+H LVs, and the latter targeted RNA genes morerothan the control vector. Genes and pseudogdrbe o



large and small ribosome subunit proteins (RPL BERrespectively) were also frequently associatithl tive

CIS of the D+H LVs (Table 1).

The repeat-associated IS make up at least onedhitttk total IS number in the IN-fusion protein $\and a
more accurate representation of genomic featurégane types preferentially targeted for integratiy these
vectors could be obtained by analyzing CIS in alwoerd data set containing both the UH and the MHINS
this analysis, the D+H LVs’ strongest CIS was naentified in the 28S rRNA gene and it contained 19%
(n=1367 1S) of all IS (Table 2 and Figure S7A). Wteongest CIS of the D+N vectors also localized ihe
28S rRNA gene with 2.5% of all IS. Integration ttigg to the most preferred locus was again thekestefor
LV INwt, as only 0.3% (n=68 IS) of the vector’s I&alized to the strongest CIS (Table 2 and Fidaird).
Inclusion of the MH data into the CIS analysis dadlthe detection of new repetitive gene typeshag5S
rRNA and srpRNA genes, in the integration hotspaftshe IN-modified LVs (Table 2). The charactegsti
preferences of these LVs to integrate into tRNA 8RNA repeats and intergenic loci remained the shuote
became more pronounced (Table 2 and Figure S7Bjil&8ly, the differences between the IN-modified 4V
and the control LV in targeting protein-encodinghge, RNA genes and the multiple ribosome subuniege
grew stronger (Figure 4B). Finally, a clear incee@sthe 1S numbers per strongest CIS was obseway to
the large proportion of MH-IS forming them (Tablg For the INwt LV the differences between the two
analysis types were much subtler and mainly reladeslightly higher IS numbers per identified Cl&ables 1
and 2). Taken together, the integration hotspbtieoIN-modified LVs strongly associate with reifige RNA-
encoding genes and show very little resemblantleetavell-characterized hotspots near protein-emzpdenes

of unmodified LVs.

I-Ppol protein inclusion increases vector integratbn in genomic features that are enriched imucleolus

associated domains

Nucleolus associated domains (NADs) are definedroatin domains that dynamically interact with nodlé’
Enrichment of pseudogenes in NADs has been chaizeein plant& and the ribosomal protein encoding
genes are known to have multiple processed psendede the human genome. Also specific gene fasnélied
genes, such as those encoding for tRNAs and theipreonstituents of the ribosomes, are enrichedADs -

¥ Since these gene types were frequently hit byNaeodified LVs (Figure 3A and 4B) and identified iheir
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integration hotspots (Tables 1 and 2 and Figurear86S7), we asked whether additional similaritiesild
exist between the identified CIS-loci and NAD-conéal regions. After annotating the IS of the diéier LVs

with pseudogenes, we found that integration in geganes occurred more frequently with the IN-medifi
LVs than with the control LV (Figure 5A). When thseudogene-annotations were used in place of igmalr
Refseq gene annotations, integration was foundetamiore frequent also in RPL and RPS gene -derived
sequences with the IN-modified LVs than with themtNLVs (Figure 5A). In addition to these structural
proteins of the ribosomes, also larger groups dafiegerelated to ribosome biogenesis contained more

integrations with the IN-modified LVs than with tkentrol LV (Figure 5B).

Significantly enriched gene ontology (GO) terms amoNAD-genes include ribosome, mitochondrion,
cytosolic large/small ribosomal subunit and nuale! A GO-analysis of the CIS-engaged genes reveaked th
several pathways and processes related to ribostmeture and function were enriched among the gene
preferentially targeted for integration by the Iision protein LVs, and that similar GO-terms wemeiched as
among NAD-associated genes (Figure 5C-D and File l@frestingly, also mitochondria-related termsrev
enriched for D+N LVs but not for D+H LVs. For thewt LV no enrichment of ribosomal structure or ftioo
-related terms was observed (Figure 5E). In linéhvgrevious studi€§ the most enriched pathways and
processes were instead related to cell cycle andoittrol as well as chromatin organization. Thmilarities
between NAD-associated features and the gene typdsrentially targeted for integration by the lision
protein LVs indicates that the localization of ararhosomal region close to nucleoli is an additional

determinant of the vectors’ preferential integmatim addition to the primary sequence recognizet®pol.

Integration targeting and cellular responses to trasduction in primary human T cells

Having confirmed rDNA-targeted integration in batie slowly and finitely dividing lung fibroblast ke
(MRC-5) and in the non-cancerous but immortalizetihal pigment epithelium cells ("TERT-RPEL1), wkeas
how the IN-modified vectors would perform in thansduction of primary human T cells, which représen
relevant cell type for clinical gene and cell thmraFor this aim, T cells from two individuals weeeariched,
transduced with the different LVs and assayeddogdted integration and different indicators of behlth and
cytotoxicity. Estimation of targeted integration @déy 10 post transduction with the ddPCR-based odeth

showed that up to 8% of the D+H LV’s integratioreris reside in the immediate vicinity of the I-Pgdeé in



the 28S rRNA gene, the mean targeting efficienca@ging from 2.6% to 5.7% (Figure 6 A and B; Talss

[day 2] and S9 [dayl10]). With the INwt control L¥se mean targeting efficiencies were 0.0-0.1%.

The number of metabolically active live cells wasetmined to study if T cells transduced with theHD-
containing LVs proliferate similarly to cells trahgced with the control LV. In a test using 5000teeartices
(5k vp) per cell, the number of viable cells was thghest in the INwt LV group, and no differentetween
the groups were observed that could be specifiealtiressed to the IN-content of the modified LVig(Fe S8
A and B). When using a higher vector dose of 10kcefh the only test group having significantly femw
metabolically active cells in comparison to the Nwontrol at the last time point assayed was thél DV

group, whose mean cell numbers were 81-85% ofetbbthe control vector’s (Figure S8 C and D).

