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Lentivirus vectors (LVs) are efficient tools for gene transfer, but
the non-specific nature of transgene integration by the viral
integration machinery carries an inherent risk for genotoxicity.
We modified the integration machinery of LVs and harnessed
the cellular DNA double-strand break repair machinery to inte-
grate transgenes into ribosomal DNA, a promising genomic
safe-harbor site for transgenes. LVs carrying modified I-
Ppol-derived homing endonuclease proteins were character-
ized in detail, and we found that at least 21% of all integration
sites localized to ribosomal DNA when LV transduction was
coupled to target DNA cleavage. In addition to the primary
sequence recognized by the endonuclease, integration was
also enriched in chromatin domains topologically associated
with nucleoli, which contain the targeted ribosome RNA genes.
Targeting of this highly repetitive region for integration was
not associated with detectable DNA deletions or negative im-
pacts on cell health in transduced primary human T cells.
The modified LVs characterized here have an overall lower
risk for insertional mutagenesis than regular LVs and can
thus improve the safety of gene and cellular therapy.

INTRODUCTION

Human immunodeficiency virus (HIV) 1-based lentivirus vectors (LVs)
are increasingly used in different gene therapy trials ranging from the
treatment of monogenic diseases to cell therapy of cancer. " Despite be-
ing less genotoxic than the more frequently used gammaretrovirus vec-
tors,” LVs—like all integrating gene transfer systems—possess a risk of
causing undesired genomic events that can lead to new malignancies.
The genotoxicity risks of LVs are mainly related to aberrant transcrip-
tional activation or inactivation of cellular genes and the induction of
new splice variants with potentially oncogenic effects.*

The HIV-1 integrase protein (IN) catalyzes permanent incorporation
of vector-carried transgenes into the chromatin of host cells.” It pro-
cesses the viral long terminal repeats (LTRs), which flank the viral
genome, so that two nucleotides from the LTR’s 3’ ends are cleaved
off (the 3’ guanine-thymine, or GT, dinucleotide). Cellular DNA
repair enzymes finish the integration reaction by sealing remaining
gaps between the provirus and genomic DNA. Mainly through IN’s
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interaction with its cellular co-factor PSIP1 (also called lens epithe-
lium-derived growth factor LEDGF/p75) lentiviruses have a strong
preference to integrate within coding sequences of actively tran-
%7 Although no severe adverse effects
have been described to date that would result from the typical integra-
tion pattern of LVs,” permanent transgene delivery into target cells

scribed protein-encoding genes.

would optimally take place in a predefined genomic region that could
house transgenes with minimal risks for genotoxicity.

Ribosomal DNA (rDNA) consists of highly repetitive ribosomal RNA
(rRNA) genes, of which there are about 400-600 copies in each cell.®
rRNA genes are typically organized as tandem repeats that are sepa-
rated by intergenic spacer (IGS) regions (Figure 1A). Apart from the
5S rRNA that is encoded from a cluster in chromosome 1, the genes
encoding for the RNA components of ribosomes reside in the short
arms of the acrocentric human chromosomes 13, 14, 15, 21, and 22
that form the nucleoli.” Due to the wealth of rRNA genes and the iso-
lated location of nucleolar DNA distant from protein-encoding genes
with oncogenic potential, IDNA represents a promising genomic safe
harbor for the integration of therapeutic transgenes.

DNA double strand breaks (DSBs) are repaired in cells mainly
through two pathways, the non-homologous end joining (NHE])
and homologous recombination (HR).'® Small insertions or deletions
(indel mutations) frequently accompany NHEJ-driven DSB repair,
but both pathways have been used successfully for genome editing
and to integrate donor DNA molecules into specific sites with the
aid of different nucleases.' ' Most currently available nuclease-based
techniques, however, rely on transfection and require using at least
two separate vectors or molecules, which can reduce the efficiency
of desired modifications and hampers their in vivo use.
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We have characterized the full integration site repertoire of LVs that
carry an enzymatically weakened homing endonuclease protein that
was incorporated into the vectors with the aim of targeting integra-
tion to the DSBs it generates. I-Ppol recognizes a 15 bp sequence pre-
sent in the 28S rRNA genes (RNA28S) of eukaryotes (Figure 14).""*
The coupling of LV-transduction with target DNA cleavage enabled
an unprecedently high level of transgene integration targeting into
rDNA and decreased the genotoxicity risks associated with the use
of LVs for gene transfer. These vectors retain the large packaging ca-
pacity of LVs and are directly suitable for both ex vivo and in vivo gene
transfer applications.

RESULTS

Third-Generation LVs Used for Targeted Integration into rDNA
In order to generate targeted DSBs into rDNA, we used an IN-I-
Ppolyysa fusion protein that binds to and cleaves the 285 rRNA
gene but affects cellular viability less than the wild-type endonuclease."
Third-generation LVs containing the IN-I-Ppoly,s4 were produced
with our previously established method that results in the incorpora-
tion of both the IN-fusion protein and the integration-deficient IN
(INpgy) molecules into vector particles (Figure 1B), which improves
their titers and functionality.'® LV carrying the IN-I-Ppol;5 protein
(hereafter called D+H) were characterized side-by-side with LVs
carrying the enzymatically inactivated IN-I-Ppoln;ioa (D+N)'&7
better delineate the effects of target DNA cleavage on vector integra-
tion. Unmodified LVs (INwt) were used as a control. All vectors whose
complete integrome was analyzed contained an EGFP transgene
construct compatible with both LV-catalyzed and NHEJ-driven inte-
gration. The proportion of MRC-5 lung fibroblast cells positive for
EGFP expression was 83%-97% at day 2 or 3 post-transduction
when genomic DNA was extracted for IS analysis (Table S2).

to

IN-1-Ppoly7sa/n119a INclusion Changes the Global Integration
Pattern and Genotoxicity Risks of LVs

IS were analyzed separately for the non-repetitive and repetitive
portions of the human genome (Hg38). The total numbers of IS

IN fused to cleavage-

Figure 1. rDNA and the LVs Generated in This Study to
Direct Integration into the I-Ppol Site

(A) An illustration of an acrocentric chromosome (top), the
repeating rDNA units (yellow arrows) that contain the rRNA
genes and the IGS (middle), and one rRNA gene with its
flanking sequences (bottom). Each rRNA gene unit encodes
a 458 pre-rBNA that serves as the precursor for the 18S,
5.8S, and 28S rRNAs of mature ribosomes. The |-Ppol site
within the 28S rRNA gene is highlighted with a red box. In
the current genome version hg38, there are three I-Ppol
sites on chromosome 21 that are annotated with a 28S
rBNA gene (Table S1). (B) lllustration of the different IN
molecule-containing LVs studied in this work, with an
enlargement of one IN-fusion protein-containing LV parti-
cle. rDNA, ribosomal DNA; rBNA, ribosomal RNA; ETS,
external transcribed spacer; ITS, internal transcribed
spacer; LV, lentivirus vector; IN, integrase; INpgay, integra-
tion deficient IN.