Next it was studied whether the cleavage of rRNAegeand subsequent transgene integration woulde caus
direct cytotoxicity or induce apoptosis that isldated by secondary necrosis. Of the three LVs tkste
statistically significant increase in the apoptasgnal in relation to untreated cells was obserely for LV
D+N at day three post transduction (5k vp/cell, §8) (Figure S9). An elevated necrosis signal waseoved

for INwt LVs in altogether three time points (p<B;<0.01 and p<0.001), and for D+H LV at one tipmént
(p<0.05) in comparison to non-transduced cellsféds10). Etoposide-treated cells were positiveafaptosis
induction at day one and for necrosis at days mebthree post treatment (Figures S9 and S10). Sirece was

no increase of necrosis in T cells that would leady attributable to the D+H content of the vestar is likely

that the decrease in cell numbers we observeckinittbility test results from a moderate slowdoviligision

and/or metabolism in LV D+H -transduced cells.

As learned from studies using the Cas-nucleasegett® NA cleavage can cause different types of tiana
and rearrangements of genomic DNA, including laigketions™ 8 rDNA represents a recombination hotspot
in meiotic cells and in cancer, and hence the nurobeRNA genes can vary substantially both betwaed
within individuals®*****To see if the number of rRNA genes would be affedy the use of D+H LVs, we
guantitated the 18S rRNA gene copies in transduicextlls at day two post transduction. Consisterth wi
previous studi€s the mean gene copy numbers or rRNA genes varmgdelen 478-701 per cell, and no
statistically significant differences were obserdsetween the non-transduced cells and D+H or INwit-L
transduced cells (Figure 6 C and Table S10). Toemsddthe occurrence of larger deletions potentafigcting

whole acrocentric chromosome arms, we studied tpy eumber of the distal junction (DJ) sequencé tha



flanks the rRNA array at the telomeric sif&Similar to the rRNA genes, no statistically sigrafit differences
were observed between the three groups, and 18 ¢ofies of these sequences were detected péFizplte 6
D). In conclusion, transduction with the 28S rRNAng -cleaving D+H LVs does not cause detectable

variations in the rRNA gene nor in the DJ sequerog®y numbers in T cells.

Cleavage of the rRNA gene and transgene integrationit can affect the transcription of both tH2NA and

the provirus. To address the question of whethetove integrated into the I-Ppol site become trahed, we
analyzed total RNA extracted from D+H and INwt Livansduced T cells at days two and 10 post tranisauc
with site-specific RT-ddPCR. Vector sequence -cioitig rRNA transcripts were detected at both tinoénts
and only in the D+H LV group, confirming that provées within the targeted 28S rRNA gene become

transcribed (Tables S11 and S12).

DISCUSSION

In this study we show that LV integration can beedied to the rDNA of normal human cells with an
unprecedently high efficiency when transductiorcasipled with target site cleavage. In non-seleddRiC-5
cells, the vectors carrying an endonuclease wittuced DNA cleaving activity integrated 266 timesreno
frequently into rDNA than the control vectors, @@ times more than LVs whose IN-endonuclease coitn
only bind the target DNA. Other researchers havengited to direct the integration of recombinantrexd
associated virus vectors (rAAVs) to the same lodug, achieved only modest efficiencies: the inoeeas
targeted integration was 8—13-fold in comparisorcdatrol vectord, and 2-3% of selected hepatocytes were
estimated to have the intended integration evettiimvithe 28S rRNA gen€.The LVs characterized in our
study promote much higher rDNA-targeting, but fertttomparisons with the rAAVs are challenging doe t
profound differences in the study designs, IS aislynethods and in the numbers of IS retrieved ZAED6 for
the rAAVs)***In addition to rAAVs, also non-viral vectors halveen developed to target integration into the
rDNA genomic safe harbor loc$?’ However, in these studies the levels of both femmi®n and targeted

integration were low and the analysis lacked thghoexamination of the potential off-target integratevents.

Our primary focus was to characterize both the detagntegrome and the integration targeting edficiy of
two IN-modified LVs as comprehensively as possildbjch was achieved through the analysis of alai&n

early time point where minimal clonal expansiontafnsduced cells had occurred. Analysis of LV D+H
10



transduced MRC-5 cells at later time points witfP@&R revealed that the efficiency of integratiomgéding into
the 28S rRNA gene is at least two times higher tresolved through IS sequencing, reaching 21% lof al
proviruses. When comparing unselected and Zeodéeteel hTERT-RPE1L cells, we found that the proparti
of proviruses integrated within the 28S rRNA geamains stable in this repetitive DNA locus. Trareitun
tests with primary human T cells confirmed thaegration within the 28S rRNA gene is increased aisthis

clinically relevant cell type, albeit to a lowergtee than observed in the MRC-5 cells.

Subsampling and partitioning errors are known sesifor variability in ddPCR, and its precision scteased
at the extreme®*° Other factors that can have contributed to theenkesl differences between the tested cell
types include inherent differences in their reglma kinetics and susceptibilities to transductieith LVs, lot-
to-lot variability between the produced LVs andiraited number of replicates analyzed per sample.ti@n
other hand, with the IS sequencing method the numbanique integrations within a highly targetedtus is
easily underestimated due to saturation of poteatimue MuA transposition sites and read lengtiat tvere
used to differentiate individual integrations frd®CR-borne replicates. Despite the differences ficieficies
that likely originated from subsampling-relateduiss, the ddPCR-based method clearly demonstraaed#H

LVs catalyze targeted integration in both primang &ultured cells.

Cleavage of the 28S rRNA gene, its subsequentrepa simultaneous insertion of proviruses intedtid
cause genomic rearrangements in this highly repetibcus, including large deletions. We tested tiois
possibility and found no signs of gross deletiomghe acrocentric chromosomes or in the rRNA gexfes
transduction with the D+H LVs. A moderate reductionviable cell numbers was observed in LV D+H -
transduced T cells at day four after transductiort,no clear indications of cytotoxicity were evidleRibosome
RNA gene transcription is halted upon DSB introéhrctinto rDNA, which causes the formation of spiecif
nucleolar cap structures and facilitates repaithef lesions (reviewed if). The observed reduction in the
numbers of metabolically active cells may henceehasulted from the decreased production of thidingi
blocks for ribosomes, which directly affects thetabolic activity of the cell. At days two and teosp
transduction, we were able to detect provirus-dairtg transcripts from the 28S rRNA gene, whichya®that

transcription of this locus and the genetic maténiserted into it is recommenced after DSB repair.

By analyzing the complete integrome of the modifiads in MRC-5 cells we found that proviruses resigli

outside of the targeted rDNA locus had a lower é&g1oy to integrate within genes and oncogenes,Hnwed a
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higher preference towards genomic features thaalaceenriched in NADs, chromatin domains thataealize
with rRNA gene arrays in the three-dimensional aigation of the genom®.?® One explanation for the
preferential targeting to these loci could be thatks or DSBs occurring randomly in NAD-containing
chromosomes capture a proportion of vector gendimgswere tethered to nucleolar proximity by the-LV
contained I-Ppol protein. For the D+N LVs the lozafion of genomic regions in NADs seems to beangfer
determinant of integration hotspot site selectimmtthe distance to an I-Ppol site. The transonpt status of
transgenes inserted into NADs and further veriiizatof this phenomenon remain to be addressed with
additional techniques in the future. To our knowedhis is this first description of distinct genomegions,
that are distant from another on the linear axi®NA but near in the three-dimensional genome, doone
jointly affected when site-specific transgene in&tign was pursued based on primary DNA sequence
recognition. This observation may have utility lire orediction of possible off-target sites also mwhsing other

nucleases for genome editing, such as the CRISRR/\&iem.

The most desired integrating vectors in gene thermap those that can direct transgenes into gensafie
harbor sites to minimize the risks related to itiseal mutagenesis. LVs have many benefits as vectt
their integration profile may endanger normal daliigene function. First attempts to direct LV pgntation to
specific sites were based on IN-fusion prot&inend more recent approaches relied on new chroratiling
preferences assigned for the IN-tethering LEDGRgins>*~® After our first report of using LVs for protein
transduction without the previously necessary Vimtgin fusions’, many studies have described different LV-
or retrovirus vector (RV) -based virus like parigl or nanoparticles, to transport desired protiitts cells
often with the aim of delivering DNA editing or &dration targeting enzymés®’ In addition, LVs and RVs
can deliver these components into cells as trarsg@eviewed itf) or messenger RN "' Systems in which
single vector particles contain both the donor DEAd the enzymes required for targeted integratien a
superior to multi-construct approaches, that maffesdfrom decreased efficiency if only a fractiom the
intended components reach target cells. The mgjofitecent studies aiming for genome editing aarddted
integration utilize the CRISPR/Cas-system. With liedp of different technical advances and the disop of
alternative Cas-variants it has been possible tprawe the specificity of targeted genome modifimasi
(reviewed irf), but major concerns related to the safef and efficacy of the CRISPR-based approaches

remain, precluding their wide utility in the clinit the moment.
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In comparison to most genomic safe harbor (GSH)indidates, rDNA is unique owing to its repeditgene
context. This feature could pose challenges to bimhcells upon transgene integration, and to thieilgy of

the transgene itself, but our results in primarynha T cells did not support such concerns nor poimhajor
adverse effects. The most important safety featofeEDNA as a GSH include its isolated locationnfro
potentially oncogenic protein-encoding genes, ddhigh number of rRNA genes that remain intacpiies
transgene integration into the locus. rDNA is tyllig ruled by RNA polymerase |, but it is also agsible to
the RNA polymerase Il machinefy.”® We show that integration can be targeted to tiéARene array with
an unprecedented efficiency using modified LVs ttetry both the donor DNA molecules and the integna
targeting enzyme within single vector particlese3é& LVs can deliver large transgenes, are easyottupe
with minor modifications to standard protocols am@ suitable for botlex vivoandin vivo gene transfer

applications, hence potentially advancing the dgu@lent next generation applications to treat hudis@ases.

MATERIALS AND METHODS
Generation of third generation lentivirus vectors.

Vesicular stomatitis virus G glycoprotein (VSV-Gqudotyped third-generation HIV-1-based lentivivastors
(LV) containing the IN-fusion proteins were proddcas described earli&t ®°"""Briefly, monolayers of 293T
cells were transfected with the production plasmidig calcium phosphate transfection. The plasmgisi
were pRSV-Rev (encoding for HIV-1 Rev), pCMV-VSVéntoding for VSV-G), pLV1 (vector construct that
contains a PGK promoter -driven EGFP transgen@)ldtl-ZeoR (vector construct carrying a PGK promater
driven Sh blegene), and either one or two of the packagingnpilds encoding for the wild type integrase
(PMDLg/pRRE), the integration deficient integragVDLg/pRRE-INs4v), the IN-fusion protein with DNA
cleavage -disabled I-Ppol (pMDLg/pRRE-IN-I-PRak,) or the IN-fusion protein with DNA cleavage -
proficient I-Ppol that carries an activity-reducingitation (pbMDLg/pRRE-IN-I-Pp@ksa). Culture supernatants
were collected 48 hr after transfection, filteredspended in phosphate-buffered saline (PBS) amddsat -
70°C until use. Functional vector titers (transdgciinits [TU]/ml) were estimated through EGFP espi@n in
transduced Hela cells approximately 68 hr poststtantion and particle titers were determined basethe
level of HIV-1 p24 capsid (CA) antigen using an yne-linked immunosorbent assay (PerkinElmer Lifd an
Analytical Sciences, Waltham, MA).
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Cells, transductions and cell health assays

All transductions were carried out by diluting th¥s into cell culture medium immediately before use
alternatively by pipetting undiluted LVs directigto cell culture medium. On the day after transiductvector-
containing medium was replaced with fresh mediuthcélls were incubated at 37°C in a 5% CO2-coritajn

humidified atmosphere.