LV INpgqy +
IN-I-Ppoly19 (D+N)
IN fused to cleavage-

deficient I-Ppol

retrieved for the different vector types were 20,789 for LV-INwt,
7,181 for LV-D+H, and 2,906 for LV-D+N. The proportions of IS
that had multiple hits in the genome (MH-IS) of the total data
was found to be significantly higher in the IN-modified LVs in com-
parison to the control LV (Figure 2A). The exactly mappable or
unique hit (UH)-IS were used to determine the overall integration
pattern for each vector. The chromosomal distribution of IS was
similar between the vectors apart from deviations in seven chromo-
somes (Figure 2B). The distribution of IS within genes was more
uniform throughout the coding region for the IN-fusion protein
containing LVs than for the INwt LVs, which typically integrate
less frequently in the first 10th percentile of a gene’s length (Fig-
ure 2C)."* All analyzed LVs favored integration within genes over
integration in their upstream regions, but in comparison to INwt
LVs, there was a small but statistically significant increase in integra-
tion within the first 5 kb upstream of genes with the IN-modified
LVs. The IN-fusion protein-containing LVs had fewer intragenic
IS than INwt LVs (Figure 2D) and hence a smaller risk to interrupt
cellular genes with important functions. A vector’s tendency to inte-
grate into or close to oncogenes is an important parameter of its
safety, and HIV is known to integrate into these areas more than
would be expected through chance.'” Both IN-fusion protein-con-
taining LVs had fewer IS within and near oncogenes in comparison
to INwt-LVs (Figure 2E; Table S3). The IN-fusion protein LVs
mainly integrated without IN activity in contrast to INwt LVs,
whose LTRs were most frequently processed (Figure S1).

rRNA and tRNA Repeats Are the Most Favored Targets for the
IN-Modified LVs within the Repetitive Genome

The MH-IS were used to characterize the vectors’ preferences to inte-
grate within different genomic repeat elements, which were identified
using RepeatMasker.”” I-Ppol has 12 perfect recognition sites in the
current genome version (Hg38), and all but two of these localize to
rRNA repeat-contained sequences placed either on the acrocentric
chromosome 21 or in non-acrocentric chromosomes that contain
fragments of rRNA genes (Table S1). For D+H LVs, 41.9% of the
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Figure 2. Effects of IN-I-Ppol,7ga/n119a Fusion Protein Inclusion on the Integration Characteristics of LVs

(A) Composition of the integration site data and numbers of unique IS (UH) and multiple-hit IS (MH) retrieved for the different vectors. (B) Chromosomal distribution of
integration sites. Chromosome numbers are shown on the x axis. (C) Distribution of integration sites with respect to upstream (US) regions of genes, the gene length (% of
within gene) and downstream (DS) of genes. (D) A more detailed illustration of IS distribution within the uniquely mapping (UH; blue) and repetitive (MH; orange) portions of the
genome. (E) Integration frequency within oncogenes. A list comprising 2,579 human cancer genes (http://www.bushmanlab.org/links/genelists) was used for the com-
parison. The statistical differences between the IN-modified LVs and the control LV are shown above the bars (p < 0.0001 for both). Statistical differences between LVs were

calculated using two-sided Fisher’s exact test (D+H LVs versus D+N LVs) or with two-

sided chi-square test (INwt LV compared to D+H or D+N LVs). **p < 0.001; **p < 0.01;

*p < 0.05. In (C), the black asterisks denote differences between the control vector INwt LV and the IN-modified LVs, and gray asterisks denote differences between the D+H

and D+N LVs. Intrag., intragenic IS; Interg., intergenic IS; INwt, wild-type integrase;
taining LVs.

vector’s MH reads were within rRNA repeats (Figure 3A). In contrast,
D+N LV reads were most frequently associated with transfer RNA
(tRNA) genes (17.8%), SINE/Alu repeats, and third most with
rRNA repeats. tRNA genes were among the top three repeats also
for the D+H LVs. INwt LVs preferred SINE/Alu (40.0%) and
LINE/L1 repeats (15.5%) and had very few integrations in either
rRNA or tRNA genes. Interestingly, also signal recognition particle
RNA (srpRNA) and other repetitive non-coding RNA (ncRNA)
genes were more frequently targeted for integration by the IN-modi-
fied LVs than by the control vector (Figure 3A; Figure S2). Based on
the differences between the D+H and D+N LVs, it is evident that the
introduction of DSBs increases vector integration into rRNA repeats.
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D+H, INpeav and IN-I-Ppolzga-containing LVs; D+N, INpgay and IN-I-Ppoly11ga-con-

28S rRNA Gene Cleavage Enables Highly Efficient Integration
Targeting to rDNA

In addition to nucleolus-associated rDNA, rRNA gene segments are
also found in the non-nucleolar genome,”' and a fraction of the
uniquely mapping IS reads localized to these sites. The compiled IS
data comprising both the unique and multiple hit IS reads was there-
fore analyzed to determine the absolute numbers of rDNA-localized
integrations. For the D+H LVs, 21.3% of all IS localized to sequences
contained within an rDNA unit (Figure 3B), and the most favored lo-
cus within the rRNA gene was the 285 rRNA (Figure 3C). rDNA-
localized IS comprised 2.6% and 0.08% of all IS for the vectors
D+N and INwt, respectively (Figure 3B), which is well in line with
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our previous characterizations of these vectors.'® Similar to D+H LV,
the majority of D+N LV proviruses clustered into 28S rRNA but with
a much lower frequency (Figure 3C).

To verify the differences between the vectors in catalyzing targeted
integration, we used a droplet digital PCR (ddPCR)-based method
that detects integrated vector genomes within a 235-bp window
around the I-Ppol site in the 28S rRNA gene (Figure S3). At day 9
post-transduction, 20.9% of the D+H LV proviruses were estimated
to reside in this locus in transduced MRC-5 cells (Figure 3B; see
also Table S4). The proportion of IS reads within the same window
was 9.9%. In comparison, for the LVs containing D+N and INwt
the proportion of IS reads was 0.8% and 0.02%, respectively, and
the ddPCR-based targeting estimates 0.2% and 0.1% (Figure 3B).
Integration of the IN-modified LVs occurred more frequently in sense
orientation both near the I-Ppol site (66% for D+H and 71% for D+N;
Figure 3D) and within it (Figure 3E). Typical for DSB repair through
NHE]J, integration into the I-Ppol site involved small indel mutations,
which were observed more frequently in the D+H LV-treated than in
the D+N LV-transduced cells (Figure S4).

The ddPCR result suggested that for LV D+H, the actual level of inte-
gration targeting into the immediate vicinity of the I-Ppol site in the
rRNA gene is at least two times higher than that resolved with the IS
sequencing method. Next, we used vectors containing a selectable
marker for zeocin resistance to test whether the 28S rRNA insertions
remained stable through conditions that require expression of the
transgene. The proportion of proviruses in and near the I-Ppol site
remained similar between selected and unselected hTERT-RPEI cells,
as verified with ddPCR (Table S5). Taken together, when LV trans-
duction is coupled with the cleavage of target DNA by a vector-car-
ried endonuclease, stable and highly efficient targeted integration of
transgenes into rDNA is achieved.

Integrase-I-Ppol Fusion Proteins Target Integration into Strong
Hotspots That Are Distinct from the Areas Naturally Preferred by
HIV-Derived LVs

Specific genomic loci have been identified that recur as preferential inte-
gration loci, or integration hotspots, for HIV-1 and LVs.**** Such com-
mon integration sites (CISs) were identified to see if the inclusion of the
IN-I-Ppol-fusion proteins altered the natural preferences of LVs. Signif-
icant CISs containing at least three ISs were characterized for their
genomic coordinates and for the features they contained. In comparison
to the IN-modified LVs, a larger proportion of INwt LVs” unique ISs
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were engaged with integration hotspots, but proportionally fewer ISs
formed the strongest CIS (Figure S5; Data S1). The majority of the 15
strongest CISs (n = 18 individual CISs) of the LV INwt were localized
within protein-encoding genes (77.8%) (Table 1), with many of the hot-
spots residing in regions previously characterized as preferred integra-
tion sites for LVs and HIV-1 (Tables S6 and $7).>**° The median CIS
positions (CIS foci) of the seven strongest hotspots of the D+H LVs (n =
26) were frequently found in intergenic loci (35%), and in many cases
the RefSeq gene within the hotspot or nearest to it was a ncRNA gene
(31%) (Table 1; Figure S6A). All together, six D+H LV CIS foci were
within an rRNA repeat and five of them localized to I-Ppol cleavage sites
on separate non-acrocentric chromosomes (Table 1; Data S1), verifying
correct I-Ppol activity and NHEJ-driven insertion at the generated
DSBs. The five strongest CIS foci (n = 21 individual CISs) of the D+N
LVs revealed a similar preference toward intergenic areas and ncRNA
gene proximity as was seen for D+H LV, but instead of rRNA gene re-
peats, the hotspots frequently associated with tRNA repeats (29%) (Ta-
ble 1; Figure S6). All together, 9.5% of all D+N LVs’ unique CIS-associ-
ated ISs were within tRNA repeats, whereas neither tRNA nor rRNA
repeats were found in the hotspot-contained IS of the INwt LVs (n =
8,450) (Figure S6B). Analysis of all CIS-associated UH-IS confirmed
that both IN-modified LVs had significantly more intergenic IS than
the control vector (Figure 4A). INwt-LVs’ CIS-associated IS localized
into or near protein-encoding genes more frequently than those of
D+H LVs, and the latter targeted RNA genes more often than the con-
trol vector. Genes and pseudogenes of the ribsomal proteins L and S
(RPL and RPS, respectively) contained in the large and small ribosome
subunits were also frequently associated with the CIS of the D+H LVs
(Table 1).