For the IS sequencing experiment, human MRC-5 fibrgblasts (ATCC® CCL-171™) were used. The cells
were cultured in Dulbecco’s modified Eagle’s medigidMEM; high-glucose, Sigma D6429) supplemented
with 1% Penicillin—Streptomycin (Sigma, P0781), IM&M Non-essential amino acids (biowest, Cat. X0557
100), 1% Sodium pyruvate (biowest Cat. L0642-108) 40% Fetal Bovine Serum (FBS; Sigma, F7524). On
the day before transduction MRC-5 cells were seexdd 6-well plates at a density of 2x10e5 cells pell.

An MOI of 4 was used for transduction with the INdified LVs (56k-120k vp/cell) and an MOI 1 for
transduction with the INwt LV (1k vp/cell). Cellsere pelleted at days two and three post transduetial
stored at -70°C until used for DNA extraction amegration site analysis. To study the proportidnS
occurring near the I-Ppol site with ddPCR, MRC-8sceere seeded as above and transduced in twaoadepa
experiments with the EGFP-LVs using 7.5K vp pet,¢kht equaled MOI 19 for LV INwt. Cells were aadted

for analysis at day 9 post-transduction.

For the study of targeted integration in unselec@d phleomycin D1 selected cells, hTERT-RPEL cells
(ATCC® CRL-4000™) were used. Cells were cultivaited X DMEM/F-12 (Gibco, 31330-038) supplemented
with 10% FBS and 0.01 mg/ml of hygromycin B. On tt&y before transduction the cells were seeded ®&nto
well plates at a density of 4x10e5 cells per w&Hansduction was carried out with ti&h ble antibiotic
resistance gene containing vectors (ZeoR LVs) aireentration of 5K vp/cell. At day one post tramsibn,
cells to undergo selection were given culture medaupplemented with Zeocin™ (Invivogen, ant-zn-86a
final concentration of 300ug/ml and thereafter siliicated as necessary. Cell pellets were collefedNA

extraction at days 13 and 15 post-transductionsémeed at -70°C until use

Peripheral blood mononuclear cells (PBMCs) werécbed from two leukoreduction system (LRS) chambers
(Finnish Red Cross Blood Service, Helsinki, Finlanding the prefilled Leucosep™ centrifuge tubese(@er
Bio-One, #227288). Untouched human T cells werkaisd from the PBMCs by using the Pan T Cell Isotat
Kit (Miltenyi Biotech, #130-096-535Y). 2.5x10e7 Elts from both donors were activated with Dynab&4ds
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Human T-Activator CD3/CD28 (Gibco, #11132D) accaglio the kit protocol. T cells were cultivatedXn
Vivo™ 15 (Lonza, #BE02-060F) supplemented with 5% HurBnSerum (Biowest, #S4190) and 20 U/ml of
human recombinant IL-2 (Prospec-Tany Technogene#@Y T-209-b) for 4 days before LV transductiond. A
transductions were done in triplicate for T celisboth donors using the ZeoR LVs at vector doseSkoand
10k vp per cell, which equaled MOIs of 5 and 10Ldf INWt-EGFPs, respectively. Cells to be studied fo
targeted integration with ddPCR were transduce@4nvell plates (1,5x10e6 cells per well) and sachgte
analysis at days 2 and 10 post transduction. Fercills analyzed for viability, apoptosis and neizothe
activation beads were removed and then the celle weeded on white 96 well plates with clear bostom
(PerkinElmer, View-Plate®-96-TC, #6005181) at d#esiof 6000 cells per well for the viability assagd

10 000 cells per well for the apoptosis/necrossapnsAfter vector removal at day one post transdocthe
cells were given fresh medium and the assay reageebrding to kit protocols. Etoposide (Caymanrfiibel
Company, #12092) was used as a positive contra@goptosis induction and necrosis at a final comaian of
8uM. The viability of transduced cells was monitbsegith daily luminescence recording for four daglays 1,

2 and 4 post transduction) using the RealTime-GM™Cell Viability Assay (Promega, # G9711). Apopis
and necrosis were examined with the RealTime-GlofiheXin V Apoptosis and Necrosis Assay (Promega,
#JA1011) that simultaneously measures annexin Vosxge and DNA release to differentiate secondary
necrosis occurring during late apoptosis from nsisrcaused by other cytotoxic events. Annexin \ing

(luminescence) and loss of membrane integrity (Baoence) were recorded at days 1, 2 and 3 postiation.
Integration site extraction and EGFP expression angsis.

MRC-5 cells were transduced with an MOI of onetfar control vector (LV INwt) and four for the IN-rdified

LVs (Table S2). Separate wells were transducedémomic DNA extraction and for FACS-analysis of BGF
expression. Genomic DNA was extracted two or tltt@gs post transduction using the NucleoSpin Tissue
(Macherey-Nagel, ref:740952.250) from two sepavat#is per vector. Vector IS were extracted wite MuA
transposon -based protocol described in Brady,e2GlT® using Btsl for genomic DNA digestion (NEB
#R0667S) and primers and linkers listed in SupplegaieMethods. Primers and oligonucleotides usethén
study were ordered from Integrated DNA Technologiesl the MuA transposon used was from Thermo
Scientific (F-750, lot# 00383099). Digested DNA waurified before the MuA reactions using Speedbead
Magnetic Carboxylate Modified Particles (GE Headtte; Part no. 65152105050250). Each of the two

individual genomic DNA extractions analyzed perteeavere tagged with unique sequence identifiersdth

15



the linker oligo and in the primer (molecular idéat, MID) to minimize sequence carry-over betwesamples
and to maximize the resolution of integration sibesurring near each other (Table S2). Amplificataf the
integration sites was carried out using PhusiosiFRCR Master Mix (Thermo Scientific, F-548) in tvaunds
of PCR. In the first PCR, 2 pl of the MuA reactiwas used as template. The first PCR program wédlaws:
98°C for 10s, 7 cycles of 98°C for 1s and 72°C1fes, 37 cycles of 98°C for 1s, 57°C for 5s and 7&iClL5s,
with a final extension at 72°C for 1 min. The arphs from the first round of PCR were diluted 1vith
nuclease-free water, and 1 pl of the dilution wasduas template for the second round of PCR. &bensl
PCR program was as follows: 98°C for 10s, 7 cyofe88°C for 1s, 67°C for 5s and 72°C for 15s, 3¢ley of
98°C for 1s and 72°C for 15s, with a final extensit 72°C for 1 min. The amplicons were sequenced i
Biocenter Oulu Sequencing Center with an lonTorfe@M instrument (University of Oulu, Finland). EGFP
expression was analyzed with flow cytometry froiplitate wells per vector at the day of gDNA extrac

from cells fixed with 4% paraformaldehyde in PBS.

ddPCR

The primers, assays, materials and PCR prograntsingbe different ddPCR (Bio-Rad) reactions asgelil in
Supplemental Methods. DAPCR was carried out acegriti Bio-Rad’s recommended protocol. For the study
of integration in the immediate vicinity of the p®& site in MRC-5 cells, genomic DNA was extracfed
analysis from cells collected at day 9 post traotdn using QIAGen’'s DNeasy Blood & Tissue Kitf(re
69506) and digested with BsuRI (ThermoFisher, E€0151) at a concentration of 1 unit/1 pg DNA. Bigel
genomic DNA was used as template in ddPCR to measber copy numbers of all vector genomes, episomal
vector forms, production plasmid carryover, aneggnation near the I-Ppol recognition site in th& 2ZB&NA

gene in both sense and antisense orientation.

For the ddPCR analysis of targeted integration éecin™ selected cells, genomic DNA was extractednfr
hTERT-RPEL cells pelleted at day 13 (unselected)l&n(selected) post-transduction and processedidieCR
as described above. DdPCR analysis consisted ajsseseasuring the copy numbers of all vector gespme
episomal vector forms and vectors integrated irsserientation near the I-Ppol recognition siteha 28S

rRNA gene.
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For the detection of targeted integration in prijmauman CD3 T cells, genomic DNA was extracted from
cells pelleted at days two and 10 post transduatging the AllPrep DNA/RNA Mini Kit (Qiagen, #8024
DNA was processed and analyzed with ddPCR as thescfor MRC-5 cells above. DAPCR was carried out fo
two replicate wells of non-transduced cells, INwnsduced cells and D+H transduced cells. EachsnaNA

was sampled twice for ddPCR.

Analysis of transgene transcription from the 288IARocus at days two and 10 post transduction veased
out with RT-ddPCR using total RNA extracted fromcélls with the AllPrep DNA/RNA Mini Kit (Qiagen,
#80204) and the protocol established for the dieteatf targeted integration. One microgram of RNAsw
treated with DNase | (ThermoScientific ref. ENO52hd cDNA synthesis was carried out with RevertRid
Reverse Transcription Kit (ThermoScientific, reflé91) with random hexamer primers according tokitie

protocol. Depending on the assay, 0.5-2.0ul oRMfeeaction was used as template for RT-ddPCR.

The presence of deletions in the rRNA gene arraiarthe acrocentric chromosome arms was assayid wi
ddPCR using genomic DNA extracted from T cells schrced with 10k vp/cell and extracted at day 2 post
transduction. Probes binding to the distal junctiod) region, that flanks the rRNA gene array omtiflomeric

side”® , and to the 18S rRNA gene were designed andfoséde quantification of the respective areas.
Bioinformatics data analysis

Integration site analysisSingle end FASTQ data files were quality filterediarimmed by Skewef. The reads
were processed to check for the presence of tkerlicassette (LC) sequence that was specific fon sample,
and for the transposon-linker sequence. After tringhof LC sequences the set of reads was alignddwector
sequence by BLA¥ aligner to subtract potential vector only -readd o avoid any false positive vector reads
detection. The reads were then mapped with the LB sequence using a minimum identity threshold of
95%. The LTR mapped part was trimmed and the resheread region was mapped with human genome
reference hg38 with minimum identity of 95%. Thads that mapped uniquely or at multiple sites wvitthie
genome were separated in the subsequent stepseshttid of 90% was employed between the ratio ef th
BLAT score for primary and secondary mapped readthat reads with a score ratio greater than thlisew
designated as multiple hit (MH) integration sité&S) (@and others as unique hit (UH) IS. To simplifjalysis of
integration within rDNA, the reads mapping to CHr that had exactly same primary and secondary mgppi
scores were preferred for their alignment positiomghe region between Chr21:8433222-8446572. Exact
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sequence duplicates were removed, and reads wteredi using multiple criteria in order to filteuopotential
duplicates of a single original integration evdfittering involved restricting the number of non{ping base
pairs before the start of the genomic region (between LTR and the region mapping to the genarsiglg a
threshold of 4 bp: the reads that had non-mappasg lpairs less than or equal to this threshold fetker
processed to next steps. Next, only reads thathrad or fewer base pairs of non-mapping nuclestideheir 3’
end were considered. The reads were compared tarmtber and only those reads that had a differamtiee
number of deleted base pairs at their LTR ends=@f and whose IS and “shear sites” (transpositi@s}swere