The repeat-associated ISs make up at least one-third of the total IS num-
ber in the IN-fusion protein LVs, and a more accurate representation of
genomic features and gene types preferentially targeted for integration
by these vectors could be obtained by analyzing CIS in a combined data-
set containing both the UH- and the MH-IS. In this analysis, the D+H
LVs’ strongest CIS was now identified in the 28S rRNA gene, and it con-
tained 19% (n = 1367 IS) of all ISs (Table 2; Figure S7A). The strongest
CIS of the D+N vectors also localized into the 28S rRNA gene with 2.5%
of all IS. Integration targeting to the most preferred locus was again the
weakest for LV INwt, as only 0.3% (n = 68 ISs) of the vector’s IS localized
to the strongest CIS (Table 2; Figure S7A). Inclusion of the MH data into
the CIS analysis enabled the detection of new repetitive gene types, such
as 5S TRNA (RNA5S) and srpRNA genes, in the integration hotspots of
the IN-modified LVs (Table 2). The characteristic preferences of these

Figure 3. Characterization of Vector Integration within the Repetitive Genome and rDNA

(A) Integration frequency into different repeat types within the repetitive genome. (B) Total efficiency of integration targeting into an rDNA unit (including the rRNA coding region
and the IGS) and within a 235-bp window around the I-Ppol site. For the ddPCR-based quantification of I-Ppol site-directed integration, the mean (with SEM) of six
measurements is shown. (C—E) Coverage plots where read coverage on the positive strand (+ve; scale on the right y axis) is shown with a darker shade and on the negative
strand (—ve; scale on the left y axis) with a lighter shade for each LV type. (C) A large-scale view of IS read localization within the Chr21 locus containing annotated rRNA genes
(window size, 50 kb). (D) A closeup view of IS distribution within the 28S rRNA gene (window size, 1.6 kb). (E) lllustration of the reads mapping within and near the |-Ppol site
(shown with purple fonts). Window size, 300 bp. *Repeatmasker-identified repeats without manual correction and annotation of additional rRNA gene unit features.
**Repeatmasker-identified repeats. ©: integration frequency within an area extending 203 bp upstream and 32 bp downstream of the cleaved I-Ppol site (see Figure S3 for

details).
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Table 1. Characterization of the Strongest Integration Hotspots among the Uniquely Mappable IS

Rank IS # Median Location Gene® Repeat™ Nearest RefSeq Gene 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-AS1 235
6 33 chr16:688665 WDR24 NA 368
7 31 chrl:1334252 TASIR3 NA 184
8 28 chr19:1199664 intergenic NA STK11 223
9 27 chr6:30681690 PPP1R18 SINE/Alu 317
INwt (UH)
10 25 chr17:81593484 NPLOC4 DNA/hAT-Charlie 163
11 22 chr17:82147186 CCDC57 simple 279
12 21 chr9:128599563 SPTAN1 SINE/Alu 311
13 19 chr12:49150673 intergenic SINE/Alu TUBAIB 247
13 19 chr19:49842535 PTOV1-AS1 SINE/Alu 157
14 18 chr6:31687953 ABHDI16A NA 182
14 18 chr10:112589294 VTI1A 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) LINCO01012 37
2 11 chr6:28658243 intergenic tRNA LINC00533 86
3 10 chr5:140711372 VTRNAI-1 NA 8
4 9 chr2:38482053 LOC101929596 (RPLPOP6) NA 1
4 9 chr3:182901763 ATP11B NA 0
4 9 chr20:30512867 intergenic LSU-rRNA_Hsa MLLT10P1 1
5 6 chr2:131102011 intergenic NA PLEKHB2 69
5 6 chr2:132279863 intergenic LSU-rRNA_Hsa ANKRD30BL 0
6 5 chr11:65611215 MAP3K11 NA 55
6 5 chr17:81897445 ANAPCI11 NA 52
6 5 chr20:44466866 intergenic (RPL37AP1) NA LINCO01620 /C200rf62 0
7 4 chr1:8866735 ENO1 NA 17
7 4 chr1:174904258 RABGAPIL SINE/Alu 48
D+H (UH)
7 4 chr2:3577177 RPS7 SINE/Alu 19
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 intergenic (RPL27AP6) NA RGS17 32
7 4 chr10:125738308 EDRF1 NA 0
7 4 chr11:77886544 INTS4/AAMDC LSU-rRNA_Hsa 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 chr19:12894097 GCDH (RPS6P25) NA 36
7 4 chr21:8415028 intergenic simple (45S rRNA)* MIR6724-1 39
7 4 chrX:135542502 INTS6L SINE/Alu 0

(Continued on next page)
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Table 1. Continued

Rank IS # Median Location Gene® Repeat™ Nearest RefSeq Gene Dimension (kB)

1 10 chr6:27631467 intergenic tRNA LINCO01012 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 VTRNAI-1 NA 8

5 3 chr1:951876 NOC2L NA 6

5 chr1:145157237 intergenic tRNA LOC103091866 0

5 3 chr1:156312177 CCT3 NA 8

5 3 chr2:27050871 intergenic tRNA (SINE/Alu) AGBL5-AS1 15
D+N (UH) 5 3 chr5:178204539 HNRNPAB NA 38

5 3 chr5:181236966 RACKI1 NA 51

5 3 chr7:5634480 RNF216 NA 39

5 3 chr8:144311250 HSF1 NA 5

5 3 chr9:127972911 FAMI102A NA 44

5 3 chr9:136375334 intergenic NA SNAPC4 8

5 3 chr16:1817574 HAGH NA 18

5 3 chr16:1960749 NDUFB10 SINE/MIR 15

5 3 chr16:67887498 NRNI1L SINE/Alu 8

5 3 chr17:8221619 LINC00324 tRNA 6

5 3 chr20:63678092 RTEL1 NA 4

UH, unique hits; NA, not applicable; LSU-rRNA_Hsa, large subunit (28S) rRNA repeat.

Gene and repeat family in CIS median locus.

PRepeat is shown in parenthesis if it is found in > 50% of the reads, but not in the exact CIS median locus.

“ISs are placed into the IGS (UCSC genome browser Hg38).

LVs to integrate into tRNA and rRNA repeats and intergenic loci re-
mained the same but became more pronounced (Table 2; Figure S7B).
Similarly, the differences between the IN-modified LVs and the control
LV in targeting protein-encoding genes, RNA genes and the multiple
ribosome subunit genes grew stronger (Figure 4B). Finally, a clear in-
crease in the IS numbers per strongest CIS was observed, owing to the
large proportion of MH-IS forming them (Table 2). For the INwt LV,
the differences between the two analysis types were much subtler and
mainly related to slightly higher IS numbers per identified CIS (Tables
1 and 2). Taken together, the integration hotspots of the IN-modified
LVs strongly associate with repetitive RNA-encoding genes and show
very little resemblance to the well-characterized hotspots near pro-
tein-encoding genes of unmodified LVs.