at least 3 bp apart from other reads were furthecgssed. The collision sequences among samples wer
subtracted from each sample and the final reade wepped against the pLV1 plasmid sequence to remov
remaining artifacts. Finally, the genomic positiomsre annotated according to the RefSeq from U¢aad

the RepeatMasker rmblast web veréfowas used to annotate repeat regions. To identifggration into
pseudogenes, IS were also annotated with the getres -table (Retroposed Genes V9, Including Pseuns)
obtained from UCSC. Additionally, the oncogenes ldab(v4 May 2018) was retrieved
(http://www.bushmanlab.org/links/genelists) andafirset of genes obtained from clustered resuls filere
annotated with this set. The plots shown in FigBrevere generated for rRNA reads by creating bed and
bedgraph files using bedto®sthat were processed by in-house script and R gk (karyoploteR and

regioneR}>%

Analysis of the integration frequency in selectedegsetsintegration frequency in gene sets involved ia th
SuperPatH§ of ribosome biogenesis in eukaryotes and rRNA gssing in the nucleus and cytosol were
conducted using single genes (each IS-tagged ggmmesented once in the gene list comparison) ubiedS

data sets where pseudogene-annotations were upttaof the initial RefSeq gene -annotation.

Analysis of common integration sites (integratiartsipot analysis)Common integration site (CIS) analysis
was performed using a graph-based framework for i@éStificatiorf®®” with a threshold of 50kb between
individual 1S. For the analysis of hotspots onl\s@vith a p-value of less than 0.05 and with a munin of
three IS were accepted. The CIS analysis was peefbiseparated for the IS data sets containing wmtyuely
mappable IS (UH-IS data set) and for the compl&taddta sets (UH and MH IS data). The features én th
median CIS-positions in Tables 1 and 2 were anedtatsing the RepeatMasker, RefSeqg-gene and

RetrogenesV9 tracks of the UCSC Genome Browser.
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Gene ontology analysis of the CIS-associatedAl&lysis of the most overrepresented pathways aodegses
among genes present in the ClIS-engaged IS was rmedo using Metascafe
(http://metascape.org/gp/index.html#/main/step Bt thses the following ontology sources: KEGG Pathwa
GO Biological Processes, Reactome Gene Sets, Gatdtathways and CORUM. In the analysis all genes i
the genome are used as the enrichment backgrowuhtdians with a p-value < 0.01, a minimum count c&i3d
an enrichment factor > 1.5 are collected and grdup® clusters based on their membership simiéeaitEach
cluster is represented with the most statisticalfynificant term within that cluster. The analyzgehne lists
contained all genes (both hit genes and nearestsydrom the identified CIS using the complete Ead(UH

and MH 1S).

Comparison of “recurrent integration gene” (RIG)dowith the CIS foci of INwt LVS he genomic coordinates
from RIG and “Hotter zone” (HZ) loci listed by Maiiand other$ were converted to the current genome
version (Dec. 2013 (GRGh38/hg38)) assembly usiad'tiftOver” tool from the University of Californi&anta
Cruz (UCSC) Genome Browser Datab&s€he average positions of the RIGs/ HZs and thetINWCIS were

compared, and the RIGs and CIS foci that fell withi100kb distance from one another were listelhine S7.

Statistics

Statistical differences in the integration prefeesn between LV groups were calculated using tweesid
Fisher's Exact test and with two-sided Chi-squast.tStatistical comparisons between groups irvidieility
and necrosis assays were done with Repeated Mesaauadysis of variance (ANOVA) followed by the
Bonferroni post-test to compare replicate meansoy to the control. In the apoptosis assay eack fwint
was analyzed separately with one-way ANOVA followbg Dunnett's multiple comparison test. The
differences in copy numbers of 18S and DJ sequenees analyzed with one-way ANOVA by comparing the
vector-groups’ values to the same donor’s NTD adntiith Dunnett's Multiple Comparison Test. All stical
analysis was done with GraphPad Prism version f08Vindows, GraphPad Software, San Diego Californi

USA, www.graphpad.com.

Data availability
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The final IS datasets generated and analyzedsrsthidy are available upon a reasonable request.
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FIGURES LEGENDS

Figure 1: rDNA and the LVs generated in this study to diratégration into the 1-Ppol site. A) An illustrati
of an acrocentric chromosome (top), the repeafifgA units (yellow arrows) that contain the rRNA gsmand
the IGS (middle), and one rRNA gene (bottom). E&RINA gene unit encodes a 45S pre-rRNA which seages
the precursor for the 18S, 5.8S and 28S rRNAs dfirmaibosomes. The I-Ppol site within the 28S rRijgke
is highlighted with a red box. In the current geroversion hg38 there are three I-Ppol sites onmsbsome 21
that are annotated with a 28S rRNA gene (Table R))lllustration of the different IN molecule -c@ining
LVs studied in this work, with an enlargement ofeolN-fusion protein -containing LV particle. rDNA:
ribosomal DNA; rRNA: ribosomal RNA; ETS: externedmscribed spacer; ITS: internal transcribed spadér

lentivirus vector; IN: integrase; W,y: integration deficient IN.

Figure 2: Effects of IN-I-Ppolizsani19a fusion protein inclusion on the integration chagsaistics of LVs. A)
Composition of the integration site data and numloérunique 1S (UH) and multiple hit IS (MH) retvied for
the different vectors. B) Chromosomal distributmfrintegration sites. Chromosome numbers are stmwthe
X-axis. C) Distribution of integration sites witegpect to upstream (US) regions of genes, the lgagéh (% of
within gene) and downstream (DS) of genes. D) A emdetailed illustration of IS distribution withire
uniquely mapping (UH; blue) and repetitive (MH; oga) portions of the genome. E) Integration fregyen
within oncogenes. A list comprising 2579 human eargenes (http://www.bushmanlab.org/links/genélistss
used for the comparison. The statistical differsnoetween the IN-modified LVs and the control L\é ahown

above the bars (p<0.0001 for both). Statisticafedénces between LVs were calculated using twodside
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Fisher's Exact test (D+H LVs vs. D+N LVs) or witlva-sided Chi-square test (INwt LV compared to D+H o
D+N LVs). **p<0.001; **p<0.01; *p<0.05. In C) th black asterisks denote differences between th&ato
vector INwt LV and the IN-modified LVs, and greytassks denote differences between the D+H and D+N
LVs. Intrag.: intragenic IS; Interg.: intergenic; IBlwt: wild type integrase; D+H: Ips4y and IN-I1-Ppolizga -

containing LVs; D+N: INgsv @and IN-I-Ppoj ;1194 -cOntaining LVs.

Figure 3: Characterization of vector integration within thepetitive genome and rDNA. A) Integration
frequency into different repeat types within thpattive genome. B) Total efficiency of integratitargeting
into an rDNA unit (including the rRNA coding regi@nd the IGS) and within a 235bp window aroundIthe
Ppol site. For the ddPCR-based quantification Bpél site -directed integration the mean (with SEM kix
measurements is shown. C-E: Coverage plots whartka@verage on the positive strand (+ve; scaldemight
Y-axis) is shown with a darker shade and on theatieg strand (-ve; scale on the left Y-axis) withighter
shade for each LV type. C) A large-scale view ofr&ad localization within the Chr21 locus contagnin
annotated rRNA genes (window size: 50 kb). D: dselup view of IS distribution within the 28S rRNy&ne
(window size: 1,6kb). E: lllustration of the reaahspping within and near the I-Ppol site (shown wgthple
fonts). Window size: 300bp. *Repeatmasker-iderdifrepeats without manual correction and annotatibn
additional rRNA gene unit features. **Repeatmaskentified repeatsS: Integration frequency within an area

extending 203bp upstream and 32bp downstream afi¢laged |-Ppol site (see Figure S3 for details).

Figure 4: Characterization of ClS-associated IS. A) All wredS associated with CIS were analyzed for their
occurrence in intergenic loci, pseudogenes, ncRMAeg (“RNA genes”) and protein-encoding genes. The
proportions of IS within each feature are showraamercentage of all ClS-associated UH-IS. The nusnbg
ClIS-contained IS are: 8450 for LV INwt; 333 for LD+H and 81 for LV D+N. B) Characterization of the
proportion of IS localizing to protein-encoding gsn pseudogenes, ncRNA genes and ribosomal pretein
encoding genes (RPL and RPS genes) of all CIS-@dsdclS (UH-MH-CIS). The numbers of all CIS-
associated IS are 2506 for LV D+H; 498 for LV D+Ndal0367 for LV INwt. The differences between the
vectors were analyzed with two-sided Fisher's etestt (D+H LVs vs. D+N LVs) or with two-sided Chinsare
test (INwt LV compared to D+H or D+N LVs). **p<0dl; *p<0.05. In B the asterisks are shown only for
INwt LV, whose difference to each IN-modified LVsaw similar. Ribosomal prot.: genes encoding for the

protein constituents of mature ribosomes.
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Figure 5: Characterization of preferential LV integratian Specific gene sets and gene ontology terms. A)
Integration frequency within pseudogenes and rib@dgorotein genes, or pseudogenes derived of tiBm.
Integration frequency in gene sets involved in sitrme biogenesis (Ribosome biogenesis in eukaryotes
SuperPatf) and ribosome RNA processing (rRNA processinghim nucleus and cytosol SuperP3th C-E:
Enrichment heatmaps of the most overrepresentduvpsis and processes among genes present in the CIS-
engaged integration sites, colored by p-valuestiaga in C: for D+H LVs; in D: for D+N LVs and in Hor

INwt LVs. RPL/RPS genes: large subunit ribosomaltgins/small subunit ribosomal proteins, respebtjver
pseudogenes derived of these genes. In A and Biffeeences between the data sets were calculgitedwo-

sided Chi-square tests. ***p<0.001; *p<0.05.

Figure 6: Quantification of targeted integration in the 2Z8NA gene and detection of potential deletionshim t
rRNA gene and in the short arms of the acrocestitomosomes. The proportion of vectors integratst the
I-Ppol site in the 28S rRNA gene was quantitatethwidPCR (A and B). The vector dose used (5k ard 10
vp/cell) is shown in parenthesis after the LV abiaon. The values of the two analyzed wells pecter and
vp-dose combinations are shown (mean with SEM fduplicate measurements per sample; see also Taple S
with the results from T cells extracted from Dorloshown in A) and T cells from Donor 2 in B). Thepy
number of the 18S rRNA gene (C) and the DJ regidnwiere quantitated from T cells transduced wittk 10
vp/cell at day 2 post transduction. The same samgpdicates were used as in A and B. These four
measurements per vector group (Table S10) are shdttntheir mean and SEM. The differences in copy
numbers were analyzed with one-way ANOVA by compgthe vector-groups’ values to the same donor’s
NTD control with Dunnett's Multiple Comparison TeN{TD: non-transduced cells; DJ: distal junctiogusence;

p.td: post transduction; rRNA: ribosomal RNA.