I-Ppol Protein Inclusion Increases Vector Integration in Genomic
Features That Are Enriched in Nucleolus-Associated Domains
Nucleolus-associated domains (NADs) are defined chromatin
domains that dynamically interact with nucleoli.”” Enrichment of
pseudogenes in NADs has been characterized in plants,”® and the ri-
bosomal protein encoding genes are known to have multiple processed
pseudogenes in the human genome. Also, specific gene families and
genes, such as those encoding for tRNAs and the protein constituents
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of the ribosomes, are enriched in NADs.**>* Since these gene types

were frequently hit by the IN-modified LVs (Figures 3A and 4B)
and identified in their integration hotspots (Tables 1 and 2; Figures
S6 and S7), we asked whether additional similarities would exist be-
tween the identified CIS loci and NAD-contained regions. After anno-
tating the ISs of the different LVs with pseudogenes, we found that
integration in pseudogenes occurred more frequently with the IN-
modified LVs than with the control LV (Figure 5A). When the pseu-
dogene-annotations were used in place of the original NCBI Reference
Sequence Database (Refseq) gene annotations, integration was found
to be more frequent also in RPL and RPS gene-derived sequences with
the IN-modified LVs than with the INwt LVs (Figure 5A). In addition
to these structural proteins of the ribosomes, also larger groups of
genes related to ribosome biogenesis contained more integrations
with the IN-modified LVs than with the control LV (Figure 5B).

Significantly enriched Gene Ontology (GO) terms among NAD genes
include ribosome, mitochondrion, cytosolic large/small ribosomal
subunit and nucleolus.”” A GO-analysis of the CIS-engaged genes re-
vealed that several pathways and processes related to ribosome struc-
ture and function were enriched among the genes preferentially tar-
geted for integration by the IN-fusion protein LVs and that similar
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Figure 4. Characterization of CIS-Associated IS

(A) Allunique IS associated with CIS were analyzed for their occurrence in intergenic
loci, pseudogenes, NncRNA genes (“RNA genes”) and protein-encoding genes. The
proportions of IS within each feature are shown as a percentage of all CIS-asso-
ciated UH-IS. The numbers of CIS-contained IS are as follows: 8,450 for LV INwt,
333 for LV D+H, and 81 for LV D+N. (B) Characterization of the proportion of IS
localizing to protein-encoding genes, pseudogenes, NcRNA genes, and ribosomal
protein-encoding genes (RPL and RPS genes) of all CIS-associated IS (UH-MH-
CIS). The numbers of all CIS-associated IS are as follows: 2,506 for LV D+H, 498 for
LV D+N, and 10,367 for LV INwt. The differences between the vectors were
analyzed with two-sided Fisher’s exact test (D+H LVs versus D+N LVs) or with two-
sided chi-square test (INwt LV compared to D+H or D+N LVs). **p < 0.001; *p <
0.05. In (B), the asterisks are shown only for INwt LV, whose difference to each IN-
modified LVs was similar. Ribosomal prot., genes encoding for the protein con-
stituents of mature ribosomes.

GO-terms were enriched as among NAD-associated genes (Figures
5C and 5D; Data S2). Interestingly, also mitochondria-related terms
were enriched for D+N LVs, but not for D+H LVs. For the INwt
LV, no enrichment of ribosomal structure or function-related terms

3
© the most en-

was observed (Figure 5E). In line with previous studies,
riched pathways and processes were instead related to cell cycle and
its control as well as chromatin organization. The similarities between
NAD-associated features and the gene types preferentially targeted
for integration by the IN-fusion protein LVs indicates that the local-
ization of a chromosomal region close to nucleoli is an additional
determinant of the vectors’ preferential integration, in addition to

the primary sequence recognized by I-Ppol.

Integration Targeting and Cellular Responses to Transduction in
Primary Human T Cells

Having confirmed rDNA-targeted integration in both the slowly and
finitely dividing lung fibroblast cells (MRC-5) and in the non-

cancerous but immortalized retinal pigment epithelium cells
(hTERT-RPE1), we asked how the IN-modified vectors would
perform in the transduction of primary human T cells, which repre-
sent a relevant cell type for clinical gene and cell therapy. For this aim,
T cells from two individuals were enriched, transduced with the
different LVs, and assayed for targeted integration and different indi-
cators of cell health and cytotoxicity. Estimation of targeted integra-
tion at day 10 post-transduction with the ddPCR-based method
showed that up to 8% of the D+H LV integration events reside in
the immediate vicinity of the I-Ppol site in the 28S rRNA gene, the
mean targeting efficiencies ranging from 2.6% to 5.7% (Figures 6A
and 6B; Tables S8 [day 2] and S9 [day 10]). With the INwt control
LVs, the mean targeting efficiencies were 0.0%-0.1%.

The number of metabolically active live cells was determined to study
if T cells transduced with the D+H-containing LVs proliferate simi-
larly to cells transduced with the control LV. In a test using 5,000 vec-
tor particles (5k vp) per cell, the number of viable cells was the highest
in the INwt LV group, and no differences between the groups were
observed that could be specifically addressed to the IN content of
the modified LVs (Figures S8A and S8B). When using a higher vector
dose of 10k vp/cell, the only test group having significantly fewer
metabolically active cells in comparison to the INwt control at the
last time point assayed was the D+H LV group, whose mean cell
numbers were 81%-85% of those of the control vector (Figures S8C
and S8D).

Next, it was studied whether the cleavage of rRNA genes and subse-
quent transgene integration would cause direct cytotoxicity or induce
apoptosis that is followed by secondary necrosis. Of the three LVs
tested, a statistically significant increase in the apoptosis signal in rela-
tion to untreated cells was observed only for LV D+N at day 3 post-
transduction (5k vp/cell, p < 0.05) (Figure S9). An elevated necrosis
signal was observed for INwt LVs in altogether three time points
(p <0.05,p <0.01, and p < 0.001), and for D+H LV at one time point
(p < 0.05) in comparison to non-transduced cells (Figure S10). Etopo-
side-treated cells were positive for apoptosis induction at day 1 and
for necrosis at days 2 and 3 post-treatment (Figures S9 and S10). Since
there was no increase of necrosis in T cells that would be clearly attrib-
utable to the D+H content of the vectors, it is likely that the decrease
in cell numbers we observed in the viability test results from a mod-
erate slowdown of division and/or metabolism in LV D+H-trans-
duced cells.

As learned from studies using the Cas nucleases, target DNA cleavage
can cause different types of mutations and rearrangements of
genomic DNA, including large deletions.”” ** rDNA represents a
recombination hotspot in meiotic cells and in cancer, hence the num-
ber of rRNA genes can vary substantially both between and within in-
dividuals.**'"** To see if the number of rRNA genes would be affected
by the use of D+H LVs, we quantitated the 18S rRNA gene (RNA18S)
copies in transduced T cells at day 2 post transduction. Consistent
with previous studies,’ the mean gene copy numbers or rRNA genes
varied between 478 and 701 per cell, and no statistically significant
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Table 2. Characterization of the Strongest Integration Hotspots among All IS