ABBREVIATIONS

IN: integrase; rDNA: ribosomal DNA; rRNA: ribosomBNA,; |S. integration site; NHEJ, non-homologousl en
joining; DSB: DNA double strand break; EGFP: enteghgreen fluorescent protein; UH-IS: unique hitNg4-
IS: multiple hit -IS; ETS: external transcribed spg ITS: internal transcribed spacer; IGS, intaigepacer;
LV: lentivirus vector; LTR: long terminal repealyldssy: integration deficient IN; Intrag.; intragenic 1Biterg.:
intergenic IS; INwt: wild type integrase; D+H: pily and IN-I-Ppoj7ga -containing LVs; D+N: INgsy and IN-
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I-Ppoly110a -cONtaining LVs; ns: not significant; CIS: commartegration site; NAD: nucleolus associated

domain; tRNA: transfer RNA; ncRNA, non-coding RNBJ: distal junction sequence.
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Table 1:
Characterizatio
n of the
strongest
integration
hotspots among
the uniquely

mappable IS.

Table 2:
Characterizatio
n of the
strongest
integration

hotspots among

Median b Nearest . .
Rank [ IS #| -~ ion Gené Repeaf RefSeq gend Dimension (kB)
1 67 chr16:1633220 CRAMP1 SINE/Alu 524
2 53 chr8:144306704 HSF1 LINE/L1 475
3 52 chr16:2080539 TSC2 SINE/Alu 334
4 44 chr11:66094636 PACS1 LINE/L1 465
5 35 chr11:65566836 | intergenic na SSSCA1-ASL 235
6 33 chr16:688665 WDR24 na 368
7 31 chr1:1334252 TAS1R3 na 184
T s 28 chr19:1199664 intergenic na STK11 223
3 9 27 chr6:30681690 PPP1R18 SINE/Alu 317
'g 10 25 chr17:81593484 NPLOC4 DNA/hAT-Charli¢ 163
Z 11 22 Chrl17:82147186| CCDC57 simple 279
- 12 21 Chr9:128599563| SPTAN1 SINE/Alu 311
13 19 Chr12:49150673| intergenic SINE/Alu TUBA1B 247
13 19 Chr19:49842535| PTOV1-AS1 SINE/Alu 157
14 18 Chr6:31687953 ABHD16A na 182
14 18 Chr10:112589294VTI1A LTR/ERV-MaLR 174
15 17 Chr11:65218552| SLC22A20P na 166
15 17 Chr17:81880539| intergenic LINE/L1 ALYREF 84
1 12 chr6:27631516 intergenic (tRNA) LINC01012 37
2 11 chr6:28658243 intergenic tRNA LINC00533 86
3 10 chr5:140711372 VTRNA1-1 na 8
4 9 chr2:38482053 '(‘Rog_lé’olggfsge na 1
4 9 chr3:182901763 | ATP11B na 0
4 9 chr20:30512867 intergenic rRNA (LSU) MLLT10P1 1
5 6 chr2:131102011 | intergenic na 69
5 6 chr2:132279863 intergenic rRNA (LSU) ANKRD30BL| 0
6 5 chr11:65611215 MAP3K11 na 55
6 5 chr17:81897445 ANAPC11 na 52
intergenic LINC01620
_ 6 5 chr20:44466866 (RPLg37AP1) na IC200r0s 0
I 7 4 chr1:8866735 ENO1 na 17
\:_), 7 4 chrl:174904258 RABGAP1L SINE/Alu 48
T 7 4 chr2:3577177 RPS7 SINE/Alu 19
5 7 4 chr2:27050883 intergenic (tRNA) AGBL5-AS1 30
7 4 chr4:145884509 ZNF827 na 47
7 4 chr5:122352156 SNCAIP na 37
7 4 chr6:153282725 '(Eﬁrfg‘)fpe) na RGS17 32
7 4 chr10:125738308 EDRF1 na 0
7 4 chr11:77886544 INTS4/AAMDC rRNA (LSU) 15
7 4 chr12:56175248 | SMARCC2 SINE/Alu 22
7 4 chr16:685472 WDR24 na 29
7 4 chr19:1131901 SBNO2 na 36
7 4 | chr19:12894007 %%Dsgpzs) na 36
7 4 chr21:8415028 intergenic simple (45S rRNAMIR6724-1 39
7 4 chrx:135542502| INTS6L SINE/Alu 0
1 10 chr6:27631467 intergenic tRNA LINC01012 167
2 7 chr8:144456689 CYHR1 na 114
3 5 chr11:66348159 LOC102724064 tRNA 7
3 5 chr12:56190397 | intergenic tRNA SMARCC2 0
3 5 chr19:3982952 EEF2 na 6
4 4 chr5:140711372 VTRNA1-1 na 8
5 3 chr1:951876 NOC2L na 6
5 3 chrl:145157237 intergenic tRNA LOC103091866 O
f 5 3 chr1:156312177 CCT3 na 8
=) 5 3 chr2:27050871 intergenic tRNA (SINE/Alu) AGBIS1 15
=~ |5 3 chr5:178204539 HNRNPAB na 38
% 5 3 chr5:181236966 RACK1 na 51
o 5 3 chr7:5634480 RNF216 na 39
5 3 chr8:144311250 HSF1 na 5
5 3 chr9:127972911 FAM102A na 44
5 3 chr9:136375334 intergenic na SNAPC4 8
5 3 chrl6:1817574 HAGH na 18
5 3 chr16:1960749 NDUFB10 SINE/MIR 15
5 3 chr16:67887498 NRN1L SINE/Alu 8
5 3 chrl7:8221619 LINC00324 tRNA 6
5 3 chr20:63678092 RTEL1 na 4
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eTOC synopsis:

Random integration of therapeutic genes can cause undesired side-effects. This study shows that lentivirus
vector integration can be efficiently targeted to ribosomal DNA with vectors that carry an endonuclease
and the transgene. rDNA cleavage and targeted integration were well tolerated by primary human T cells
and the transgene became transcribed.
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