Rank IS # Median Location Gene” Repeat™® Nearest RefSeq Gene Dimension (kB) MH%
1 68 chr16:1639939 CRAMPIL NA 524 1.5
2 61 chr16:2083750 TSC2 NA 334 14.8
3 57 chr8:144321862 DGAT1 NA 475 7.0
4 51 chr11:66093177 PACS1 LINE/L1 465 13.7
5 38 chr11:65553655 LTBP3 NA 258 7.9
6 34 chr1:1336483 DVLI1 NA 184 8.8
7 33 chr16:688665 WDR24 NA 368 0.0
8 31 chr19:26670953 centromeric Satellite/centromere LINC00662 544 100.0
INwt (UH+MH)
30 chr6:30665510 DHX16 NA 317 10.0
10 28 chr19:1199664 intergenic NA STK11 223 0.0
11 26 chr17:81592393 NPLOC4 NA 163 3.8
12 25 chr17:82142721 CCDC57 NA 371 12.0
12 25 chr22:50382044 PPP6R2 LINE/L1 279 28.0
13 23 chr9:128606115 SPTAN1 SINE/Alu 311 8.7
14 22 chr12:49147302 intergenic SINE/Alu TUBAIA 247 13.6
15 21 chr19:49849663 PTOV1-AS1 NA 157 9.5
1 1367 chr21:8444914 RNA28SN1 LSU-rRNA_Hsa MIR6724-4 135 99.7
2 130 chr14:49862760 RN7SL2 stpRNA/7SLRNA 9 100.0
3 53 chr14:49586605 RN7SL1 stpRNA/7SLRNA 0 100.0
4 37 chr20:30512867 intergenic LSU-rRNA_Hsa MLLT10P1 0 75.7
5 34 chr2:132279864 intergenic LSU-rRNA_Hsa ANKRD30BL 0 82.4
6 33 chr11:77886544 INTS4/AAMDC LSU-rRNA_Hsa 30 87.9
7 29 chr6:27631414 intergenic (tRNA) LINC01012 163 483
7 29 chr17:8187235 intergenic tRNA MIR4521 111 93.1
8 26 chr1:228646038 RHOU/DUSP5P1/RNA5S17 58 rRNA 3 100.0
D+H (UH+MH)
9 23 chr19:50128415 SNAR-A11 NA 11 100.0
10 21 chr6:125780266 intergenic tRNA NCOA7 43 90.5
11 19 chr1:237603123 RYR2 LSU-rRNA_Hsa 0 84.2
12 15 chrX:109054236 intergenic LSU-rRNA_Hsa MIR6087 0 100.0
13 14 chr16:3191572 intergenic tRNA ORIF1 83 85.7
13 14 chr21:17454798 intergenic tRNA LINCO01549 0 100.0
13 14 chr22:32039474 intergenic (RPS17P16) NA SLC5A1 0 78.6
14 13 chr8:69690270 SLCO5A1 LSU-rRNA_Hsa 0 76.9
15 12 chr6:28863698 intergenic tRNA LINCO01623 192 66.7
1 73 chr21:8444904 intergenic LSU-rRNA_Hsa MIR6724-4 12 100.0
2 47 chr17:8125819 intergenic (tRNA) HES7 108 91.5
3 29 chr14:49862666 RN7SL2 srpRNA/7SLRNA 0 100.0
4 22 chr6:27618534 intergenic SINE/Alu (tRNA) LINC01012 167 54.5
5 15 chr5:181207830 intergenic tRNA TRIM7 68 80.0
D+N (UH+MH) 7 15 chr16:3191501 intergenic tRNA ORIF1 16 933
6 11 chr6:125780305 intergenic tRNA NCOA7 0 100.0
6 11 chr14:49586625 RN7SL1 stpRNA/7SLRNA 0 90.9
6 11 chr19:50128411 SNAR-A11 NA 16 100.0
7 9 chr19:46811031 intergenic SINE/Alu SNAR-E 20 77.8
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Table 2. Continued

Rank IS # Median Location Gene® Repeat™ Nearest RefSeq Gene Dimension (kB) MH%
8 8 chr1:145287841 intergenic tRNA NBPF20 0 100.0
8 8 chr1:161425134 intergenic LINE/L1 (tRNA) CFAP126 85 87.5
8 8 chr17:82494740 intergenic tRNA NARF 0 100.0
8 8 chr19:1021625 RNU6-2 snRNA/U6 59 87.5
9 7 chr1:228646036 RHOU/DUSP5P1 (5S rRNA) 2 100.0
9 7 chr5:140711373 VTRNAI1-1 NA 15 429
9 7 chr8:144456689 CYHR1 NA 114 0.0

9 7 chr12:56190397 intergenic tRNA SMARCC2 0 28.6
9 7 chr14:58239894 intergenic tRNA ACTR10 0 100.0
9 7 chr15:45201222 intergenic tRNA SHF 0 100.0
9 7 chr19:1383594 intergenic tRNA NDUFS7 4 85.7
9 7 chr21:17454808 intergenic tRNA LINCO01549 0 100.0
10 6 chr9:133020150 intergenic (EEF1A1P5) NA SNORD141A 1 100.0
10 6 chr11:66348155 LOC102724064 tRNA 7 16.7
10 6 chr16:68742482 CDH1 5S rRNA 0 100.0
10 6 chr19:4724132 intergenic tRNA DPP9 0 100.0

MH%, fraction of the multiple hit (MH)-IS of all CIS-forming IS; UH, unique hits; NA, not applicable; LSU-rRNA_Hsa, large subunit (28S) rRNA repeat.

Gene and repeat family in CIS median locus.

PRepeat is shown in parenthesis if it is found in >50% of the reads, but not in the exact CIS median locus.

differences were observed between the non-transduced cells and D+H
or INwt LV-transduced cells (Figure 6C; Table S10). To address the
occurrence of larger deletions potentially affecting whole acrocentric
chromosome arms, we studied the copy number of the distal junction
(D)) sequence that flanks the rRNA array at the telomeric side.*’
Similar to the rRNA genes, no statistically significant differences
were observed between the three groups, and 13 to 18 copies of these
sequences were detected per cell (Figure 6D). In conclusion, transduc-
tion with the 28S rRNA gene-cleaving D+H LVs does not cause
detectable variations in the rRNA gene nor in the D] sequence copy
numbers in T cells.

Cleavage of the rRNA gene and transgene integration into it can affect
the transcription of both the rDNA and the provirus. To address the
question of whether vectors integrated into the I-Ppol site become
transcribed, we analyzed total RNA extracted from D+H and INwt
LV-transduced T cells at days 2 and 10 post-transduction with site-
specific RT-ddPCR. Vector sequence-containing rRNA transcripts
were detected at both time points and only in the D+H LV group,
confirming that proviruses within the targeted 28S rRNA gene
become transcribed (Tables S11 and S12).

DISCUSSION

In this study, we show that LV integration can be directed to the
rDNA of normal human cells with an unprecedently high efficiency
when transduction is coupled with target site cleavage. In non-
selected MRC-5 cells, the vectors carrying an endonuclease with
reduced DNA cleaving activity integrated 266 times more frequently

into rDNA than the control vectors and 8.2 times more than LVs
whose IN-endonuclease content can only bind the target DNA. Other
researchers have attempted to direct the integration of recombinant
adeno-associated virus vectors (rAAVs) to the same locus but
achieved only modest efficiencies: the increase in targeted integration
was 8- to 13-fold in comparison to control vectors,*® and 2%-3% of
selected hepatocytes were estimated to have the intended integration
event within the 285 rRNA gene.”” The LVs characterized in our
study promote much higher rDNA targeting, but further compari-
sons with the rAAVs are challenging due to profound differences in
the study designs, IS analysis methods, and in the numbers of IS
retrieved (n = 12-176 for the rAAVs).***” In addition to rAAVs,
also non-viral vectors have been developed to target integration
into the rDNA genomic safe harbor locus.*®** However, in these
studies, the levels of both transfection and targeted integration were
low, and the analysis lacked thorough examination of the potential
off-target integration events.

Our primary focus was to characterize both the complete integrome
and the integration targeting efficiency of two IN-modified LVs as
comprehensively as possible, which was achieved through the analysis
of all ISs at an early time point where minimal clonal expansion of
transduced cells had occurred. Analysis of LV D+H-transduced
MRC-5 cells at later time points with ddPCR revealed that the effi-
ciency of integration targeting into the 28S rRNA gene-contained I-
Ppol site is at least two times higher than resolved through IS
sequencing, reaching 21% of all proviruses. When comparing unse-
lected and Zeocin-selected hTERT-RPE1 cells, we found that the
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proportion of proviruses remained stable in this repetitive DNA locus
over time. Transduction tests with primary human T cells confirmed
that integration within the I-Ppol site is increased also in this clini-
cally relevant cell type, albeit to a lower degree than observed in the
MRC-5 cells.

Subsampling and partitioning errors are known sources for variability
in ddPCR, and its precision is decreased at the extremes.”””! Other
factors that can have contributed to the observed differences between
the tested cell types include inherent differences in their replication
kinetics and susceptibilities to transduction with LVs, lot-to-lot vari-
ability between the produced vectors, and a limited number of repli-
cates analyzed per sample. On the other hand, with the IS sequencing
method, the number of unique integrations within a highly targeted
locus is easily underestimated due to saturation of potential unique
MuA transposition sites and read lengths that were used to differen-
tiate individual integrations from PCR-borne replicates. Despite the
differences in efficiencies that likely originated from subsampling-
related issues, the ddPCR-based method clearly demonstrated that
D+H LVs catalyze targeted integration in both primary and cultured
cells.

Cleavage of the 28S rRNA gene, its subsequent repair, and simulta-
neous insertion of proviruses into it could cause genomic rearrange-
ments in this highly repetitive locus, including large deletions. We
tested for this possibility and found no signs of gross deletions in
the acrocentric chromosomes or in the rRNA genes after transduction
with the D+H LVs. A moderate reduction in viable cell numbers was
observed in LV D+H-transduced T cells at day 4 after transduction,
but no clear indications of cytotoxicity were evident. rRNA gene tran-
scription is halted upon DSB introduction into rDNA, which causes
the formation of specific nucleolar cap structures and facilitates repair
of the lesions (reviewed in Larsen and Stucki®®). The observed reduc-
tion in the numbers of metabolically active cells may hence have
resulted from the decreased production of the building blocks for
ribosomes, which directly affects the metabolic activity of the cell.
At days 2 and 10 post-transduction, we were able to detect provi-
rus-containing transcripts from the 28S rRNA gene, which proves
that transcription of this locus and the genetic material inserted
into it is recommenced after DSB repair.

By analyzing the complete integrome of the modified LVs in MRC-5
cells, we found that proviruses residing outside of the targeted rDNA
locus had a lower tendency to integrate within genes and oncogenes
but showed a higher preference toward genomic features that are
also enriched in NADs, chromatin domains that co-localize with
rRNA gene arrays in the three-dimensional organization of the

genome.”** One explanation for the preferential targeting to these
loci could be that nicks or DSBs occurring randomly in NAD-con-
taining chromosomes capture a proportion of vector genomes that
were tethered to nucleolar proximity by the LV-contained I-Ppol pro-
tein. For the D+N LVs, the localization of genomic regions in NADs
seems to be a stronger determinant of integration hotspot site selec-
tion than the distance to an I-Ppol site. The transcriptional status
of transgenes inserted into NADs and further verification of this phe-
nomenon remain to be addressed with additional techniques in the
future. To our knowledge, this is this first description of distinct
genomic regions that are distant from one another on the linear
axis of DNA but near in the three-dimensional genome to become
jointly affected when site-specific transgene integration was pursued
based on primary DNA sequence recognition. This observation may
have utility in the prediction of possible off-target sites also when us-
ing other nucleases for genome editing, such as the CRISPR/Cas
system.

The most desired integrating vectors in gene therapy are those that
can direct transgenes into genomic safe-harbor sites to minimize
the risks related to insertional mutagenesis. LVs have many benefits
as vectors, but their integration profile may endanger normal cellular
gene function. First attempts to direct LV integration to specific sites
were based on IN-fusion proteins,”” and more recent approaches
relied on new chromatin binding preferences assigned for the IN-
tethering LEDGF proteins.”* " After our first report of using LVs
for protein transduction without the previously necessary Vpr-pro-
tein fusions,”® many studies have described different LV- or retrovirus
vector (RV)-based virus-like particles, or nanoparticles, to transport
desired proteins into cells often with the aim of delivering DNA-edit-
ing or integration-targeting enzymes.”” °® In addition, LVs and RVs
can deliver these components into cells as transgenes (reviewed in
Chen and Gonqalves(’g) or messenger RNA.7"72 Systems in which
single-vector particles contain both the donor DNA and the enzymes
required for targeted integration are superior to multi-construct ap-
proaches that may suffer from decreased efficiency if only a fraction
of the intended components reach target cells. The majority of recent
studies aiming for genome editing and targeted integration utilize the
CRISPR/Cas system. With the help of different technical advances
and the discovery of alternative Cas variants, it has been possible to
improve the specificity of targeted genome modifications (reviewed
in Broeders et al.”’), but major concerns related to the safety’” *°
and efficacy of the CRISPR-based approaches remain, precluding
their wide utility in the clinic at the moment.

In comparison to most genomic safe harbor (GSH) site candidates,
rDNA is unique, owing to its repetitive gene context. This feature

Figure 5. Characterization of Preferential LV Integration in Specific Gene Sets and Gene Ontology Terms

(A) Integration frequency within pseudogenes and ribosomal protein genes or pseudogenes derived of them. (B) Integration frequency in gene sets involved in ribosome
biogenesis (ribosome biogenesis in eukaryote SuperPath®°) and rRNA processing (-RNA processing in the nucleus and cytosol SuperPath®®). (C-E) Enrichment heatmaps of
the most overrepresented pathways and processes among genes present in the CIS-engaged integration sites, colored by p values. Heatmap in (C), for D+H LVs; in (D), for
D+N LVs; andin (E), for INwt LVs. RPL/RPS genes, large subunit ribosomal proteins/small subunit ribosomal proteins, respectively, or pseudogenes derived of these genes.
In (A) and (B), the differences between the datasets were calculated with two-sided chi-square tests. ***p < 0.001; *p < 0.05.
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Figure 6. Quantification of Targeted Integration in the 28S rRNA Gene and
Detection of Potential Deletions in the rRNA Gene and in the Short Arms of
the Acrocentric Chromosomes

(A and B) The proportion of vectors integrated near the |-Ppol site in the 28S rRNA
gene was quantitated with ddPCR. The vector dose used (5k and 10k vp/cell) is
shown in parenthesis after the LV abbreviation. The values of the two analyzed wells
per vector and vp-dose combinations are shown (mean with SEM from duplicate
measurements per sample; see also Table S9) with the results from T cells extracted
from donor 1 shown in (A) and T cells from donor 2 in (B). (C and D) The copy number
of the 18S rRNA gene (C) and the DJ region (D) were quantitated from T cells
transduced with 10k vp/cell at day 2 post-transduction. The same sample replicates
were used as in (A) and (B). These four measurements per vector group (Table S10)
are shown with their mean and SEM. The differences in copy numbers were
analyzed with one-way ANOVA by comparing the vector-groups’ values to the same
donor’'s NTD control with Dunnett’s multiple comparison test. NTD, non-trans-
duced cells; DJ, distal junction sequence; p.td, post-transduction; rRNA, ribosomal
RNA.

could pose challenges to both the cells upon transgene integration and
to the stability of the transgene itself, but our results in primary hu-
man T cells did not support such concerns nor point to major adverse
effects. The most important safety features of rDNA as a GSH include
its isolated location from potentially oncogenic protein-encoding
genes, and the high number of rRNA genes that remain intact despite
transgene integration into the locus. rDNA is typically ruled by RNA
polymerase I, but it is also accessible to the RNA polymerase II ma-
chinery.”*””” We show that integration can be targeted to the rRNA
gene array with an unprecedented efficiency using modified LVs
that carry both the donor DNA molecules and the integration-target-
ing enzyme within single-vector particles. These LV can deliver large
transgenes, are easy to produce with minor modifications to standard
protocols, and are suitable for both ex vivo and in vivo gene transfer
applications, hence potentially advancing the development next gen-
eration applications to treat human diseases.

MATERIALS AND METHODS

Generation of Third-Generation LVs

Vesicular stomatitis virus G glycoprotein (VSV-G)-pseudotyped
third-generation HIV-1-based LVs containing the IN-fusion proteins
were produced as described earlier.'>'%°%7% In brief, monolayers of
293T cells were transfected with the production plasmids using
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calcium phosphate transfection. The plasmids used were pRSV-Rev
(encoding for HIV-1 Rev), pCMV-VSVG (encoding for VSV-G),
pLV1 (vector construct that contains a PGK promoter-driven
EGFP transgene), or pLV1-ZeoR (vector construct carrying a PGK
promoter-driven Sh ble gene), and either one or two of the packaging
plasmids encoding for the wild-type integrase (pMDLg/pRRE),
the integration-deficient integrase (pMDLg/pRRE-INpgsy), the
IN-fusion protein with DNA cleavage-disabled I-Ppol (pMDLg/
PRRE-IN-I-Ppolyi;94), or the IN-fusion protein with DNA cleav-
age-proficient I-Ppol that carries an activity-reducing mutation
(pMDLg/pRRE-IN-I-Ppoly;54). Culture supernatants were collected
48 hr after transfection, filtered, suspended in phosphate-buffered sa-
line (PBS), and stored at —70°C until use. Functional vector titers
(transducing units [TU]/mL) were estimated through EGFP expres-
sion in transduced HeLa cells approximately 68 hr post-transduction,
and particle titers were determined based on the level of HIV-1 p24
capsid (CA) antigen using an enzyme-linked immunosorbent assay
(PerkinElmer Life and Analytical Sciences, Waltham, MA, USA).

Cells, Transductions, and Cell Health Assays

All transductions were carried out by diluting the LVs into cell culture
medium immediately before use or alternatively by pipetting undi-
luted LVs directly into cell culture medium. On the day after trans-
duction, vector-containing medium was replaced with fresh medium.
All cells were incubated at 37°C in a 5% CO,-containing humidified
atmosphere.

For the IS sequencing experiment, human MRC-5 lung fibroblasts
(ATCC CCL-171) were used. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; high-glucose, Sigma D6429)
supplemented with 1% penicillin-streptomycin (Sigma, P0781), 1%
MEM non-essential amino acids without L-Glutamine (Biowest,
cat. X0557-100), 1% sodium pyruvate (Biowest cat. L0642-100),
and 10% fetal bovine serum (FBS; Sigma, F7524). On the day before
transduction, MRC-5 cells were seeded onto 6-well plates at a density
of 2 x 10e5 cells per well. An MOI of 4 was used for transduction with
the IN-modified LV's (56k-120k vp/cell) and an MOI 1 for transduc-
tion with the INwt LV (1k vp/cell). Cells were pelleted at days 2 and 3
post-transduction and stored at —70°C until used for DNA extraction
and integration site analysis. To study the proportion of IS occurring
near the I-Ppol site with ddPCR, MRC-5 cells were seeded as above
and transduced in two separate experiments with the EGFP-LVs us-
ing 7.5k vp per cell, which equaled MOI 19 for LV INwt. Cells were
collected for analysis at day 9 post-transduction.

For the study of targeted integration in unselected and phleomycin
D1 selected cells, hTERT-RPE1 cells (ATCC CRL-4000) were used.
Cells were cultivated in 1x Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F-12) (Gibco, 31330-038) supple-
mented with 10% FBS and 0.01 mg/mL of hygromycin B. On the
day before transduction, the cells were seeded onto 6-well plates at
a density of 4 x 10e5 cells per well. Transduction was carried out
with the Sh ble antibiotic resistance gene containing vectors (ZeoR
LVs) at a concentration of 5k vp/cell. At day 1 post-transduction, cells
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to undergo selection were given culture medium supplemented with
Zeocin (Invivogen, ant-zn-05) at a final concentration of 300 ug/mL
and thereafter subcultivated as necessary. Cell pellets were collected
for DNA extraction at days 13 and 15 post-transduction and stored
at —70°C until use.

Peripheral blood mononuclear cells (PBMCs) were enriched from
two leukoreduction system (LRS) chambers (Finnish Red Cross Blood
Service, Helsinki, Finland) using the prefilled Leucosep centrifuge
tubes (Greiner Bio-One, #227288). Untouched human T cells were
isolated from the PBMCs by using the pan T cell isolation kit (Milte-
nyi Biotech, #130-096-535Y). 2.5 x 10e7 T cells from both donors
were activated with Dynabeads human T-activator CD3/CD28
(Gibco, #11132D) according to the kit protocol. T cells were culti-
vated in X-Vivo 15 (Lonza, #BE02-060F) supplemented with 5%
human AB serum (Biowest, #54190) and 20 U/mL of human recom-
binant interleukin-2 (IL-2) (Prospec-Tany Technogene, #CYT-209-
b) for 4 days before LV transductions. All transductions were done
in triplicate for T cells of both donors using the ZeoR LVs at vector
doses of 5k and 10k vp per cell, which equaled MOIs of 5 and 10 of
LV INwt-EGFPs, respectively. Cells to be studied for targeted integra-
tion with ddPCR were transduced on 24-well plates (1.5 x 10e6 cells
per well) and sampled for analysis at days 2 and 10 post-transduction.
For the cells analyzed for viability, apoptosis, and necrosis, the activa-
tion beads were removed, and then the cells were seeded on white 96-
well plates with clear bottoms (PerkinElmer, View-Plate-96-TC,
#6005181) at densities of 6,000 cells per well for the viability assay
and 10,000 cells per well for the apoptosis/necrosis assay. After vector
removal at day 1 post-transduction, the cells were given fresh medium
and the assay reagents according to kit protocols. Etoposide (Cayman
Chemical, #12092) was used as a positive control for apoptosis induc-
tion and necrosis at a final concentration of 8 M. The viability of
transduced cells was monitored with daily luminescence recording
for 4 days (days 1, 2, and 4 post-transduction) using the RealTime-
Glo MT cell viability assay (Promega, # G9711). Apoptosis and necro-
sis were examined with the RealTime-Glo annexin V apoptosis and
necrosis assay (Promega, #JA1011) that simultaneously measures an-
nexin V exposure and DNA release to differentiate secondary necrosis
occurring during late apoptosis from necrosis caused by other cyto-
toxic events. Annexin V binding (luminescence) and loss of mem-
brane integrity (fluorescence) were recorded at days 1, 2, and 3
post-transduction.

Integration Site Extraction and EGFP Expression Analysis

MRC-5 cells were transduced with an MOI of 1 for the control vector
(LV INwt) and 4 for the IN-modified LVs (Table S2). Separate wells
were transduced for genomic DNA extraction and for fluorescence-
activated cell sorting (FACS) analysis of EGFP expression. Genomic
DNA was extracted 2 or 3 days post-transduction using the Nucleo-
Spin tissue kit (Macherey-Nagel, ref. 740952.250) from two separate
wells per vector. Vector ISs were extracted with the MuA trans-
poson-based protocol described in Brady et al.,”” using Btsal for
genomic DNA digestion (NEB #R0667S) and primers and linkers
listed in the Supplemental Materials and Methods. Primers and oligo-

nucleotides used in the study were ordered from Integrated DNA
Technologies, and the MuA transposon used was from Thermo Sci-
entific (F-750, lot # 00383099). Digested DNA was purified before
the MuA reactions using Speedbead magnetic carboxylate modified
particles (GE Healthcare, part no. 65152105050250). Each of the
two individual genomic DNA extractions analyzed per vector were
tagged with unique sequence identifiers in both the linker oligo and
in the primer (molecular identifier, MID) to minimize sequence
carryover between samples and to maximize the resolution of integra-
tion sites occurring near each other (Table S2). Amplification of the
integration sites was carried out using Phusion Flash PCR master
mix (Thermo Scientific, F-548) in two rounds of PCR. In the first
PCR, 2 pL of the MuA reaction was used as template. The first
PCR program was as follows: 98°C for 10 s, seven cycles of 98°C
for 1 s and 72°C for 15 s, 37 cycles of 98°C for 1 s, 57°C for 5 s
and 72°C for 15 s, with a final extension at 72°C for 1 min. The
amplicons from the first round of PCR were diluted 1:50 with
nuclease-free water, and 1 pL of the dilution was used as template
for the second round of PCR. The second PCR program was as fol-
lows: 98°C for 10 s, seven cycles of 98°C for 1 s, 67°C for 5 s, and
72°C for 155, 37 cycles of 98°C for 1 s and 72°C for 15 s, with a final
extension at 72°C for 1 min. The amplicons were sequenced in Bio-
center Oulu Sequencing Center with an IonTorrent PGM instrument
(University of Oulu, Finland). EGFP expression was analyzed with
flow cytometry from triplicate wells per vector at the day of genomic
DNA extraction from cells fixed with 4% paraformaldehyde in PBS.

ddPCR

The primers, assays, materials, and PCR programs used in the
different ddPCR reactions are listed in the Supplemental Materials
and Methods. ddPCR was carried out according to Bio-Rad’s recom-
mended protocol. For the study of integration in the immediate vicin-
ity of the I-Ppol site in MRC-5 cells, genomic DNA was extracted for
analysis from cells collected at day 9 post-transduction using
QIAGEN’s DNeasy blood and tissue kit (ref. 69506) and digested
with BsuRI (Thermo Fisher, ref. ER0151) at a concentration of 1
unit/1 pg DNA. Digested genomic DNA was used as template in
ddPCR to measure the copy numbers of all vector genomes, episomal
vector forms, production plasmid carryover, and integration near the
I-Ppol recognition site in the 28S rRNA gene in both sense and anti-
sense orientation.

For the ddPCR analysis of targeted integration in Zeocin selected
cells, genomic DNA was extracted from hTERT-RPEI cells pelleted
at day 13 (unselected) and 15 (selected) post-transduction and pro-
cessed for ddPCR as described above. ddPCR analysis consisted of as-
says measuring the copy numbers of all vector genomes, episomal
vector forms, and vectors integrated in sense orientation near the I-
Ppol recognition site in the 28S rRNA gene.

For the detection of targeted integration in primary human CD3"
T cells, genomic DNA was extracted from cells pelleted at days 2
and 10 post-transduction using the AllPrep DNA/RNA mini kit
(QIAGEN, #80204). DNA was processed and analyzed with ddPCR
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as described for MRC-5 cells above. ddPCR was carried out for two
replicate wells of non-transduced cells, INwt-transduced cells, and
D+H-transduced cells. Each well's DNA was sampled twice for
ddPCR.

Analysis of site-specifically integrated provirus transcription at days 2
and 10 post-transduction was carried out with RT-ddPCR using total
RNA extracted from T cells with the AllPrep DNA/RNA mini kit
(QIAGEN, #80204) and the protocol established for the detection
of targeted integration. One microgram of RNA was treated with
DNase I (Thermo Scientific, ref. EN0521) and cDNA synthesis was
carried out with a RevertAid RT reverse transcription kit (Thermo
Scientific, ref. K1691) with random hexamer primers according to
the kit’s protocol. Depending on the assay, 0.5-2.0 uL of the RT reac-
tion was used as template for RT-ddPCR.

The presence of deletions in the rRNA gene array and in the acrocen-
tric chromosome arms was assayed with ddPCR using genomic DNA
extracted from T cells transduced with 10k vp/cell and extracted at
day 2 post-transduction. Probes binding to the D] region, which
flanks the rRNA gene array on the telomeric side,** and to the 18S
rRNA gene were designed and used for the quantification of the
respective areas.

Bioinformatics Data Analysis

Integration Site Analysis

Single-end FASTQ data files were quality filtered and trimmed by
% The reads were processed to check for the presence of
the linker cassette (LC) sequence that was specific for each sample,
and for the transposon-linker sequence. After trimming of LC se-
quences, the set of reads was aligned with vector sequence by
BLAT (BLAST-like alignment tool)®' aligner to subtract potential
vector-only reads and to avoid any false positive vector read detec-
tion. The reads were then mapped with the LV 3’ LTR sequence us-
ing a minimum identity threshold of 95%. The LTR mapped part
was trimmed, and the rest of the read region was mapped with hu-
man genome reference hg38 with minimum identity of 95%. The
reads that mapped uniquely or at multiple sites within the genome
were separated in the subsequent steps. A threshold of 90% was em-
ployed between the ratio of the BLAT score for primary and second-
ary mapped reads so that reads with a score ratio greater than this
were designated as MH-ISs and others as UH-ISs. To simplify anal-
ysis of integration within rDNA, the reads mapping to chromosome
21 (chr21) that had exactly same primary and secondary mapping
scores were preferred for their alignment positions in the region be-
tween chr21:8433222-8446572. Exact sequence duplicates were
removed, and reads were filtered using multiple criteria in order
to filter out potential duplicates of a single original integration
event. Filtering involved restricting the number of non-mapping
base pairs before the start of the genomic region (i.e., between
LTR and the region mapping to the genome) using a threshold of
4 bp: the reads that had non-mapping base pairs less than or equal
to this threshold were further processed to next steps. Next, only
reads that had three or fewer base pairs of non-mapping nucleotides

Skewer.

1872 Molecular Therapy Vol. 28 No 8 August 2020

Molecular Therapy

at their 3’ end were considered. The reads were compared to one
another, and only those reads that had a difference in the number
of deleted base pairs at their LTR ends of >2, and whose ISs and
“shear sites” (transposition sites) were at least 3 bp apart from other
reads were further processed. The collision sequences among sam-
ples were subtracted from each sample, and the final reads were
mapped against the pLV1 plasmid sequence to remove remaining
artifacts. Finally, the genomic positions were annotated according
to the RefSeq from the University of California Santa Cruz
(UCSC),* and the RepeatMasker rmblast web version”’ was used
to annotate repeat regions. To identify integration into pseudogenes,
ISs were also annotated with the retro genes table (Retroposed
Genes V9, Including Pseudogenes) obtained from UCSC. Addition-
ally, the oncogenes table (v4 May 2018) was retrieved (http://www.
bushmanlab.org/links/genelists) and final set of genes obtained from
clustered result files were annotated with this set. The plots shown
in Figure 3 were generated for rRNA reads by creating bed and bed-
graph files using bedtools®” that were processed by in-house script
and R packages (karyoploteR and regioneR).**%

Analysis of the Integration Frequency in Selected Gene Sets
Integration frequency in gene sets involved in the SuperPaths® of
ribosome biogenesis in eukaryotes and rRNA processing in the nu-
cleus and cytosol were conducted using single genes (each IS-tagged
gene represented once in the gene list comparison) using the IS data-
sets where pseudogene annotations were used in place of the initial
RefSeq gene annotation.

Analysis of CISs (Integration Hotspot Analysis)

CIS analysis was performed using a graph-based framework for CIS
identification®>®” with a threshold of 50 kb between individual ISs.
For the analysis of hotspots, only CISs with a p value of less than
0.05 and with a minimum of three IS were accepted. The CIS analysis
was performed separated for the IS datasets containing only uniquely
mappable ISs (UH-IS dataset) and for the complete IS datasets (UH
and MH IS data). The features in the median CIS positions in Tables
1 and 2 were annotated using the RepeatMasker, RefSeq-gene, and
RetrogenesV9 tracks of the UCSC genome browser.

GO Analysis of the CIS-Associated IS

Analysis of the most overrepresented pathways and processes among
genes present in the CIS-engaged IS was performed using Meta-
scape®® (http://metascape.org/gp/index.html#/main/step1) that uses
the following ontology sources: KEGG pathway, GO biological pro-
cesses, Reactome gene sets, canonical pathways, and CORUM (the
comprehensive resource of mammalian protein complexes). In the
analysis, all genes in the genome are used as the enrichment back-
ground and terms with a p value <0.01, a minimum count of 3, and
an enrichment factor >1.5 are collected and grouped into clusters
based on their membership similarities. Each cluster is represented
with the most statistically significant term within that cluster. The
analyzed gene lists contained all genes (both hit genes and nearest
genes) from the identified CIS using the complete IS data (UH and
MH IS).
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Comparison of Recurrent Integration Gene (RIG) Loci with the
CIS Foci of INwt LVs

The genomic coordinates from RIG and “hotter zone” (HZ) loci listed
by Marini and others®* were converted to the current genome version
(Dec. 2013 [GRGh38/hg38]) assembly using the “LiftOver” tool from
the UCSC genome browser database.®”” The average positions of the
RIGs/HZs and the INwt LV CIS were compared, and the RIGs and
CIS foci that fell within a 100 kb distance from one another were listed
in Table S7.

Statistics

Statistical differences in the integration preferences between LV
groups were calculated using a two-sided Fisher’s exact test and
with a two-sided Chi-square test. Statistical comparisons between
groups in the viability and necrosis assays were done with repeated-
measures analysis of variance (ANOVA) followed by the Bonferroni
post-test to compare replicate means by row to the control. In the
apoptosis assay, each time point was analyzed separately with one-
way ANOVA followed by Dunnett’s multiple comparison test. The
differences in copy numbers of 18S and DJ sequences were analyzed
with one-way ANOVA by comparing the vector-groups’ values to the
same donor’s non-transduced cell control with Dunnett’s multiple
comparison test. All statistical analysis was done with GraphPad
Prism version 5.03 for Windows, GraphPad Software, San Diego,
CA USA, https://www.graphpad.com/.

Data Availability
The final IS datasets generated and analyzed in this study are available
upon a reasonable request.
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